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Abstract

Exploitation of emerging quantum technologies requires efficient fabrication of key
building blocks. Single photon sources are one of these fundamental constituents that are
presently pushing the bounds of existing materials and fabrication techniques. Color
centers in diamond are very attractive in this respect since they are the only photostable
solid-state single photon emitters operating at room temperature known to date.

The Nitrogen-Vacancy (NV) complex is one example of such an optical center and has
been subject to intensive research due to the availability of optical readout of its
individual electronic spin state. However, the NV center has fundamental limitations:
strong phonon coupling of the excited state which results in a broad photoluminescence
spectrum (~ 100 nm) of which the zero-phonon line makes up only 4%. Emission of
single photons in the zero phonon line is then extremely weak, typically on the order of a
few thousands of photons per second. Such count rates are insufficient for the realization
of advanced quantum information processing protocols.

To move beyond the limitations of the NV there is an emerging need to identify and
fabricate novel diamond based single photon emitters with improved photo-physical
characteristics. Development of such emitters is the main goal of this thesis.

We first concentrate on the recent progress in materials science and fabrication
techniques of high quality nanodiamond crystals. We demonstrate the ability to grow
high quality, submicron sized diamond crystals with a control over their final size and
density using a microwave assisted chemical vapor deposition.

We then study two methodologies to engineer diamond based single photon emitters in
the grown nanodiamonds. In the first, nickel is implanted into the substrate onto which
the nanocrystals are subsequently grown. During the diamond growth, the substrate is
slightly etched and the nickel atoms diffuse and incorporate into the growing crystals. In
the second we employ direct ion implantation of nickel into already deposited individual
diamond nanocrystals. Optical and correlation spectroscopy measurements reveal that
these methodologies are effective to fabricate nickel related single photon emitters, with

zero phonon lines centered in the near infra-red and a short excited state lifetime (~3 ns).



Furthermore, the ability of diamond to host various luminescence centers prompted the
discovery of a new class of ultra bright single photon emitters. These new emitters found
in diamond crystals grown on sapphire substrate and assigned to chromium, which is
present in the substrate and incorporated into the crystal during the growth.
Nanodiamonds hosting these centers deliver outstanding performance such as narrow
photoluminescence in the near infra-red and ultra bright single photon emission with
count rate of ~ 3.2x10° counts/s — the brightest single photon source known to date.
Importantly, some of the emitters exhibit a photon statistics without any photon bunching
at saturation, indicating a two-level system without shelving states. This latter point is
highly significant in the application of these centers to quantum metrology.

Employing ion implantation technique, we verify the presence of chromium in the new
centers and show that bright chromium emitters can be successfully fabricated in bulk
single crystal diamond. The emitters have an absorption dipole along one of the <100>
directions and fully polarized emission with a zero phonon line centered at 749 nm. It
also possesses an extremely short lifetime of 1 ns and exhibits a count rate of ~ 0.5x10°
counts/s. The new class of chromium related centers surpasses all bulk single crystal
diamond emitters, and are competitive with many nanodiamond systems and holds a
great potential to be incorporated in quantum information processing and biosensing
applications.

The dipole orientation of the chromium emitters is measured by recording the emission
pattern of single emitters. The dipoles are found to be nearly orthogonal to the diamond
air interface. Combining the imaging of the dipoles and measuring the decay rates of the
emitters close to the diamond-air interface and in the unbounded medium, the quantum
efficiency of the chromium centers is determined to be ~ 30%.

Finally, we study the photo-physical properties of the single defects embedded in
nanodiamonds in cryogenic temperature (2 K). The spectral stability of the defects is
investigated and optical resonance linewidth of 4 GHz is measured using resonant
excitation on the zero phonon line. Although Fourier transform limited emission is not
achieved, our results show that it should be possible to use consecutive photons emitted
by single defects in diamond to perform two photon interference experiments, which is a

highly significant milestone in the development of diamond based quantum emitters.

il



Declaration

This is to certify that:

(i) The thesis comprises only my original work towards the PhD except where

indicated in the Preface,
(ii) Due acknowledgement has been made in the text to all other material used,

(iii) The thesis is less than 100,000 words in length, exclusive of tables, maps,

bibliographies and appendices.

Igor Aharonovich

il



v



Preface

The following work was performed in collaboration with a number of researchers in

various institutions, as follows:

e The initial characterization of the color centers using confocal microscopy was
performed in collaboration with C. Zhou, J. F. Roch and F. Treussart, in Ecole
Normale Supérieure de Cachan, France

e The measurements at cryogenic temperatures were performed in collaboration
with P. Siyushev, V. Jacques, F. Jelezko and J. Wrachtrup in Physikalisches
Institut, Universitdt Stuttgart, Germany and T Muller, M Atature, Cavendish
laboratory, University of Cambridge

¢ Jon implantation was partially carried out in the Australian National University

with the assistance of B Johnson and J. McCallum

In all the above circumstances I actively participated in the experimental work, designed

and performed the measurements and analyzed the data.

In certain places in the thesis, figures from other sources have been used. An appropriate

reference has been inserted in the figure caption to acknowledge the source of the figure.



vi



Acknowledgments

I wish to acknowledge the Australian Research Network for Advanced Materials, the
Australian Research Council for Nanotechnology Network, Sigma-Xi and SPIE for the
travel funding which was provided during my PhD candidature.

I would like to thank the electrical and mechanical workshops in the School of Physics
for providing the important technical assistance with our experiments. Nothing would
have worked without you guys.

I would also like to acknowledge all the administrative staff, particularly Trish, Hayley,
Cilla and Cheryl. Thanks for helping with the financial and the administrative paper
work.

I wish to thank room 204 — especially Michelle, Jess, Nik, John, Jack and Virginia! The
office always had a terrific vibe which helped a lot through my PhD. I also wish to
acknowledge the rest of the students in the Diamond gang: Jinghua, Babs and Alastair.
Thanks for the great team work and good luck with your own submission!

This thesis would have never been completed without an ongoing support of my friends
here in Australia and overseas. Thank you for awesome leisure time spent together. Your
support with my English abilities (or their lack) is also very much appreciated. I wish to
especially thank Akina for her continuing encouragement. I am also thankful to all my
friends, colleagues and superiors at International House, where I lived through most of
my PhD and received a great support to pursue my studies.

Huge appreciation also to the research fellows who helped a lot with the experimental
work and stimulated new discussions and ideas: Andrew Greentree, Julius Orwa, David
Simpson, Brett Johnson, Brant Gibson, Kumar Ganesan, Alberto Cimmino, Paul
Spizzirri, Sergey Rubanov and Andrew Alves.

I wish to thank our invaluable collaborators, particularly Fedor Jelezko, Mete Atature,
Jean-Francois Roch and Charles Santori. Thank you for your kind hospitality in your labs

and for providing me with important insights into quantum optics and the NV center. |

vii



am also grateful to Lothar Bischoff for teaching me about focused ion beam techniques.
Mark Newton and Daniel Twitchen are gratefully acknowledged for the help with
diamond annealing. I am also thankful to Prof Malcolm Wallace for allowing me to use
his cathodoluminescence microscope.

I wish to express an enormous gratefulness to Stefania Castelletto. I was privileged to
work with her during the last two years of my PhD and obtained a vast knowledge in
theoretical and experimental quantum optics. Your ongoing motivation and scientific
curiosity generated more ideas than I can ever implement.

I wish to express sincere gratitude to my co-supervisors Prof Jeff McCallum and Prof
David Jamieson. Your comments and suggestions were always helpful and valuable.

The most important, I wish to thank my supervisor Prof Steven Prawer. Steven, you are a
faithful friend, an encouraging mentor and an outstanding supervisor. Thank you for your
comprehensive guidance, for your allegiance, time and efforts. Thank you for the endless
opportunities you granted me with and for your ongoing feedback which you provided
regardless the geographical locations and the time zones. You made this PhD an amazing,
enjoyable journey and showed me how fascinating science could be.

Finally, I wish to express a truthful and heartfelt appreciation to my family who despite
being thousands of miles away always supported me and even came once for a visit. This

thesis is dedicated to you.

viii



Contents

I INErOAUCTION ...ttt ettt sttt et s 1
1.1 Diamond color centers for quantum information processing ..........cccccceecueeenee. 3
1.2 SUMMATY Of ThESIS...eeeiiiiiiiieeiiie ettt eee e e e e e e e e eaeeesnreeeeaseees 4

2 BaCK@IOUNA .....cooiiiiiiiieeeeee ettt e e e 7
2.1 DIamONd....c..oooiiiiiiii e 7

2.1.1 Microwave plasma chemical vapor deposition of diamond ....................... 9
2.1.2 Optical centers in diamond ..........cccveeriieeriiieeriie e 12
2.1.2.1  Vacancy and self interstitial...........cccceeerviieerieeeniieeieecieeeeeeeee e 12
2.1.2.2  NIITOZEM ettt ettt ettt ettt e et e ettt e st e e st e e sabeeesbeeesaneeas 13
2.1.2.3  Transition MELAlS......ccceeeviiriiriiiiniineee et 14
2.1.2.4  SIlCON dEfECLS....eoiuiiiiiiiiieiieeee e 16
2.1.3 Ton IMpPlantation..........ccveeeciiieiiieeeiee et e e es 16
2.1.3.1  Nitrogen implantation ............ceeeveeerieeenieeeniieenieesitee e e eieeesiee e e 18
2.1.3.2  OtReI 10MS ..ciuiiiiiiieeiieeeee ettt 19
2.2 Optical characterization Of COlOT CENLETS .......ccueerruieeriiieiiiiieeniieenie e 20
2.2.1 Confocal MICTOSCOPY .uvvveeerrrerireenireerieeesreeesteeesreeeereeeareeesseesseeesseens 21
222 Second order auto correlation function - 8@ (7) ..ooovviviioiiieeeen 22
2.2.3 Habury Brown and Twiss SEtUP ........cccvieeriieeriieeieeeiee e eiee e 24
2.3 Single PhotOn SOUICES ........eieiiiiiiiieeiieeeite et 27
2.3.1 Candidates for single photon generation............ccecceeevvueeeriieeniieeeniieeenneen. 28
2.3.1.1  Tons and QtOMS ....c...eevuiiriiiiiieiiieiieee ettt 28
2.3.1.2  QUANTUIN OTS: .uvvvivieeiiieeeiieiiieeeeee e e eeeeiree et eeeeeiarrr e e e e e e eeeaararreeeeeeeas 28
2.3.1.3  Nanowires and NanOtubes .........cccceveeriieiiienieniiienieeieesee e 29
2.3.1.4  Single MOIECUIES........eiiiiiiiiiiiiiecteeeeeee e 29
2.3.1.5 Color centers in diamoOnd ..........cocceerrieeriieiiienienieenieeeeree e 29
2.3.2 Photophysics of single photon SOUICES ..........cccveeerieeerieeeiieeeiieeeieeeeeeenn 30
233 Applications of single photon SOUICES .........ccevveeeriieerieeeiieeeiieeeiee e 35

X



3 Materials and experimental Methods ...........cceeviiiiiriiiieiiiieeiieeiee e 39

3.1 Diamond SAMPIES.......cccvvieeiiiieiiieeeiieeriteeriee et erreeereeeereeeaeesaeeesaeeesbeeens 39
3.2 TOn IMPIANTALION c...eveeiiiiiiiiee ettt ettt st s 41
3.2.1 Focused 10N DA .......cccoeeiiiiiiiiiiiiiececeee e 41
322 Low Energy Implanter...........cccoeeiviiiiiiiiiiiieeeieee e 43
3.3 Optical and spectroscopical MEASUTEMENLS .........cccueeerreeerveerieeeeinreenireenveeenns 44
3.3.1 Room temperatures measurements ............ceeeeveeerieeenieeenieennieeesieeenneens 44
3.3.2 Measurements at Cryogenic teMPETatUIes ..........ceevveeeruveeerureennureeniueeenneens 46

4 Growth of sub-micron sized diamonds using MPCVD technique..............ccccc........ 47
4.1 INErOAUCTION ...ttt st 47
4.2 Experimental detailS..........occeeiiiiiiiiiiiiiiiiiieeiieeite e 49
4.3 Experimental TeSUILS. ........oovuiiiiiiiiiieeieeeteee e 51
A4 DIASCUSSION ..ttt ettt ettt et ettt et e st e b e sa bt s bt e sabeebeesbbeebeesabeens 59
4.4.1 MOTPROIOZY ...ttt e 59
4.4.2 SEEAINZ . eeteeeiiie ettt ettt e et e e st e st e e 61
4.4.3 Growth ParameLersS ......ccueeeriiieriieeiiie ettt ettt st e e es 63
4.5 CONCIUSIONS ..ttt ettt ettt st ettt sabe s 65
5  Fabrication of optical centers by ion implantation ............ccccceeeeveeeeveenceeencueeennnnnn 67
5.1 Direct implantation into nitrogen containing bulk diamond crystal ................. 67
5.1.1 Experimental 1eSUlLS.........cooouiiiiiiiiiiiiiiieeee e 69
5.1.2 The 883/885 nm center (1.4 €V CENLET) .uuvvvvveiiieiiiiirieeeeeeeeeeeereeeeeee e, 70
5.1.3 The NE8 CENLET .....eerutiiiiiiiieiieeieeiteet ettt 73
5.2 Implantation into CVD grown sub-micron diamond crystals............ccecceueee. 75
5.2.1 Experimental details..........cccueeiiiiiiiiiiiiiieiiieeieeee e 77
5.2.2 Experimental 1eSUILS.........coocuiiiiiieiiiieciie e 77
53 CONCIUSIONS ..ttt ettt ettt e be e st e be e st e e saeeeaeees 82

6  Fabrication of optical centers by incorporation of impurities from the growth

SUDSITALE ...ttt ettt e sttt s e st st et e s e b s e e e 85
6.1 INErOAUCTION ...ttt st 86
6.2 Implantation of nickel into the sSUbStrate..........ccceeevueeeriieiiieieieeeeeeeee e 87

6.2.1 Experimental TeSUlLS.........coouiiiiiiiiiiiiiiieeeeee e 88



6.3 SUMMATY ..ttt ettt e et e e e e sabeeesbeeessaeeesaeesnsaeesnseeennnes 94

7 Ultra bright single pPhOtON SOUICES ........cccvieeiiieeriieerieeeiieeeieeeieeeeireeeieeeeaeeeeeeees 97
7.1 INErOAUCTION ...c..viiiiiiiiccc e 97
7.2 Ultra bright single photon sources in CVD diamond crystals ............c.ccoee.... 98

7.2.1 Experimental TeSUILS.........coocviiiiiieiiiieeiiecee e 99
7.2.2 Origin of the @MItIETS ......ccccvvieiiieeeiie ettt 107
7.3 Ultra bright single photon sources in bulk diamond............ccccccovvvieriiennneen. 111
7.3.1 Experimental 1eSUlts.........coooviiiiiiiiiiiiiiiieieeceeee e 112
7.3.2 Atomic structure of the chromium Center ..........c.ccceecueeveenieineenieeneene. 119
7.3.3 Fabrication strategies of the chromium centers ...........c.cceccvveerveerneeenne. 120
7.3.4 Statistics of the Cr related emitlers .........eevveevieriieenieriienierieeeeeeeeeen 123
7.4  Quantum efficiency and collection efficiency .........cccccevvvieriieiniieenieeenneen. 123
7.4.1 Quantum efficiency of chromium emitters in nanodiamonds................. 123
7.4.2 Quantum efficiency of chromium emitters in bulk diamond.................. 123
7.5 SUMMATY ...ttt ettt e et e et e e st e e s bt e e sabeeesaneeenas 123

8  Low temperature SPECLIOSCOPY ...vveerurreerrreerireeriieeriieeenireeenireessireessreesseeesseeesseens 123
8.1 Indistinguishable PhOtONS .........c.ceeeiiieriiieeiiieee e 123
8.2 Optical properties of emitters embedded in nanodiamonds.............ccccueennee.. 123

8.2.1 TWwO photon INtEIfETENCE .......eevuiiiiiiieiiiieiiie et 123
8.3 Optical properties of chromium related defects in single crystal diamond..... 123
8.4 SUIMIMATY ...ttt e ettt e et e e e st e e e s sttt eeessnbbeeeesnseeeeesnneees 123

9 Conclusions and OULIOOK ..........coruiiriiiiiiiiiiiierie ettt 123

Bibliography 163

Appendix A. Normalization of g(z)('c) and the instrument response function 185

Appendix B. List of publications and patents 187

X1



Xii



List of Figures

Figure 2.1 Crystallographic diamond StUCLUTIE. ........cccueeervieerieeeieeeieeeie e eieeesiee e 7

Figure 2.2. Schematic illustration of the chemical processes involved in a diamond
CVDI[37]. The reactant gases are ionized and radicals are formed. Through various
transport mechanisms, the species are transported to the surface and build the diamond

SETUCEUT . e eeve et ettt et et eeee et et e et e etaeetaseeaaaeesanesaaetansesanseesnnesnnsesansssanssssnnsesnnsesnnsennnneeen 9

Figure 2.3. Crystallographic models of three defects in diamond which evolved particular
interest in recent years due to their ability to emit single photons: (a) the NV center
(image is taken from Ref [92]) (b) the nickel related NES8 center (image is taken from Ref
[29]) and (c) the SiV center (image is taken from Ref [93]. (d) The PL spectra of each of
TNESE AEIECES. .ttt ettt et et e st e st eas 15

Figure 2.4 Example of a SRIM simulation of nitrogen implantation into diamond using
acceleration energies of 30 kev (red curve) and 300 keV (black curve) with an implanted
fluence of 1x10'"! N/cm?. The dashed lines are the vacancy concentration, formed due to

the NItrogen IMPlANTAIONS. .....cccviieiiieeeiieeeieeeeteeerteeesteeerbeeestreeesareessseessreessseeesnseeessseens 18

Figure 2.5. Schematic illustration of a confocal microscope, taken from ref [130]. The
pinhole is the core of the confocal microscope. It blocks the luminescence originated
from the 3D space below and above the focal plane, leading to only the light which is

coming from the confocal plane to be detected. ........ccceeevvieeriiieiiieeiieceeee e 21

Figure 2.6. Schematic illustration of a modern HBT setup[17], used to characterize non
classical light emission. The beam splitter directs the incoming photons to two APDs.
The APDs are connected to a correlator card, which records the time between the start
ANA thE STOP EVENLS. .eeeuviieiiiieeiiiieeiiee ettt e ettt e siteeeteeesteeesaeeessseeesseeesseeesseeessseessseeenseeenns 25
Figure 2.7. Example of antibunching curves recorded by (a) cw or (b) pulsed excitation
laser[9]. At zero delay time, g () goes to zero in a continuous mode and the peak at

zero delay time is missing in pulsed mode, which indicates single photon emission. ..... 26

Xiii



Figure 2.8 Schematic diagrams of a (a) three level system and (b) two level system. 7, (i,

j=1; 2; 3) are the transition rates from level (i) to level (7)......cccccocveeerviieerieeenieeeiieeee, 31

Figure 2.9. Schematic representation of the QKD algorithm. Alice sends a binary string to
Bob using one of the polarization bases (first row, black arrows). Bob decodes the
information by recording the corresponding bit ‘1’ or ‘0’ without knowing which basis
Alice has chosen (third row, blue arrows). He then communicates with Alice over a
public channel and tells her the sequence of the polarization bases he used without
revealing the actual data (second row, blue signs). Alice confirms the subset of bits where
they both used the same polarization basis and discard the rest (red ovals). Thus, a private

S T (01511156 TSRS 36

Figure 3.1 (a) Cathodoluminescence image of the top (100) Sumitomo HPHT diamond
surface. Different colors identify different sectors in the diamond crystal, e.g. the black is
the (111) growth sector. “a” indicates a high nitrogen sector while “b” indicates low
nitrogen sectors. (b) A representative PL spectrum from a pristine HPHT diamond prior
to the implantations recorded at 10 K from sector “a” recorded using a 532 nm excitation.
The ZPL of (NV) centered at 637 nm is clearly seen. The hump centered at 660 nm is the

phonon sideband of the (NV) center and the line at 572 nm is the first order Raman line.

Figure 3.2 A representative PL from a pristine CVD sample recorded using a 532 nm
excitation. The ZPL of (N-V)- centered at 637 nm is clearly seen. The hump centered at
660 nm is the phonon sideband of the (NV)- center and the line at 572 nm is the first
order Raman line. Note that the width of the ZPL is much narrower for the CVD sample

than for the HPHT sample due to lower nitrogen concentration. ..........cc.cceeevevveeruveennnenn. 40
Figure 3.3 A photograph of the dual FIB/SEM microscope. ..........cccoeveeviieeniuieencneeenneen. 41

Figure 3.4 Mass spectroscopy of the dual FIB/SEM microscope. (a) Mass spectrum of the
Ni/Er ion source as provided by the manufacturer (b) Measured spectrum of the Ni/Er ion

SOUICE. «neeeeeeeeeeeeeeeeeeea e s et ta e s eetaaeseetanesestanseetansseaanseesaneesanreseesaneseeeaneseerannnseeeennns 42

Figure 3.5 Schematic illustration and a photograph of the NEC implanter. The ion source

is sputtered by Cs ions and the specific ion is selected by adjusting the 90° magnet....... 44

Xiv



Figure 3.6 Experimental setup. A diode laser at 682 nm operating in CW and a pulsed
690 nm laser were alternatively coupled to a single mode fiber, and then collimated and
polarized by a Glan Taylor polarizer (GTP). The laser polarization was varied by an half
wave plate (A=1/2). A variable neutral density filter was used to change the excitation
power. The samples were mounted on a Physics Instruments XYZ piezo stage in closed
loop operation and excited by focusing the laser light using a high numerical aperture
(0.9) objective (Obj) with 100x magnification. A dichroic mirror (Di) transmitting from
720 nm, was used to separate the laser line form the sample fluorescence emission, when
collected back from the same objective. F1, F2 are band-pass filters, 794480 nm and
alternatively 770£12 nm, 760£12 nm, 75012 nm or 74012 nm, to isolate the single
photon emission lines. A 100 mm focal length lens was used to send the single photon
emission to a multimode-fiber, providing an aperture for the confocal imaging. A 50:50
fiber beam splitter (BS) was used to verify the single photon emission by performing the
auto-correlation between two low-dark counts (150 counts/s) single photon counting
modules (APD). To perform spectroscopy, the light was coupled into a different fiber and
sent to a spectrometer. Flipping mirror (FM) was used to image directly the emission

pattern on a cooled CCD CAMETA. ......cccueeiiiiiiriiieeiiieeeiee ettt e e es 45

Figure 3.7 Experimental setup of a customized confocal microscope operating at
cryogenic temperatures. The setup is located at the laboratory of Prof Wrachtrup in the
University of Stuttgart, Germany. BS: quartz plate with 5% reflectance; O: microscope
objective with a numerical aperture of 0.85 immersed in the helium bath; PH: 100 pm
diameter pinhole; F: combination of a 750 nm long-pass filter and a 785 nm short-pass
filter; FM: flip mirror directing the PL either to an imaging spectrometer (Acton research)
equipped with a back-illuminated cooled CCD matrix, or to a HBT interferometer placed

on the output ports of a 50:50 beam SPIILLET. ......ccccureeriieeriieeiieeiee e 46

Figure 4.1 Schematic illustration and the photo of the microwave plasma chemical vapor
deposition reactor used to grow the submicron diamond crystals. The height of the

substrate can be adjusted. Additional gasses such as nitrogen can be also introduced. ... 50

Figure 4.2 SEM Images of sub-micron diamond crystals deposited for different periods of

times. (a) 60 minutes deposition, (b) 40 minutes deposition, (c) 20 minutes deposition (d)

XV



8 minutes deposition. (¢) AFM scan over 30 nm diamond crystals deposited for 6
minutes, demonstrating the possibility to grow sub 100 nm isolated diamond crystals.

Inset is the line scan over one of the Crystals. ..........cooovieiiiiiriiiiiiiiieeen 52

Figure 4.3 A graph showing the average size of the diamond crystals as a function of

deposition time. The growth rate iS 22 NM/MIN. ......ceevvieeriiieeriieeriee e 53

Figure 4.4 Various controllable nucleation densities of the diamond crystals on silicon
substrates. (a) a diamond film obtained spraying a high seed concentration suspension.
(b-d) Individual diamond crystals obtained by spraying lower seed concentration
suspension. A relatively dense growth can be seen in (b) while very sparse growth of

Nanodiamonds 1S SEEN 1N (A)....uvieiiiiiiiiiiriiiii e e e e e e e e e e e e e eenaaraneeas 54

Figure 4.5 Histogram of the size of diamond crystals grown on silicon substrate as a
function of growth time for 8, 20, 40 and 60 minutes. The comparatively narrow
distribution of sizes is indicative of the suppression of spontaneous nucleation under our

GTOWLH CONMAITIONS. ....eiiiiiieiiieeeiie et ettt e et e e e e e essaeeesaeeensaeesnseeennseees 55

Figure 4.6 Raman characterization of the CVD diamonds. Raman spectrum recorded
from a few 40 nm crystals (blue curve) and Raman spectra recorded from a 1 pum
diamond crystal (red curve). The Raman data from 40 nm crystals is scaled up by a factor

OF 3 ANd OFfSEL TOI CONVENIEIICE. ....neeeeeeeeeeeeeeee e e et e e e e e e eeeeeaareaeeeeeeeeeaannnas 56

Figure 4.7 (a) PL spectrum of individual CVD diamond crystals deposited on silicon
(black curve) and on sapphire substrates (red curve). All the spectra were recorded using
514 nm excitation at room temperature and are normalized to the Raman line. Inset, is the
magnified region of the first Raman line. (b) SEM image of a high quality diamond

crystal grown on a SAPPhIre SUDSITALE. ......c..eeeevieeriieeriieerieeeieeeiieeeieeeereeeaeeeeaeeeseee s 57

Figure 4.8 Morphological properties of the diamond crystals grown by MPCVD. (a)
Various crystal shapes with the parameters a,b,c,d adopted from ref [47]. (b) twinned,
icosahedral shape diamond crystal with calculated a=1.5 and (c) twinned, decahedral
shape diamond crystal with calculated a=1.5. (d) untwined cubo-octahedral diamond
crystal with calculated o=1.5 and (e) untwined cubo-octahedral diamond crystal with

CALCULALEA OEE2. 4o et e e e e e e et e e e e e e e e e e raaeeeeeeeeeaannnas 60

Xvi



Figure 4.9 (a) AFM scan over a substrate which was seeded with nanodiamonds before
etching. (b) Line scan over the agglomerated nanodiamonds. (¢c) AFM scan over a
substrate which was seeded and undergo an etching step in the plasma (without the
growth). No agglomerates can be observed. (d) Line scan over the substrate

demonstrating a roughness of few nanometers without any agglomeration..................... 62

Figure 4.10 (a) A SEM image demonstrating cauliflower morphology of the diamonds
grown in low plasma density CVD. (b, c) SEM images demonstrating the morphology of

the diamond grown with an addition of 10% of nitrogen during the growth. .................. 64

Figure 5.1. (a) A schematic cartoon of the diamond and the mask used for the
implantation. (b) SRIM simulation of nickel ions implanted into diamond with

acceleration energy of 30 keV. Inset, is the SEM image of the mask. ............ccccceeeieens 69

Figure 5.2 (a) A confocal map of nickel implanted HPHT bulk diamond recorded using a
325 nm excitation. The red squares represent the implanted spots. PL spectrum recorded
using a 514 nm excitation laser at 80 K from one of the squares showing the (b) (NV)
ZPL (c) (NV)? ZPL (d) nickel related doublet centered at 883/885 nm. The spectra of
(NV)0 and the nickel center were scaled up to the intensity of the (NV) center.............. 70

Figure 5.3. PL measurement as a function of temperature for the 883/885 nickel related

doublet. The spectra were displaced for Clarity. .......ccccceeevciieeriiieiiieeiieeeeee e 71

Figure 5.4 (a) Raster confocal scan over one of the implanted dots excited by 680 nm
excitation at room temperature. (b) Pulsed second order autocorrelation function, g(z)(r),

showing no dip at zero delay time, exhibiting a Poissonian statistics of light.................. 72

Figure 5.5 A direct excited state lifetime measurement of the 883/885 nm center. The

single exponential fit results in an excited state lifetime of 11.6 ns. .......coevveeveireennnennee. 73

Figure 5.6 PL spectra recorded from nickel implanted and HPHT annealed diamond
sample showing the NE8 centers for doses of ~1x10"" Ni/em” and ~1x10"* Ni/cm?* The

graph representing the ~1x10"* Ni/cm” implantation dose was displaced for clarity....... 75

Figure 5.7 (a) Confocal raster scan over the sapphire with the grown diamonds showing a
bright fluorescence due to the implantation. (b) Confocal raster scan over the CVD

diamonds on sapphire in the unimplanted region, showing no bright fluorescence......... 78

Xvil



Figure 5.8. (a) PL spectrum from individual nickel implanted diamond crystal under 687
nm excitation recorded at room temperature. (b) Corresponding g(Z)(T) of the PL signal
recorded at room temperature. The excitation power is 100 WW and the integration time is
300 s with a coincidence time bin of 154 ps. The dip at zero delay time with g”(0)=0.16,
indicates single-photon emission. The dots indicate the experimental data while the solid
line is a fit of g”(t) taking into account background, instrumental response function due
to finite time resolution of the APDs and the correlation electronics. The slight bump at

T=-30 ns is due to remaining cross talk..........ccccoriiiiiiiiiiiiiiie e 79
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Figure 6.4 PL spectra recorded from individual diamond crystals with/without
incorporated nickel, excited by a 514 nm cw laser at room temperature. The bottom black
line (a) is representing a PL from a crystal located in an unimplanted area of the silica
substrate while the green (b), red (c) and blue (d) lines are representing the PL from
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to the Raman line and displaced vertically for clarity. The data for wavelengths above
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nickel related single photon emitter. The blue circles represent the background noise; the
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Figure 7.1 (a) A typical photoluminescence intensity confocal map (20 x 20 umz)
showing fluorescent nanodiamonds grown on a sapphire substrate recorded using a cw
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764 mn (black). (¢) Demonstration of similar emission lines which were found all
together in one crystal. (f) A typical PL spectrum recorded from an arbitrary crystal
grown on the sapphire substrate, which does not show any extreme brightness or a
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Figure 7.3 Background corrected g”(t) measured with 154 ps coincidence time bin for
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and (d) 764 nm line. The two level emitters were fit using equations (2.17) and (2.24) and
the three level emitter was fit using equations (2.18) and (2.24). The number to the right
of the curves corresponds to the fraction of the saturation excitation power (P) which was
used to record the g(z)(r). The peaks at -20 ns and at 30 ns in (b) and (c) are due to
crosstalk between the APDs, which has been removed by replacing the flat fiber patch
cord with an angled one, eliminating the effect in the other figures. The plots in each
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Figure 7.4 (a) A, parameter measured versus the optical excitation power for the centers
at 744 nm (red squares), 749 nm (blue diamonds), 756 nm (green triangles) and 764 nm
(black circles). At the limit of zero optical power the lifetimes of the centers are
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Figure 7.5 (a) Single photon emission count rate for the emitters centered at 744 nm (red
squares), 764 nm (black circles) and 749 nm (blue diamonds). The data of the two level
emitters (centered at 744 nm and 764 nm) were fit using equation (2.21) while the data of
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Figure 7.6 (a) Direct measurement of the lifetime for the centers at 744 nm (red squares),

749 nm (blue diamonds), 756 nm (green triangles) and 764 nm (black circles), using a
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pulsed laser at 20 MHz repetition rate with 200 ps pulse width. The data were fit with a
single exponential. The deduced lifetimes of the centers are 4.12 + 0.06 ns, 1.41 £ 0.02
ns, 3.90+ 0.06 ns, and 14.2 + 0.2 ns, respectively. (b) Anti-bunching measurement
recorded from a single emitter at 749 nm under pulsed laser excitation at 40 MHz and
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Figure 7.11 Optical characterization of the Cr center. (a) A normalized second-order
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from zero of the g”(0) under cw excitation is attributed to the background and the time
response jitter of the photo detectors and correlation electronics, while in the pulsed
regime the deviation from zero can be attributed to background due to non perfect
polarization condition of the pulsed excitation laser. (c) A direct lifetime measurement
(dots) with a fit of a single exponential (red curve). A lifetime of 1.0 £ 0.1 ns is deduced
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Figure 7.15 (a) Second order autocorrelation function recorded for two different emitters
(749 nm and 758 nm) in a pulsed regime. (b) Normalized peak area of the pulsed g(z)(’c)
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Chapter 1

Introduction

The rapidly growing demand for faster computation, greater internet usage and reduced
power consumption has been the driving force for the miniaturization of electronic
components. New concepts of synthesis such as the “bottom up” approach and self
assembly techniques have emerged as candidates for the fabrication of nano-electronic
components[1, 2]. In parallel, in the past decade, quantum information processing
(QIP)[3-5] came into sight harnessing the principles of quantum mechanics, to create a
new paradigm for computing.

QIP includes many practical applications such as quantum key distribution (QKD)[6]
(which allows perfectly secured communications protected by the laws of quantum
mechanics), quantum metrology, quantum lithography and perhaps the most ambitious
challenge of the 21* century — the quantum computer. These applications place stringent
demands on the development of platforms that can host them and require new paradigms
for their efficient fabrication and use. Furthermore, to engineer practical devices
employing quantum effects, one needs to develop components, initialization methods,
readout techniques and interconnects, bearing in mind the importance of scalability.
Developing quantum devices will require a high degree of proficiency in fabrication and
manipulation of individual quantum states on the sub nanometer scale.

The quantum state of light - a photon — exemplifies this need and has been proposed as a
building block for QIP[7-10]. Transmission at the speed of light, low noise, decoherence
free and a possibility for free space communication make photons extremely valuable for
many applications in QIP. Individual photons can be easily employed as quantum bits
(qubits) while the information can be encoded in their polarization. Indeed, practical
QKD based on encoding the information into the polarization state of the photon has been

demonstrated. Moreover, an algorithm for optical quantum computers based on linear
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optical elements, single photon sources and single photon detectors has been
proposed[11] and demonstrated[10, 12].

For the realization of quantum technologies based on the quantum state of light, systems
which can generate pure single photons on demand (triggered single photon sources) are
highly sought after. A perfect single photon source will have absolute photostability (no
blinking or bleaching), emit only one photon per excitation pulse with a suppressed two
photon emission probability and preferably generate indistinguishable photons. The last
parameter is necessary for many QIP applications, apart from QKD.

Few single quantum emitters have been proposed to meet the criteria mentioned above:
Single atoms[13], for instance, generate indistinguishable single photons on demand
since the electronic transitions remain constant and isolated from the environment.
However, manipulation and scalability of a single atom technology is challenging.
Quantum dots, often called artificial atoms, are a much better choice. The fabrication
techniques of quantum dots are well established. Since nanostructures can be engineered
upon demand in terms of material composition and shape, their emission properties can
be tailored[14-16]. Quantum optics with QDs has shown tremendous progress over recent
years, particularly, due to its integration with photonic cavities which dramatically
improves the quantum properties of the source in terms of efficiency and
indistinguishability[16, 17]. Nevertheless, QDs suffer from blinking and require low
temperature operation[14].

Color centers in diamond are also important candidates as ultimate single photon sources.
Their superiority includes unprecedented photostability, room temperature operation and
ease of fabrication. Diamond based single photon sources can boost the quantum
photonics technologies and pave the way from a laboratory setting toward practical
devices exploiting quantum mechanical effects.

One of the disadvantages of diamond is its high refractive index (2.4) which deters the
light to be efficiently coupled to external optical structures. This hurdle may be overcome
by using nanodiamonds — the benefits and challenges of which are explored throughout

this thesis.
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1.1 Diamond color centers for quantum information processing

Diamond is a very attractive material for QIP particularly due to the fact that the three
common sources of decoherence — nuclear spins (which are limited by the Be
concentration), low electron concentration (due to the wide bandgap) and low phonon
scattering (due to the high Debye temperature) - are minimized[18]. Point defects in
diamond (often a single impurity atom or a complex consisting of an atom and a
vacancy), can be optically active and are called color centers. Some of these defects can
generate single photons upon optical excitation[19, 20].

Color centers in diamond are found in either monolithic diamond or nanocrystalline
diamonds, opening a wide range of opportunities for their integration and manipulation.
Several designs for large scale quantum architectures employing color centers in
monolithic diamond have been proposed[21]. On the other hand, applications such as
magnetic imaging at the nanoscale[22-24] or QKD employ single photon emitters in
nanocrystalline diamonds.

The nitrogen-vacancy (NV) center is the most studied center for QIP applications owing
to the availability of optical read-out of the individual spin state[25, 26]. However, the
NV center has fundamental limitations - strong phonon coupling of the excited state
which results in a broad photoluminescence spectrum (~ 100 nm) of which the zero
phonon line (ZPL) makes up only 4%. Emission of single photons in the ZPL is then
extremely weak, typically on the order of a few thousand photons per second. Such count
rates are insufficient for the realization of advanced QIP protocols based on
indistinguishable photons. These constraints introduce the need for much better diamond
based single photon source with superior photo-physical properties.

To move beyond the limitations of the NV center, alternative diamond based single
photon emitters such as the silicon vacancy (SiV)[20] or the nickel related complex
(NE8)[27-29] have been investigated. However, the very low emission rates of the SiV
center, and the difficulty of controllably fabricating these centers at the single center
level, has motivated the search for alternative diamond based single photon sources. A
major challenge in the material science community is to unambiguously identify new

diamond based color centers. Such centers would ideally possess a narrow bandwidth
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emission centered in the infra-red, high count rate, and be readily and reliably engineered

in both bulk and nanocrystalline materials.

1.2 Summary of thesis

The research into diamond color centers on the single defect level and the use of diamond
as a platform for QIP are still in their infancy. There are many open questions and
unknowns, which makes the research extremely fascinating. The aim of this thesis is the
controlled fabrication of novel ultra bright single photon sources from color centers in
diamond.

Chapter 2 presents a brief introduction about diamond as a material — including growth
methods, color centers and ion implantation techniques to modify the material. The
definition of non classical light and quantum emitters is then discussed. Detection
techniques, candidates for single photon generation and applications of single photon
sources are also presented.

In chapter 3 the experimental methodologies and the equipment involved are explained.
Fabrication techniques such as chemical vapor deposition (CVD) and ion implantation,
and characterization methods including confocal microscopy and photoluminescence
measurements are described.

Chapter 4 is the first experimental chapter of the thesis. It focuses on the growth of sub
micron sized diamonds employing microwave assisted chemical vapor deposition
technique. A unique approach to the growth of isolated, high quality nanodiamond
crystals under high pressure plasma deposition conditions is presented and discussed.
Chapter 5 and 6 discuss novel methods for fabrication of color centers in bulk diamond
and nanodiamond crystals. Chapter 5 is dedicated to ion implantation of nickel as a “post
growth” approach for engineering of color centers, and chapter 6 introduces a new
methodology to incorporate an impurity during CVD diamond growth. This method
involves implantation of nickel atoms into the substrate onto which the diamonds are
subsequently grown.

The discovery of novel chromium related color centers is the topic of chapter 7 and the

prime result of the thesis. A new class of emitters originating from chromium related
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defects in CVD diamond, exhibiting a count rate of millions of photons per second is
presented. We show that these emitters can be fabricated by combining the ability to
grow high quality sub micron diamond crystals (chapter 4) in conjunction with a
technique to incorporate the impurity during CVD growth (chapter 6).

In the second part of this chapter, engineering the chromium related defects in single
crystal diamond by ion implantation is presented. The excellent agreement between the
photoluminescence spectra, in terms of the ZPL and full width at half maximum, in bulk
diamond and nanodiamonds clearly indicates that this class of emitters can be attributed
to chromium. Combining the imaging of the chromium emission dipoles and measuring
the decay rates of the emitters close to the diamond-air interface and in the unbounded
medium, the quantum efficiency of the chromium centers is determined to be ~ 30%.

The last experimental chapter, chapter 8, describes optical measurements of single photon
emitters in the near infrared performed at cryogenic temperatures (liquid helium). A
photoluminescence excitation spectrum from a single diamond color center reveals a
narrow linewidth of 4 GHz. In addition, the indistinguishability of consecutively emitted
photons is measured.

Finally, in chapter 9 the thesis is concluded and future work is outlined.






Chapter 2
Background

This thesis reports the controlled fabrication of single photon emitters from color centers
in diamond. Therefore, the introduction is divided into two main sections: (1) Materials:
which introduces diamond as a material, growth methodologies and ion implantation
techniques relevant to diamond. (2) Optics: which includes the fundamental discussion
about sub-Poissonian light, the second order autocorrelation function, detection schemes,
photophysics of single photon emitters, and finally single photon source candidates and

their applications.

2.1 Diamond

Diamond is a carbon allotrope with a complete sp> atomic configuration, where each
carbon atom is bonded to four carbon atoms in a tetrahedral symmetry. The diamond unit
cell belongs to the “diamond” crystalline lattice structure, which consists of two face
centered cubic Bravais lattices, displaced by Y4 of the unit cell in each direction (Figure

2.1).

Figure 2.1 Crystallographic diamond structure.
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Diamond is a unique material endowed with extreme physical properties: it is the hardest
material with the highest Young’s modulus (~1 TPa) and a high atomic density (3.5
g/cm3 ), it possesses a wide band gap (5.5 eV at room temperature), it is chemically inert
and biocompatible. The main physical and optical properties of the diamond are shown in
Table 2.1. Nevertheless, despite all these amazing properties, diamond is not used as
routinely as other materials, particularly, due to its cost, difficulty of fabrication and lack

of well developed processing tools.

Density 3.5 g/lem’
Crystal system Cubic (two FCC shifted by (¥4, Y4, Y4)
Lattice parameter 3.57A
Thermal conductivity 2x10° W/mK
Dielectric constant 5.7
Refractive index ~24
Young’s modulus ~1 TPa
First Raman line 1332 cm’™
Band gap 5.5eV

Table 2.1 Main physical and optical properties of diamond

Diamond can be naturally extracted from the lithospheric mantle below the earth’s
surface, where high pressure and high temperature (HPHT) conditions are suitable for
diamond formation. In the middle of the 20™ century scientists and engineers from
General Electric created similar conditions of HPHT and demonstrated the first synthetic
diamond grown in a laboratory[30]. This process, however, is complicated and requires
high cost maintenance equipment. Alternative methods of diamond synthesis like the
chemical vapor deposition (CVD)[31-33] and detonation nanodiamond[34, 35] were
introduced in following years.

The simplicity, flexibility and a control over incorporation of impurities are the main
advantages of the CVD process over the HPHT fabrication. The main gas phase reactants
of a typical diamond CVD process are methane and hydrogen. Methane is the source of

carbon, while hydrogen is responsible for terminating the dangling carbon bonds on the
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growth surface, thus preventing the formation of a graphite structure[33]. Since graphite
is thermodynamically stable phase of carbon, CVD process is driven by kinetics and not
thermodynamics. This is achieved by a high gas phase non equilibrium, where a very
high fraction of hydrogen to methane (generally 96:4) is used.

There are a few variations to the CVD techniques[31-33, 36], including microwave, hot
filament, cathode arc discharge and welding torch, which are all used to ionize the
introduced gases. Since microwave plasma CVD (MPCVD) is used in our research, this

topic is covered in more detail.

2.1.1 Microwave plasma chemical vapor deposition of diamond

Schematic illustration of diamond chemical vapor deposition is shown in Figure 2.2.

Reactants
H,+CH,

l

Transport and reaction

Figure 2.2. Schematic illustration of the chemical processes involved in a diamond
CVD[37]. The reactant gases are ionized and radicals are formed. Through various
transport mechanisms, the species are transported to the surface and build the diamond
structure.

An understanding of diamond deposition is not yet complete[38]. Classically, it can be

described as follows: methane and hydrogen enter a high temperature energetic region, in
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which the gases are ionized by the plasma. The species are transported through diffusion
or convection throughout the chamber and eventually reach the diamond surface. On the
surface, various chemical processes such as adsorption, diffusion and chemical reactions
can occur. Once the surface is stabilized and graphitic formation is terminated by the
hydrogen, the atoms form a mixture of hydrocarbon species including reactive carbon-
containing radicals. Surface radical sites are created by gaseous activation of H atoms and
occasionally react with the gas phase carbon-containing radicals, resulting in an adsorbed
carbon species. Finally, any remnants of sp> or sp carbon sites on the surface will react
with the gaseous species to convert to sp> bonded carbon.

Typically, microwave radiation at a frequency of 2.45 GHz is used during the MPCVD
process and the growth occurs in the temperature range 800-1100°C[39]. The substrate
temperature can be controlled by a heater and its distance from the plasma ball can be
varied as well.

Diamond CVD growth can be divided into two distinct types: homogeneous and
heterogeneous. The first type refers to diamond grown on a diamond surface. Smooth
stress free films can be grown on (100) surfaces while films deposited on (111) surfaces
generally have a higher defect density and are subject to cracking to relief stress[33].
Growing diamond on non diamond substrates, also referred as heterogeneous growth, is
challenging due to lack of native nucleation. The heterogeneous growth can be divided
into two main streams: growth of individual diamond crystals[40-42] or growth of a
continuous diamond film[43, 44]. For many years, diamond films attracted much more
attention due to their technological applications. Therefore, very high nucleation densities
were required to grow high quality diamond films. The nucleation was performed by
abrasion[45] or seeding with nanodiamond powder[46]. To date, growth of diamond
films have been demonstrated on many substrates including silicon, titanium, nickel,
molybdenum and others[41].

To achieve growth of dispersed individual crystals, the substrate is seeded with
nanodiamond seeds. The initial seed density determines the final crystal density on the
substrate. The growth of diamonds from individual seed is three dimensional, and in case
of a high nucleation density, these individual diamond crystals will eventually come into

contact to form a polycrystalline film. When the growth of individual diamond crystals is
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carried out, it is important to use smooth and clean substrates. Any morphological defects
or contaminations on the surface may result in secondary nucleation of diamonds without
the crystal being grown on the diamond seed. This will result in a large size distribution
of the final crystals and inhomogeneous density on the substrate.

The general crystallite shape and the final morphology of the diamond crystal depends
upon the growth conditions: Cubo-octahedra are produced at low carbon deposition
rates[47], whereas more spherical and amorphous material results from higher carbon
ratios. The transition of crystallite shape from cubic through cubo-octahedra to octahedra
is determined by relative growth rates of (111) and (100) faces. For many applications,
the morphological and crystalline nature of the deposited diamond crystals is important.
Adhesion, wear behavior, and other interfacial characteristics may be affected by the
surface structure. Control of surface morphology is therefore important to obtain optically
smooth surfaces since final polishing rates are orientation-dependent.

The gas composition is a very important parameter of the CVD growth. Common
variations include oxygen and a few percent of nitrogen or any other elements added
explicitly for doping (B,He for boron doping for instance[48]). Addition of nitrogen,
which is difficult to eliminate from the growth chamber, has been shown to modify the
morphology and increase the growth rate[49, 50].

Intense modeling of MPCVD reactors and morphology development under different
ambient conditions have progressively provided an important understanding of diamond
growth[51, 52]. An enormous set of parameters (electromagnetic fields in the reaction
chamber, gas heating, heat and mass transfer, charged and neutral species involved, real
source gas mixtures (i.e. H/C or H/C/noble gas mixtures), species diffusion and gas—
surface processes) has resulted in diamond growth being experimentally complicated.
Nevertheless, as a result of the vast effort on both academic and industrial fronts, 1 inch
CVD diamond wafers have become commercially available[53, 54].

In this thesis, the focus is on a controlled growth of dispersed, individual, sub micron
diamond crystals with selected color centers. The nanometer size of the crystals is
necessary in order to overcome the geometrical limitation of large crystals which hinders
the collection of the emitted light due to high refraction index of the diamond and internal

reflection.
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2.1.2 Optical centers in diamond

Diamond hosts more than 500 optical centers with luminescence signals from deep ultra
violet (UV) to the infrared, originated from various defects and impurities within its
crystallographic lattice[55]. This characteristic of diamond is in fact the most relevant to
this work. In this section the optical properties and formation mechanisms of some of

these centers are discussed.

2.1.2.1 Vacancy and self interstitial

The simplest defect in diamond is an interstitial carbon or a vacancy. Systematic
modeling suggests that split <100> interstitial is the most stable configuration of this
defect, which is known as the R2 center[56, 57]. The ground state of the center has a Dyq4
symmetry[58]. It is produced by electron or neutron irradiation and has optical absorption
lines around 735 nm. This defect is annealed out above 750 K. Further measurements of
electron irradiated diamond enriched with "’C revealed the two parallel nearest neighbor
<100> split interstitials and finally three non planar parallel <100> split interstitials exist
in diamond crystal[59-61].

Two charge states — negatively charged and neutral are known for the vacancy center in
diamond[62]. The neutral vacancy, known also as the GR1 optical center, has a ZPL at
741 nm. The photoluminescence (PL) arises due to a transition from a doubly degenerate
orbital (E) state to a triple degenerate (T) excited state in a tetrahedral center[63-67].
Upon annealing the vacancy migrates and couples with other impurities in diamond. This
can be observed by monitoring the decrease and eventual disappearance of the GR1
peak[68].

Electron-paramagnetic-resonance (EPR) studies showed that only center labeled R4/W6
is prominent in the intermediate temperature range between 900 K and 1000 K. R4/W6
centers can be produced in type Ila diamonds, but only low concentrations were ever
produced in rich nitrogen, type Ib diamonds, where nitrogen atoms trap the mobile
vacancies. When the nitrogen concentration was greater than the vacancy concentration,
the R4/W6 were not observed, even after annealing. Lea-Wilson then concluded that the

R4/W6 was the nearest-neighbor divacancy center in the neutral charge state[69].
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Subsequently, EPR studies of *C enriched diamond confirmed this identification[70].
The center has a Cp, symmetry at low temperatures (~30 K), while at higher temperature
this symmetry is distorted, possibly due to rapid spin lattice relaxation[70].

In addition, vacancies play a central role in engineering other defects in diamond. Given
the highly dense diamond matrix, some impurities which have larger dimensions than
carbon tend to cause a local lattice expansion. This can be compensated and stabilized by
an adjacent vacancy. Therefore, an annealing step is often used to allow the vacancies to

become mobile and recombine with the other impurities in the lattice.

2.1.2.2 Nitrogen

Nitrogen is the most common impurity in diamond, particularly because it has a similar
atomic size as carbon and it often present during the diamond growth. Nitrogen generally
appears as a substitutional atom and creates a distortion along the (111) axis with the
neighboring carbon atom[71-73]. The ZPL of the neutral single substitutional nitrogen
has not been conclusively identified.

If a vacancy is neighboring the nitrogen along the (111) direction, a center known as a
nitrogen vacancy (NV) is formed[74-76]. The atomic structure of this center is shown in
Figure 2.3a. Other additional complexes of nitrogen and vacancies of the form of NV,
have also been modeled and observed[77]. The origin of the vacancies is generally proton
or electron irradiation as will be discussed in the following section. A subsequent
annealing to 800°C after irradiation of nitrogen containing diamond efficiently creates the
NV centers[68].

The NV center has two charge states: the negatively charged, (NV), center with a ZPL
centered at 637 nm and a neutral, (NV)O, center with a ZPL centered at 575 nm|[78, 79].
The charge fluctuation from the negatively charged to the neutral NV was recently
observed by monitoring individual NV centers in diamond[80]. At this stage it is unclear
how to prevent the electron from hoping on and off the NV center and keep only one

charge state stable.
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2.1.2.3 Transition metals

Transition metals, specially nickel, are often present in synthetic HPHT diamond due to
their role as catalysts[81, 82]. During the HPHT process, transition metals such as nickel
and cobalt solely incorporated into the {111} growth sectors and their concentration can
vary within the same growth sector[83]. It was also shown that faster growth rates
increases the concentration of nickel and cobalt in the {111} sectors and of nitrogen in
{001} sectors. Unexpectedly however, the increase in nickel or cobalt is accompanied by
a reduction in the nitrogen concentration[83]. Although the exact reason for this is yet
unclear, it was proposed that the presence of these large impurity atoms on the growing
diamond surface, reduces the probability of nitrogen being incorporated[83].

The vast abundance of transition metals in natural diamond crystals has attracted major
interest in the scientific community and significant research has been carried out to map
out their optical and physical properties.

The most common nickel related defect shows a PL doublet around 883/885 nm[84, 85].
The center has a trigonal symmetry and the doublet structure is a result of the spin orbital
interaction splitting the ground state of the center. A fine structure of the ZPL resolves
that each peak consists of four components associated with stable nickel isotopes. This
center is repeatedly observed in synthetic diamonds grown in the presence of a nickel
catalyst.

In high nitrogen content diamonds, a family of nickel nitrogen complexes (NEx, 1< x <8)
is formed[81, 82, 86], as has been confirmed by electron paramagnetic resonance (EPR)
measurements[81, 87]. In some cases an additional HPHT annealing process is applied to
enhance the formation probability of these centers[88, 89]. It was also shown, that the
NE4 defect, ascribed to a nickel atom in a di-vacancy[90, 91], acts as nucleus for
aggregation of nitrogen atoms. Once the NE4 defect is formed, up to four nitrogen atoms
can be captured consecutively in different configurations to form the rest of the NEx
family[88]. Most of the NEx complexes were also observed optically, with the NEI
centered in the UV (ZPL at 472 nm) and NES centered in the near infra-red (NIR) (ZPL
at 794 nm). The later, which consists of four nitrogen atoms neighboring a nickel atom, is
particularly interesting for optical applications due to its narrow emission in the NIR. Its

atomic structure is depicted in Figure 2.3b.
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Figure 2.3. Crystallographic models of three defects in diamond which evolved particular
interest in recent years due to their ability to emit single photons: (a) the NV center
(image is taken from Ref [92]) (b) the nickel related NE8 center (image is taken from Ref
[29]) and (c) the SiV center (image is taken from Ref [93]. (d) The PL spectra of each of
these defects.

Besides nickel, other transition metals have shown PL and EPR features in diamond[59,
94]. Cobalt[95-97] and titanium[98] are particularly interesting since they exhibit narrow
emission lines in the NIR. Similar to nickel, cobalt possibly forms centers with mobile
nitrogen atoms. Indeed, no cobalt related defects were observed when nitrogen getters
were used during diamond growth. The structure of the titanium related center is believed
to be two titanium atoms occupying tetrahedral interstitial positions along the <110>

axis[98].
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2.1.2.4 Silicon defects

Silicon defects are very common in CVD grown diamond due to routine use of silicon
substrates and quartz bell jars. The most abundant silicon related defect is the silicon
vacancy (SiV) center, which has a ZPL centered at 737 nm as shown in Figure 2.3d. This
line can be observed by an intentional addition of silicon to the diamond growth cell or
by silicon implantation [99-101] into pristine diamond. The structure of the ZPL is
complicated and consists of many lines, originating from the split ground and excited
states as well as different silicon isotopes[99, 102]. The atomic structure of the 737 nm
defect consists of a silicon atom splitting two vacancies, as was recently confirmed by
EPR measurements[93]. There is a disagreement in the literature regarding the charge
state of the complex, however, recent results suggest a negative charge state for this

center[93]. Its atomic structure is depicted in Figure 2.3c.

2.1.3 Ion Implantation

Ion implantation is a widely used technique to modify physical, chemical and optical
properties of a material by introducing external impurities into its matrix[103-105]. To
perform an implantation, atoms are ionized, accelerated with an electric field and
“bombarded” into the target material. The end of range of the implanted ions is
determined by the acceleration energy (typically ranging from few keV to MeV). Due to
an introduction of external atoms by bombardment, ion beam induced damage is always
associated with the implantation. Therefore, a thermal annealing sequence is usually
applied after the implantation to allow the material to recover. Combination of ion
implantation and annealing (for dopant activation or defects removal) is technologically
important and routinely employed in the semiconductor industry.

To predict the profile of the implanted ions in the implanted matrix, a Monte Carlo based
modeling package known as Stopping and Range of Ions in Matter (SRIM)[106] was
developed. The software is based on the estimation of different probabilities of collisions
among the implanted ions while taking into account the lattice parameters such as density

and lattice spacing. The output provides a useful prediction regarding the stopping range
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of the implanted ions and its distribution, damage events, and concentration of the created
vacancies.

Ion implantation is most commonly used in the semiconductor industry where dopants
like arsenic, boron or phosphorus are implanted into a silicon matrix for electrical
activation[107]. The aim of the implantation in this case, is to modify the intrinsic silicon
structure to a p-doped or n-doped material to fabricate electronic devices. After the
implantation, the silicon is thermally annealed and becomes conductive. On the other
hand, ion implantation in diamond to modity its electrical properties turned out to be very
challenging[103, 108, 109]. Diamond has a very dense lattice which limits the internal
diffusion of impurities and inhibits an effective substitutional doping. Moreover, its
tendency to irreversibly graphitize upon a high implantation fluence puts an upper bound
of the possible implantation fluence. Out of all the elements, boron doped diamonds are
the most promising for a p-doped material. Research is still continuing to discover the
most efficient dopant for an n-type diamond, while phosphorus and lithium are the main
candidates.

Creating color centers in diamond, which emit light upon optical excitation, is another
application where ion implantation is employed[68, 110]. By introducing a foreign atom
such as xenon, nickel, nitrogen or others, optical centers related to the implanted ions can
be formed. Some optical centers consist of an external atom adjacent to a vacancy (such
as NV or SiV). Implantation of any impurity into diamond crystal will introduce both the
implanted atoms and the vacancies, which result in the formation of the centers (for
instance, implantation of nitrogen will introduce nitrogen and vacancies simultaneously).
If the impurity is natively present in the diamond, the vacancies can be also introduced by
proton or electron irradiation.

Figure 2.4 shows an example of a SRIM profile simulation of nitrogen implantation into
diamond using acceleration energies of 30 keV (red curve) and 300 keV (black curve).
The end or range of the deep implantation is 299+36 nm, while for the shallow
implantation it is 4011 nm. Additional information to draw from this simulation is the
number of vacancies and their distribution in the crystal. For 300 keV and 30 keV
implantations, 376 vacancies/ion and 141 vacancies/ion are formed in the crystal,

respectively. Higher implantation energies also cause longer tail of vacancies in the
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crystal, as evident from Figure 2.4, due to longer range of the accelerated ions. Therefore,
the formation probability of NV centers as a result of a deep nitrogen implantation is

increasing due to excess availability of vacancies per nitrogen atom.
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Figure 2.4 Example of a SRIM simulation of nitrogen implantation into diamond using

acceleration energies of 30 kev (red curve) and 300 keV (black curve) with an implanted

fluence of 1x10'" N/cm?. The dashed lines are the vacancy concentration, formed due to
the nitrogen implantations.

For quantum applications (as will be discussed in the following chapters), there is a need
to access each color center individually. Thus, tight control of implantation parameters is
required to achieve high precision. In the following paragraphs, the main results of ion
implantation in diamond to produce individual emitters from various materials is

presented.

2.1.3.1 Nitrogen implantation

Until the last decade, a significant part of nitrogen implantation work was motivated by
the desire to modify the electrical properties of the diamond to achieve n-type doping and

fabricate field emitting devices[105, 108, 111-113]. Nitrogen generally occupies a
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substitutional site in diamond. Upon implantation of nitrogen and subsequent annealing, a
few combinations of nitrogen defects are formed in the diamond lattice, such as
substitutional nitrogen, nitrogen aggregates or nitrogen vacancy centers. Particularly, the
promising quantum optical properties of the negatively charged NV center, spurred the
research into fabrication methods of individual NV~ centers.

In 2005 Meijer et al[114] demonstrated an implantation of nitrogen (10°-10° N atoms per
shot) accelerated to an energy of 2 MeV. Using such a low dose of nitrogen, a single
photon emission from the NV center was achieved. However, due to the created damage
by the implanted nitrogen, they could not distinguish between the emission originating
from the native nitrogen present in the samples or the implanted ones. To address this
issue, Rabeau et al[115] implanted a different isotope of nitrogen, N, and detected only
the implanted emitters by resolving the different magnetic resonance signals.
Furthermore, the lower implantation energy of 7 keV positioned the centers in a close
proximity to the diamond surface, thus enabling better collection of the emitted light. To
improve the lateral precision of the implantation, a new mask-less approach of single
nitrogen implantation through a pierced AFM tip was attempted. The AFM tip acts as a

collimator system in the nm range and provides a high implantation accuracy [116].

2.1.3.2 Other ions

Xenon ions were recently implanted into diamond to investigate their PL properties[117].
Xenon is particularly interesting since it exhibits narrow PL lines in the NIR and believed
to have similar symmetry to the NV center[118]. Interestingly, xenon implantation
enabled the use of diamond as a light emitting diode (LED) with xenon optical centers as
active emitters[119]. This result is promising for a realization of electrical excitation of
other single photon emitters. Polarization measurements and ion dose dependence
measurements have been performed[118, 120] and the result concluded that xenon atom
is occupying a semi di-vacancy site, V-Xe—V, oriented along the <111> direction.
However, single photon emission from this center has not yet been demonstrated.

Nickel centers in diamond have been the subject of substantial research, as was discussed

earlier. However, most of the work reported recently used native nickel color centers
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present originally in HPHT crystals[81, 88, 121], rather than introducing nickel atoms by
ion implantation. Earlier work, performed in the 80’s showed that similar nickel related
PL lines can be also found in CVD diamond implanted with nickel ions and subsequently
annealed[122].

Boron is a p-type dopant in diamond and hence was implanted into diamond to achieve
good electrical properties[123]. Low doses (below graphitization limit) of boron were
implanted into a diamond held at low temperature followed by a rapid annealing[124].
Subsequent annealing to higher temperatures resulted in improved conductivity properties
of the diamond[124]. Fontaine et al, demonstrated an in-situ annealing of boron
implanted single crystal diamond[125], which showed good electrical properties.
Furthermore, high carrier motilities of 600cm/V were measured from p-doped buried
layers, which were fabricated by high energy (2 MeV) boron implantation and annealing
to 1450°C[126].

Lastly, silicon related color centers have also been subject to a substantial research due to
their vast abundance in CVD diamonds. There is an evidence of silicon implantation into
diamond early in the 80’s[101]. However most of the work from these color centers was
performed on centers naturally found in HPHT diamond[127] or due to the incorporation
of silicon during the CVD of diamond[93, 128, 129].

The first attempt to implant silicon into diamond for the purpose of creating individual
optical centers was reported only recently in 2005 by Wang et al[20]. They fabricated the
first SiV single photon emitter by implanting silicon atoms into pure diamond. Although
the idea was promising, no following experiments of single SiV defects have been
reported, mainly due to extremely low count rate and strong coupling to a non radiative

shelving state of the SiV center.

2.2 Optical characterization of color centers

In this section the methods used to characterize the diamond color centers and the

fundamentals of non classical emission are presented.
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2.2.1 Confocal microscopy

Confocal microscopy employs far field illumination and far field detection, and widely
applied in many scientific disciplines, ranging from biology to solid state physics. The
basic idea of confocal microscopy, which was patented by Marvin Minsky in 1955, is
based on the fact that only the light which originates from the focal area passes through
the detection pinhole and hence reaches the detector. Laterally displaced beams will be
blocked by the detector aperture and the beams originating from points displaced along
the optical axis will not be focused in the detection plane. A schematic of the confocal

principle is shown in Figure 2.5
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Figure 2.5. Schematic illustration of a confocal microscope, taken from ref [130]. The
pinhole is the core of the confocal microscope. It blocks the luminescence originated
from the 3D space below and above the focal plane, leading to only the light which is
coming from the confocal plane to be detected.

Under laboratory conditions, the collimated laser light focused through an objective,
excites the sample and produces scattered and reflected light (at the excitation and the
emission wavelengths). The collected light is then separated from the incoming laser

beam by a dichroic mirror (other techniques are also available) and focused onto a
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pinhole in front of a detector. When fiber optics is used rather than a free space
configuration, the core of the fiber is used as a pinhole.

The spot size, Ax, that is achieved on the sample depends on the numerical aperture
(NA) of the objective and the excitation wavelength. It is also limited by the diffraction
of the laser light. The spot size is given by:

Ax=0.61-2- 2.1)
NA

For our experimental setup with a typical objective of NA=0.95 and excitation
wavelength A=690 nm, the resolution is limited to ~ 450 nm. The resolution limit of a
traditional confocal microscope can be overcome by using methods of focal engineering
such as stimulated emission depletion (STED)[131], which is capable of imaging with
nanoscale resolution beyond the diffraction limit. The basic principle of this technique is
to use stimulated emission to selectively reduce the excited state populations of a specific
fluorescent dye in certain special regions in the focal area, while other regions remain

unchanged.

2.2.2 Second order auto correlation function - g® (7)

The second order autocorrelation function, g(z) (7), describes the intensity fluctuations of
electrical field as a function of time. For the case of individual photons, g‘*(r) describes
the probability of emitting a photon at a certain time 7+7 if a previous photon was
emitted at time ¢. Therefore, g* (7) provides information regarding the statistics of the

emitted photons. By recording the g‘®(7) one can determine whether a single photon

emitter is addressed.

The second order correlation function of the light is defined by:

<eWMeE(+n)et+D)EM)>  <IWI({t+7)>

g” (0= =
<eMe®)><e t+net+7)> <I@)><I(t+7)>

(2.2)
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where £(¢),1(t) are the electrical field and the intensity of the light beam, respectively, at
time ¢. Assuming that the source emits at a constant average intensity, one can write:

< I(t) >=< I(t +7) >— which leads to the classical optical expression of g (7):

<IMOI(t+7)>
<I(t) >

g¥ (@)= 2.3)

From a quantum mechanics point of view it can be shown that for pure single photon

emission, the g¥(7) equals to zero at zero delay time ( g (0)=0). Recalling from

fundamentals of quantum mechanics, the photon number operator 7 is givenby Ai=a'a.

The creation (4") and the annihilation () operators are given by:

a'ln>=mn+1)"n+1> (2.4)

and

&|n >=(n)"?

In—1> (2.5)

The g® () can then be rewritten as:

<aimalt+oa,t+10)a, @) >

)
() <aita,t)><a,(t+1v)a,t+1) > (26)
which leads to the following expression at zero delay time:
2 <alala,a, >
g (0)= (2.7)

<ala, ><ala, >
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Since the light is arriving to the beam splitter from one side only, the input states can be
described by: ¥ =|l//1 ,0, > where y, is the arbitrary input state at port 1 and |0, >
denotes the vacuum at port 2. Considering the relationship between the creation and
annihilation operators of the output fields of the beam splitter to the input fields, while

conserving the energy at the beam splitter, the g”(0) can be simply written as:

g(2)(0)2<l//1|ﬁ1(ﬁ1_1)|1/fl >/4:<ﬁ(ﬁ—l)> 2.8)
(<l//1ﬁ1‘//1>/2)2 <h >° '

where the values are determined from the input state of port 1. If the input is the photon

number state |[n >- then

¢@ ) ="""D (2.9)
n

For a true single photon emitter where only one photon is arriving at the beam splitter

n=1 and subsequently g (0)=0

2.2.3 Habury Brown and Twiss setup

Hanbury Brown and Twiss (HBT) developed an interferometer to study coherence of
light beams. At the time of the invention, they intended to study the angular diameter of
radio stars, rather than individual photons[132]. The modern HBT setup, however, is
typically used to characterize the photon statistics employing high efficiency avalanche
photo diodes (APDs) instead of photomultiplier tubes. A schematic of a modern HBT

setup is shown in Figure 2.6
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Figure 2.6. Schematic illustration of a modern HBT setup[17], used to characterize non
classical light emission. The beam splitter directs the incoming photons to two APDs.
The APDs are connected to a correlator card, which records the time between the start
and the stop events.

The operation mode of the HBT setup can be described as follows: a stream of photons
arrives at a 50:50 beam splitter and divided into two paths. The beam splitter outputs
connected to two APDs for the photon detection. The outputs of the APDs are connected
to the start and the stop inputs of a correlator card. Once a photon reaches the detector, a
pulse is sent to the counter and activates the start/stop signal. The coincident card records
the time events between the start/stop and the time elapsed between the events. The
coincident events correspond to the histogram of time delays between two consecutive
photon detections. Thus a histogram of events is built and shows the number of events
registered at each time 7between the start and the stop.

Since the number of counts registered on the photon counter is proportional to the

intensity, one can rewrite g‘” (7)from equation (2.2) as:

(2) _ < ml (t)m2 (t + T) >
§ (M= <m,(t) ><m,(t+7)> (2.10)

where m,(t) is the number of counts registered on detector i=/,2 at time ¢.

Therefore, g'* (7) is proportional to the conditional probability of detecting a second

photon at time t=7, given that a photon was detected at r=0. Hence, the result of the
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HBT experiment gives a direct measure of the second order correlation function,
g (1), in the photon interpretation of light.

In case of a true single photon emitter, only one photon can arrive to the beam splitter at a
time (t=0), and with a probability of 50% to activate the start of the clock. At the same
time, however, there is 0% probability of the stop to be activated since only one photon
was generated by the source. Consequently, the clock will be stopped in some other time,
but not at the time of r=0. The result of the coincident statistics will be a dip at =0. The
obtained curve of the statistics events is generally known as “antibunching” curve.

To test whether a source emits single photons, an antibunching curve is recorded using a
HBT setup. Figure 2.7 shows two examples of such curves recorded for continuous
wavelength (cw) excitation and a pulsed excitation. The absence of the peak at zero delay

time, g(z)(0)=0, indicates that the source is a true single photon source (SPS).
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Figure 2.7. Example of antibunching curves recorded by (a) cw or (b) pulsed excitation
laser[9]. At zero delay time, g (7) goes to zero in a continuous mode and the peak at
zero delay time is missing in pulsed mode, which indicates single photon emission.

In general, the classification of emitted light is based on the values of g‘*(7) and can be

categorized as follows:

Bunched light: g (7)>1
Poissonian (coherent) light: g (7)=1

Antibunched light: g® (0)<1
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The Poissonian distribution is given by:

-n

P(n) :"—'e‘in ~123.. 2.11)
n!

where 7 is the average number of photons within the beam. If the standard deviation, An

is smaller than the square root of the mean (i.e. An<\/z ), then the light has sub
Poissonian statistics and is called non classical light.

Note, that an accurate normalization of the g (7)is highly important to establish the non
classical value for g‘”(0).From the experimental point of view, the normalization is

done by assuming g‘*(7)=1 for very long delay times since the statistics of the light at

very long delay times is Poissonian.

2.3 Single Photon Sources

The definition of a single photon source is a confined system which emits only one
photon per full cycle of excitation and relaxation. Before the next photon is emitted, the
system has to undergo relaxation to its ground state[133]. On the detection side, only one
photon must arrive to the detector at a time. Unlike coherent light, which has a Poissonian
distribution and may include random time intervals between each photon in the stream,
an ideal “train” of single photons has a constant time intervals between each photon.

The main requirements for a “perfect” single photon source are robust operation without
blinking or bleaching, strong dipole moment and a short radiative lifetime, absence of
non radiative decays and a bright polarized emission which can be easily observed over
the background luminescence. To date, true single photon emission was demonstrated
employing single atoms, single molecules, quantum dots, nanowires, carbon nanotubes
and single defects in diamond. Each system has its own advantages and drawbacks,

which are described in the following sections.

27



CHAPTER 2. BACKGROUND

2.3.1 Candidates for single photon generation

2.3.1.1 Ions and atoms

Fundamental candidates for emitting single photons are individual atoms and trapped
ions. The first observation of non classical light was reported by Kimble et al[13] in 1997
recording the light emitted from trapped sodium atoms. Recently, more sources based on
optical trapping of calcium or rubidium atoms were demonstrated[134]. These sources
are perfect single photon emitters since they are isolated quantum systems consisting of
only one atom. Although recent results show a remarkable control over individual atoms
by coupling them to micro resonators and chip scale realization has been proposed[135-
137], scalability and manipulation of these sources is challenging and other single photon

candidates are considered.

2.3.1.2 Quantum dots:

The first observation of non classical light from a quantum dot (QD) was demonstrated in
2000 by P. Michler et al[138]. They investigated CdSe/ZnS quantum dots which were
dispersed on a silica substrate. Triggered single photon emission from quantum dots was
reported one year later by C. Santori et al[14]. In their work, self assembly InGaAs QDs
in a GaAs matrix were excited with a pulsed laser to generate single photon emission.
The QDs, although considered being a robust solid state system, are not homogeneous in
their PL properties and the emission lines are shifted if the size of the QD varies slightly.
Another major drawback is the blinking behavior of the emission due to nearby defects
and trap charges. A very recent work, however, presented a technique which provides a
plausible solution for the blinking problem[139] by synthesizing core-shell QDs. Last,
most of the QDs require cryogenic temperatures which limit their future integration into a
real quantum optical device operating at room temperature.

On the other hand, QDs can be easily integrated into photonic cavities[10] to enhance
their emission. Their narrow bandwidth and short lifetime allowed the generation of
indistinguishable photons[15, 140], which is highly important for a number of

applications in quantum optics. In addition, the emission wavelength can be tuned by
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modifying the size of the QD to achieve an appropriate single photon source in the

telecom range [16].

2.3.1.3 Nanowires and Nanotubes

Recent work on SPSs revealed two new candidates for single photon generation. Carbon
nanotubes[141] and nanowires[142]. In the case of carbon nanotubes, Auger processes
and exciton localization are partially responsible for inhibiting two photon generation.
For the nanowires, the authors in fact created an artificial QD within the nanowire by
employing a two step molecular beam epitaxy process. The main drawback of these
materials is the operation temperature, which is still significantly below room
temperature. The carbon nanotube based SPS can only operate at liquid nitrogen (80 K)
temperatures while the nanowire SPS generated single photon emission can be achieved

at temperatures as high as 220 K.

2.3.1.4 Single Molecules

The first observation of non classical light from a single molecule (pentacene) was
reported in 1992 by Basche et al[143]. Triggered SPS based on single molecules has also
been demonstrated[144, 145]. Although single photon generation from molecules occur
at room temperature and the achievable count rate is reasonably high (~900 kHz), severe
blinking and photobleaching significantly limit these sources from being used in practical
devices and applications. Many groups world wide are working on this problem, and
recent results published by Toninelli et al[146] demonstrated that if single molecules
(Dibenzoterrylene) are incorporated in a crystalline film of antracene, the photostability is

increased and fewer molecules are subject to photobleaching.

2.3.1.5 Color centers in diamond

Out of more than 500 optical centers in diamond known to date, only four of them have
shown single photon emission. These are the NV center[147, 148], the SiV center[20],
one of the nickel nitrogen complexes — the NE8 [27, 29], and the interstitial related TR12
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center [149-151]. This thesis will describe the discovery and the photophysics of a novel
family of chromium related centers.

The NV is the most studied center, and it has been used already as a source of single
photons in practical quantum cryptography (QKD) systems[7]. However, the NV center
has a broad emission at room temperature, centered at 700 nm and strong coupling to
phonons which results in only 4% of its total signal being emitted in the ZPL centered at
637 nm (Figure 2.3). For QKD applications these are negative characteristics, since for
free space transmission under atmospheric conditions the emission at 637 nm results in
high absorption and the large width of the emission results in high dispersion in fiber
optical systems.

The NES8 and the SiV centers have narrower lines and emission centered in the NIR
(Figure 2.3c). Nevertheless, a controlled fabrication of NE8 centers on a single level
turned out to be extremely challenging and not feasible while the emission from the SiV
center is extremely poor, reaching less than 2 kcounts/s at saturation. The emission of the
TR12 is centered in the blue spectral region (ZPL at 470 nm) and has a broad phonon
replica. At this stage, little is known about the photophysics of this center.

The main advantage of diamond color centers is their unprecedented photostability and
room temperature operation. Diamond nanocrystals containing single emitters can also be
manipulated[152, 153], which is advantageous for integrated quantum optical
systems[154-156]. Furthermore, given that there are more than 500 available color
centers, there is a substantial expectation to find alternative centers with improved
photophysical parameters which surpass the current state of the art. One of the
requirements for a diamond based single photon source is sufficient brightness which can
be detected over the background luminescence. Further discussion regarding diamond

based single photon emitters will be presented through the thesis in appropriate sections.

2.3.2 Photophysics of single photon sources

The photophysics of the PL emitted from a single color center can be described within the
framework of a two level system comprising a ground and an excited state, or as a three-

level system, whereby the single center is excited from its ground state to the excited
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state, with a third, metastable, longer lived state providing an additional decay path from

the excited state. These two systems are depicted in Figure 2.8

(a) (2) ——————————

(®) (2

111 level ‘{23 Excited state 1T level | |Excited state
T T VAVAVAV. 2
2] |21 AN
/31 Tiof T2
Ground state
(1) (1) Ground state

Figure 2.8 Schematic diagrams of a (a) three level system and (b) two level system. r; (i,
j=1; 2; 3) are the transition rates from level (i) to level (j).

The rate equations describing the populations of the two and three level systems can be

n, —hy |
n, ha —ha \ I,

written in matrix form as:

and

n UP) Fy B ™
n, |=| n, —n —h, 0 | n, (2.13)
n, 0 Fy3 — I3 )\ U3

where the transition rates, r; ;, are from level (i) to level (j) with i, j=1,2,3 and n,(¢) is the
population in the i level. By solving these equations with the initial conditions n;=1,
n,=0, n3=0 (i.e the system is prepared in the ground state), the instantaneous emission
probability of a photon being emitted from the excited state, n,(f), can be obtained. Under

equilibrium conditions, the population of the excited state can be deduced and is:

n,(e0) = iz (2.14)

ho 1y

and
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"o

ma(=) = (2.15)
A+, +r, +1,
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for the two and three level models, respectively. Normalizing the probability of a photon
being emitted from the excited state at time ¢, ny(f), to the probability of a photon being

emitted at an infinite time n,(c0), an analytical expression describing the second order

correlation function, g*(t) can be obtained by:
g7 (1) =<n,(r)>/<n,(«) > (2.16)
The respective analytical expressions for the two and three level cases are then given by:
g7(7) =1-exp(47) (2.17)
and
g (1) =1-(+a)exp(A47) +aexp(L,T) (2.18)

respectively. The parameters A,,4,,a are given by: A, =r, +r,,, A, =r, + 1,1,/ 4, and

a=r,ry l(Ary) .
The decay rate 4, depends on the excitation optical power, P, and it can be rewritten as:

A =r(+aP,) (2.19)

opt

where ;) is the inverse of the excited state lifetime and o is a fitting parameter
accounting for the optical excitation power dependence of the excited state decay rate.
Similarly, for the three-level system, the decay rate A,, can be written in terms of 7y, in

the limit of zero optical power as
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EUP

A=rA+pP )+—212
=+ ARy m(+aP,,)

opt

(2.20)

where [ is a fitting parameter which takes into account the variation of the decay rate
from the metastable state to the ground state with the optical excitation power. This
parameter is relevant, since it justifies a power dependence effect of the deshelving
metastable level. We assume that 7,3 is constant and independent on the excitation power.
The absorption rate from the ground state is given by r, = ol /hv with absorption cross
section, o, excitation intensity /, and excitation frequency V. The photon emission rate is
equal to r,n,(¢). Using the solutions for the population of the excited state and the

absorption rate, one can obtain a general dependence of the single photon count rate on

the excitation power:

_R.P
P, +P

sat

R(P) = (2.21)

where R(P) is the single photon count rate at excitation power P, R_is the saturation

count rate for P — oo and Py, is the optical saturation excitation power. The single
photon count rate also depends on the collection efficiency of the setup, and this relation
will be described later.

The fluorescence quantum efficiency (in some cases in the literature, this term referred as

quantum yield), 77, , of an emitter defined as the probability of an absorbed pump photon

resulting in emitted photon, and can be written as

_ krad
kmd + k

nrad

Mok (2.22)

where k., and k.., are the radiative and non radiative decay the bunching effect
describes an enhanced rates, respectively.
For the three level system the fluorescence count rate can be also expressed in terms of

the quantum efficiency by solving the rate equations in eq (2.13).
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12
R=n, X 21
Noe XMcE o (2.23)
U LY

where 77, is the quantum efficiency of the emitter and 7)., is the collection efficiency of

the setup. r;; are the transition rates from different states of the emitter, as was described
above.

Note that for diamond based single photon sources, the collection efficiency from
nanocrystals is higher than the one in a bulk crystal due to elimination of total internal
reflection of the light.

The measured auto-correlation function is given by the convolution of the g(z)(r) function
for the two and the three level systems with the instrument time response function J(7)

(see appendix A):
g, (@)= [J(@x=7)g0), (thar (2.24)

This function was used to fit the g(z)(r) data in this thesis, unless otherwise stated. With
an accurate determination of the second order correlation function one can determine the
individual decay rates involved in the system and gain an understanding of the energy
level structure. Upon inspection of the two and three level auto-correlation functions
there is a clear distinction in the shape and nature of the exponential component. In the
two level case the function exhibits a simple exponential behavior at a rate equivalent to
the fluorescence decay rate from the excited state in the limit of zero optical excitation
1e. r,, > 0. The three level expression, on the other hand, contains two exponential
components each with a characteristic time constant. Depending on the transition rates
from the excited state to the metastable state and from the metastable state back to the
ground state, g(z)(f) can increase beyond 1 for delay times > T,,4. The asymptotic value of
the g(z)(’c) at delay times >> 7,44 1s 1.

The phenomenon of g(z)(f) >1 is commonly termed “photon bunching" and enables a

clear distinction between two and three level systems. The second order correlation
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function describes the probability of detecting a photon with a delay time 7 after one
photon has been detected at7 =0. Hence, the bunching effect describes an enhanced
probability to detect a photon at short delay times rather than at longer times. Indeed after
the system undergoes a transition to its metastable state, which has longer lifetime, there
is a longer interval between the photons. Once the system has relaxed to the ground state
and undergone a full emission cycle again, the normal photon rate is achieved again. The
waiting interval while the system is trapped in the metastable state creates the bunching
effect of the g(Z)(T). Therefore, the observed bunching in the g(z)(’c) function indicates of a
presence of a third metastable state (thus three level system model) while an absence of
bunching indicates a two level system.

The photophysics analysis of the quantum systems will be used intensively in chapters 5-

8 to characterize the fabricated single photon emitters.

2.3.3 Applications of single photon sources

True single photon sources are highly sought after to test fundamental quantum
mechanics and quantum optics experiments. They are also considered as fundamental
building blocks in QIP applications.

For example, the Wheeler's delayed-choice experiment was demonstrated employing
single NV centers[157]. Such sources have also been exploited to demonstrate the ability
of imaging beyond the diffraction resolution limit of far field optics using stimulated
emission depletion microscopy[131]. Due to the photostability of NV centers, and their
practical atomic size, imaging with nanoscale resolution and angstrom precision as well
as 3-D imaging is now available[158].

The rapidly developing field of QIP introduced a number of applications such as quantum
metrology[159], quantum lithography[160] and quantum computation[161] which use
single photons as their main building blocks. Moreover, practical QKD systems recently
became commercially available. The QKD is believed to be the main applications for
SPSs in the near future, and therefore, this section will describe in more detail the idea of

QKD.
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The aim of quantum cryptography is to provide a reliable method for transmitting a secret
key and knowing that no one has intercepted it along the way[6, 8]. The process of
sharing a secret key in a secure way, protected by the laws or quantum mechanics, is
known as QKD. Note that quantum cryptography does not prevent eavesdropping but
rather provides a failsafe way of knowing when the message has been intercepted. The
main assumption of this technology is that you can not clone individual photons. The
simplest protocol to demonstrate the operation of QKD was first proposed by the IBM
researchers C. H. Bennett & G. Brassard in 1984[162], and so the process has also been
dubbed BB84.

Following this protocol, the information is encoded as the polarization state of a single
photon. ‘1’ and ‘0’ are represented by orthogonal polarization bases. Two bases of
polarization are commonly used:

The ® basis -‘1’ and ‘0’ correspond to photons with polarization 45" and 135,
respectively.

The @ basis - ‘1” and ‘0’ correspond to photons with polarization 0" and 90", respectively.

Figure 2.9 demonstrates the operation of QKD.

Figure 2.9. Schematic representation of the QKD algorithm. Alice sends a binary string to
Bob using one of the polarization bases (first row, black arrows). Bob decodes the
information by recording the corresponding bit ‘1" or ‘0’ without knowing which basis
Alice has chosen (third row, blue arrows). He then communicates with Alice over a
public channel and tells her the sequence of the polarization bases he used without
revealing the actual data (second row, blue signs). Alice confirms the subset of bits where
they both used the same polarization basis and discard the rest (red ovals). Thus, a private
key is formed.
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If Alice wants to send a message to Bob, she randomly selects one of the polarization
bases and sends a string of binary data which is encoded in one of the two polarization
bases at her choice. Bob, on the other side of the channel, receives the string of
information without knowing which basis Alice has chosen, which makes his own
selection of bases random. For each basis selection he records the corresponding bit ‘1’ or
‘0’. He then communicates with Alice over a public channel and tells her the sequence of
the polarization bases he used without revealing the actual data. Alice confirms the subset
of bits where they both used the same polarization basis and discards the rest. Thus, a
private key is formed. If the error rate is lower than a specific number (25% at the
maximum), no eavesdropping has occurred.

In principle, QKD can be realized with attenuated lasers rather than true single photon
sources. This is done by reducing the photon flux until only one photon on average is
emitted. However, due to the Poissonian nature of light, there is a finite probability of
generating more than one photon per pulse. Therefore, this technique is susceptible to
eavesdropping by performing a number splitting attack[6]. To minimize two photon
generation, the signal has to be attenuated significantly and results in a low photon
transmission rate. For long distances, the loss is so significant that secured
communication is practically impossible. Therefore, for practical realization of QKD, a
true single photon emitter is required.

To understand the eavesdropping process, let us assume that Eve uses the same
polarization bases as Alice and Bob. Since Eve does not know Alice’s choice of basis, her
choice of detection is random. Eve will then transmit the photon to Bob using the same
polarization. In the case where Bob chose the same polarization as Alice, but Eve guessed
the polarization wrong, Bob will register random results on his detectors with a

probability of 50%. The error therefore, is given by:
Perror: PEve has wrong basis X PBob gets wrong resulI:50%X50%:25%- (225)
Therefore, errors higher than 25% are intolerable and indicate eavesdropping of the

signal. The explanation above is somewhat simplified and many more technological

problems exist: absorption or scattering of photons during their propagation, insufficient
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light collection, filtering, detection efficiency and dark counts. To some extent these
problems can be minimized by providing a “perfect” source of single photons: ultra
bright polarized emission in a range of telecom wavelengths. The development of such a

source is the essence of this thesis.
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Chapter 3

Materials and experimental methods

In this chapter the diamond materials used during the course of the PhD are described.
The experimental methodologies and the equipment involved are also explained and

discussed.

3.1 Diamond samples

Two types of bulk diamond samples were used during the experiments: (1) an artificial
type Ib diamond, produced by Sumitomo with ~100 ppm nitrogen concentration. This
crystal was cut and polished from a large single crystal which was grown under HPHT
conditions. Figure 3.1a shows a cathodoluminescence (CL) image recorded from the top
[100] oriented polished face surface of HPHT diamond. Each color represents a different
growth sector with different native nitrogen concentration and accordingly different
optical properties. It is known that the incorporation of specific impurities varies from
sector to sector[33]. For instance, nickel is predominantly incorporated along the (111)
sector, which appears black in the image[163]. Likewise, there are low and rich nitrogen
sectors, a factor which must be taken into account when performing implantation. In
Figure 3.1a, region ‘a’ indicates a sector with high nitrogen, whilst region ‘b’ indicates
low nitrogen sectors.

A typical PL spectrum recorded at cryogenic temperature (T<10 K) from sector ‘a’ of a
pristine HPHT diamond is shown in Figure 3.1b. The ZPL of NV centered at 637 nm is
clearly seen while the ZPL of NV at 575 nm is absent, a feature that can be attributed to
the large amount of nitrogen in this sample. The hump centered at 660 nm is the phonon

sideband of the NV™ center.
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Figure 3.1 (a) Cathodoluminescence image of the top (100) Sumitomo HPHT diamond
surface. Different colors identify different sectors in the diamond crystal, e.g. the black is
the (111) growth sector. “a” indicates a high nitrogen sector while “b” indicates low
nitrogen sectors. (b) A representative PL spectrum from a pristine HPHT diamond prior
to the implantations recorded at 10 K from sector “a” recorded using a 532 nm excitation.
The ZPL of (NV) centered at 637 nm is clearly seen. The hump centered at 660 nm is the
phonon sideband of the (NV)  center and the line at 572 nm is the first order Raman line.

(2) The second type of bulk diamond samples is a single-crystal CVD diamond (top,
[100] oriented polished face), produced by Element 6 with nitrogen concentration <1

ppm. Figure 3.2 shows a typical PL spectrum from a pristine CVD sample recorded at

cryogenic temperature (T<10 K).
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Figure 3.2 A representative PL from a pristine CVD sample recorded using a 532 nm
excitation. The ZPL of (N-V)- centered at 637 nm is clearly seen. The hump centered at
660 nm is the phonon sideband of the (NV)- center and the line at 572 nm is the first

order Raman line. Note that the width of the ZPL is much narrower for the CVD sample
than for the HPHT sample due to lower nitrogen concentration.
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The ZPL of NV~ and NV centered at 637 nm and 575 nm, respectively, are clearly seen.
The hump centered at 660 nm is the phonon sideband of the NV~ center and the line at

572 nm is the first order Raman line.

3.2 Ion implantation

Ion implantation of various elements into the diamond crystals was carried out using
either a conventional low energy implanter, located in the Australian National University

(ANU) or a focused ion beam (FIB) located in the University of Melbourne.

3.2.1 Focused ion beam

The dual scanning electron microscope (SEM)/FIB (Jeol JSM 5910) includes both
electron and ion beams (Figure 3.3). In the frame of this experimental work, the FIB was
used to implant nickel. The advantage of the FIB over a conventional implanter is the
flexibility to perform implantation into an individual sub micron CVD crystal grown on

the substrate, thus increasing significantly the control over the spatial resolution.

Figure 3.3 A photograph of the dual FIB/SEM microscope.
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The origin of the nickel ions is a nickel-erbium or a nickel-neodymium liquid metal-ion
source[164]. The nickel ions were isolated from the other species by using an
electromagnetic filter (ExB). The mass spectrum of the nickel—erbium source as provided

by the manufacturer is shown in Figure 3.4a.
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Figure 3.4 Mass spectroscopy of the dual FIB/SEM microscope. (a) Mass spectrum of the
Ni/Er ion source as provided by the manufacturer (b) Measured spectrum of the Ni/Er ion
source.
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To verify this measurement, a scan over the beam intensity was performed as a function
of ExB filter. The results are shown in Figure 3.4b.

The recorded mass spectrum is in a good agreement with the spectrum provided by the
manufacturer. To achieve lower fluence of ions, the beam is passed through a set of
apertures located in the FIB column. A typical 1-5 pA current was used to perform the
implantation. The current was adjusted by moving the apertures in relation to the main
ion beam, thus blocking part of the beam. The spot size of the beam can be reduced down
to tens of nanometers, allowing implantation into an individual CVD grown diamond
crystal. Typical implantation energies were around 30 keV so the end of range of the
implanted ions would be in a close proximity to the diamond surface (SRIM simulations
will be presented in relevant chapters). Fabrication of optical centers in a close proximity
to the surface allows an efficient coupling of light to an external device (such as cavities

and waveguides).

3.2.2 Low Energy Implanter

The conventional NEC implanter (located at Australian National University) is a versatile
system which allows the implantation of many elements. Switching between different ion
sources takes approximately an hour, and a rotatable stage allows the implantation of a
number of samples during each run (Figure 3.5).

A suitable powder containing the desired material is first pressed densely into a small
copper cylindrical cathode. A source of negative ions by cesium sputtering is used to
generate the ion beam. The cathode is biased to typically 6 V which attracts the negative
ions and the pressed powder is sputtered. The beam is accelerated by an extractor voltage
and an Einzel lens which is used to focus the beam. Using a 90° magnet, only the ions
with a specific mass to charge ratio and energy are selected. The beam is then
electrostatically raster scanned to ensure a homogeneous distribution over the desired
implantation region, which can be modified by an aperture.

The samples are affixed to a hollow nickel block with clamps. A cylindrical copper shield
surrounding the target is cooled to 80 K to reduce contamination build up on the sample
surface. The sample temperature is measured with a thermocouple inside the block, close

to its surface. The sample holder is biased to -300 V with respect to the target for charge
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suppression. Prior to each implantation cycle, the system was pumped down below 5x107

Torr.

Figure 3.5 Schematic illustration and a photograph of the NEC implanter. The ion source
is sputtered by Cs ions and the specific ion is selected by adjusting the 90° magnet.

3.3 Optical and spectroscopical measurements

3.3.1 Room temperatures measurements

The initial measurements of single photon detection were performed in the laboratory of
Prof J.-F. Roch in Cachan, France using a free space confocal microscope with HBT
setup. Later on, a fiber coupled confocal microscope with HBT interferometer was built
in the University of Melbourne and most of the experiments described in the following
chapters were performed using the Melbourne system.

The Melbourne setup (Figure 3.6) consists of a fiber coupled cw diode laser emitting at
682 nm or a 690 nm pulsed diode 200 ps pulse width (repetition rate from 10 MHz up to
80 MHz) which were interchanged for excitation. The laser polarization was controlled
by a Glan Taylor polarizer and a half-wave plate. The diamond sample was mounted on a
piezo XYZ stage with 0.2 nm resolution, allowing 100 pm? scans. The residual laser line
was filtered by a dichroic beam splitter, a F1 band-pass filter centered at 794 (160 nm full
width at half maximum (FWHM)) and a F2 broad (10 nm FWHM) band-pass filter

centered at 740 nm, 750 nm, 760 nm or 770 nm, depending on the PL from a specific
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crystal. The spatial resolution of the microscope is approximately ~ 400 nm and a depth
of field is ~ 800 nm.

The PL from the emitting centers was then coupled into a 62.5 mm core multimode fiber,
which acts as an aperture. A 50:50 fiber-coupled beam splitter guided the photons to two
single photon counting detectors (APDs) and their outputs were sent to the start and stop
inputs of the time correlator card. The PL was recorded without the band pass F2 filter
using a fiber-coupled spectrometer with a cooled CCD array. All the measurements were

performed at room temperature.

Spectrometer

BS FM F, F;, Di Obj Stage

Figure 3.6 Experimental setup. A diode laser at 682 nm operating in CW and a pulsed
690 nm laser were alternatively coupled to a single mode fiber, and then collimated and
polarized by a Glan Taylor polarizer (GTP). The laser polarization was varied by an half
wave plate (A=1/2). A variable neutral density filter was used to change the excitation
power. The samples were mounted on a Physics Instruments XYZ piezo stage in closed
loop operation and excited by focusing the laser light using a high numerical aperture
(0.9) objective (Obj) with 100x magnification. A dichroic mirror (Di) transmitting from
720 nm, was used to separate the laser line form the sample fluorescence emission, when
collected back from the same objective. F1, F2 are band-pass filters, 794480 nm and
alternatively 770£12 nm, 760£12 nm, 750£12 nm or 740+12 nm, to isolate the single
photon emission lines. A 100 mm focal length lens was used to send the single photon
emission to a multimode-fiber, providing an aperture for the confocal imaging. A 50:50
fiber beam splitter (BS) was used to verify the single photon emission by performing the
auto-correlation between two low-dark counts (150 counts/s) single photon counting
modules (APD). To perform spectroscopy, the light was coupled into a different fiber and
sent to a spectrometer. Flipping mirror (FM) was used to image directly the emission
pattern on a cooled CCD camera.
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3.3.2 Measurements at cryogenic temperatures

Some of the optical characterization described in the thesis has been performed in
cryogenic temperatures (T~2K). This setup is located in the laboratory of Prof J.
Wrachtrup in Stuttgart, Germany. In this particular configuration, the objective and the
sample are located inside a bath cryostat and cooled down by liquid helium to a
temperature of ~2 K. The optical excitation was carried out using a titanium:sapphire
(Ti:Sap) laser (Coherent Mira) operating at the wavelength A= 700 nm, either in a
continuous mode or in a femtosecond pulsed regime at a repetition rate of 76 MHz. The
laser beam was focused on the sample with a microscope objective (NA=0:85) immersed
in the helium bath cryostat. PL was collected by the same objective and spectrally filtered
from the remaining pump light using a 750 nm long-pass filter combined with a 785 nm
short-pass filter. Following standard confocal detection scheme, the collected light was
then focused onto a 100 wm diameter pinhole and directed either to a spectrometer or to a
HBT interferometer used for photon correlation measurements. Lateral (x-y) raster
scanning of the sample was realized using a scanning galvanometer mirror system
combined with telecentric lenses, while z-scan was provided by a high resolution
piezoelectric stepper (Attocube) on which the substrate with the CVD-grown

nanodiamonds was glued.
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Figure 3.7 Experimental setup of a customized confocal microscope operating at
cryogenic temperatures. The setup is located at the laboratory of Prof Wrachtrup in the
University of Stuttgart, Germany. BS: quartz plate with 5% reflectance; O: microscope
objective with a numerical aperture of 0.85 immersed in the helium bath; PH: 100 pum
diameter pinhole; F: combination of a 750 nm long-pass filter and a 785 nm short-pass
filter; FM: flip mirror directing the PL either to an imaging spectrometer (Acton research)
equipped with a back-illuminated cooled CCD matrix, or to a HBT interferometer placed
on the output ports of a 50:50 beam splitter.
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Chapter 4

Growth of sub-micron sized diamonds using

MPCVD technique

Diamond nanocrystals are rapidly becoming the medium of choice for a broad spectrum
of applications: from bio-marking[165, 166] and drug delivery[167] through to use as
building blocks for future quantum devices[22, 24]. For quantum optical application in
particular, there is a demand for controlled synthesis of submicron size, individual
diamond crystals containing single color centers. The first experimental chapter of the
thesis describes the controllable method to grow sub-micron sized diamond crystals using

MPCVD technique.

4.1 Introduction

Recent experiments such as nano-magnetometry[22-24] and QKD[7] which make use of
single photon emission from diamond color centers, have highlighted the need for precise
control over the attributes of the host diamond to successfully conduct quantum optical
experiments. For the case of nanodiamonds in particular, a number of factors may
influence the quantum properties of the color centers used for QIP. These include the
influence of surface states, the incorporation of impurities and the presence of defects and
non-diamond bonding. Indeed, residual sp2 carbon on the diamond surface is very
luminescent and considerably decreases the signal to noise ratio.

In addition, isolated high quality diamond crystals of subwavelength size are highly
desirable. There are number of reasons for this stringent demand: First, the emitted
photons can be collected with higher efficiency than is possible from large single crystals
or continuous films due to suppression of total internal reflection inside the diamond.

Preferably, the crystal size would be less than A/n, where A is the emitted wavelength and
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n is the diamond refractive index (2.4). Therefore, crystals hosting centers with an
emission wavelength in the NIR (~750 nm), should be smaller than 300 nm to improve
the collection efficiency of the emitted light. Second, in an ideal case, one nanodiamond
crystal would contain only one color center, without any background fluorescence from
other emitters. This is a major problem, since most of the CVD grown diamonds do
contain various optically active centers.

The growth of high quality homoepitaxial single crystal has been demonstrated[168-171]
and recipes for the growth of continuous nanodiamond and ultrananodiamond films on
non-diamond substrates are well established[44, 172-174]. For instance, enhanced
diamond nucleation was achieved by biased enhanced nucleation[175], which is a well
developed technique. Other methods to generate high nucleation density include
polishing of the substrate with diamond powder or ultrasonic treatment of the substrate in
a slurry of micron or smaller sized diamond powder[36, 41, 172, 176]. However, methods
for controlled growth of sub-micron diamond crystals on different substrates are far less
developed[177-179].

Recently, diamond nanocrystals were grown on silica[180] and optical fibers[181] for
optical applications. For seeding purposes, the substrate was exposed to metal/diamond
slurry in an ultrasonic bath. The use of nanopowder of a few hundreds of nanometers in
size as seeds hindered the control over the final size of the crystals. Furthermore, the use
of ultrasonic treatment damages the surface of the substrate along with any topographical
features which have been manufactured onto the surface. The literature is therefore still
lacking of an adequate recipe for the formation of dispersed, individual high quality
micro or nanodiamond crystals on a non-diamond substrate. Of particular interest is the
ability to deposit particles with low defect density, with well defined morphology and
size, which are well dispersed over the substrate, allowing individual addressing and
manipulation.

This is essentially a new scientific challenge since most of applications to date required
very high nucleation density[36, 42, 44]. In particular, synthesis of nanodiamond of
optimum size and with optical and quantum properties approaching that of the best

quality single crystal diamond has not yet been accomplished.
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The first step to tackle this problem is to propose alternative seeding technique. Growth
from nanodiamond seeds with a size below 10 nm allows improved control over the final
size of the crystals. Avoidance of ultrasonic treatments may provide a better control of
the density of crystals on the substrate without damaging it.

The second major problem is the termination of any residual sp” carbon and elimination
of secondary nucleation. Spontaneous nucleation in locations where no nanodiamond
seed was seeded will result in very high distribution of the final size of the crystals. To
address the problem of controlling the growth of individual sub micron diamond crystals,
high quality homoepitaxial techniques used on large samples were applied to grow the
nanodiamonds. The use of a high microwave power density entails an increased
dissociation of the gas species, particularly hydrogen and methane. The dissociation of
hydrogen leads to larger atomic hydrogen concentration which etches the non diamond
material and suppresses graphite formation. Under these conditions methyl radicals are
also efficiently produced from the dissociation of methane. These radicals possess sp’
configuration and are energetically favored to be incorporated into the growing diamond
crystal[182]. Therefore, employing high plasma density conditions should result in the
formation of high quality diamonds with smooth facets, better morphology and very low
incidence of spontaneous secondary nucleation when compared to low pressure CVD

grown nano-diamonds.

4.2 Experimental details

For the purpose of growing individual crystals, the following seeding procedure was
developed: diamond nanopowder (4-6 nm size, Nanoamor) was dissolved in methanol
and ultrasonicated for 20 min to break the agglomeration of the nano-diamond particles.
Various concentrations of the nanopowder in the solvent in the range 0.125 — 0.5 pg/ml
were prepared.

After the ultrasonication, the suspension was sprayed onto the substrate (silicon, silica or
sapphire). The sample was then immediately rinsed with methanol and deionized-water
and dried under a stream of nitrogen. The spraying was performed far enough from the

substrate so that the liquid droplets dry on the substrate without joining to form larger
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droplets, thus prohibiting the transport of seeds across the surface. Note that no
ultrasonication of the sample was employed after the substrate was sprayed with the
seeds. This spraying technique allows control of the density of the nuclei on the
substrates by controlling the solution concentration and spray duration. After seeding the
substrate, the samples were transferred to the MPCVD reactor chamber. The schematic

illustration and the photograph of the CVD reactor is depicted in Figure 4.1
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Figure 4.1 Schematic illustration and the photo of the microwave plasma chemical vapor
deposition reactor used to grow the submicron diamond crystals. The height of the
substrate can be adjusted. Additional gasses such as nitrogen can be also introduced.

Microwaves enter into the reaction chamber from a proprietary antenna which converts a
rectangular WR284 microwave signal into a circular mode. The microwave proceeds
through a silica window into the plasma enhanced CVD process chamber. The size of the
luminous plasma ball will increase with increasing microwave power. The substrate sits
on a molybdenum block below the plasma ball.

The parameters for the diamond crystal growth are: microwave power ~ 900 W, pressure
~ 150 Torr, substrate temperature ~ 800°C, gas mixture composition ~ 2% CHy in H,
unless otherwise stated. No nitrogen was intentionally introduced and the system was
pumped down below 8x10™* Torr. The leak rate into the system was negligible and hence
the N/C ratio was dominated by the impurities in the source gases. The upper limit of N/C
ratio in the gas mix is hence estimated to be less than 0.1%. Such concentration may

result in up to 1 ppm [183, 184] of nitrogen in the grown crystals, however, the employed
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high plasma density and power should reduce the nitrogen incorporation into the crystals.
This N/C ratio may be further reduced by using Palladium purifiers.

Before the methane was introduced to the CVD chamber, the substrate was etched using
oxygen plasma (2% O, and 10% Ar in H,). It is not expected that the addition of Ar is
crucial, however it has been previously reported to be effective in increasing the etching
rate under certain conditions[185]. The aim of this step was to remove any non-diamond
carbon residue that may remain on the surface of the sample, which could act as
unwanted nucleation sites. In our CVD reactor, the height of the stage on which the
samples are placed can be adjusted and the samples can be moved closer to or further
from the plasma ball. For optimum growth conditions, the distance between the sample
and the plasma was kept to approximately 1 cm.

Morphological characterization of the grown diamond samples was performed using an
FEI Nova high resolution SEM operating at 20 kV. Optical properties and Raman spectra
were recorded using Renishaw RM 1000 Raman Stellar Pro 514 Modulaser (514 nm

excitation source) with 13 mW power at the sample.

4.3 Experimental results

Figure 4.2(a-d) show SEM images of typical CVD diamond crystals grown under these
conditions from 4-6 nm nanodiamond seeds.

As can be observed, the crystals are well faceted and no cauliflower morphology is
observed. The average size of the crystals can be controlled by changing the growth
duration, as it is illustrated in Figure 4.2. A one hour deposition leads to a final average
diamond size of approximately 1.5 wm while a short time of 8 minutes leads to crystals
with a final size below 200 nm. Figure 4.2(e) shows an Atomic Force Microscope (AFM)
scan of 2 diamond nanocrystals with an approximate size of 30 nm, deposited for 6
minutes. Inset is the line scan over one of the crystals. The sharp peak in the line scan
indicates that the nanodiamond crystal is faceted and has a well defined morphology.
Therefore, the size of the diamond nanocrystals can be controlled by tuning the growth
time, with the lower limit being the size of the nanodiamond seeds (4-6 nm in our

experimental conditions).
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Figure 4.2 SEM Images of sub-micron diamond crystals deposited for different periods of
times. (a) 60 minutes deposition, (b) 40 minutes deposition, (c¢) 20 minutes deposition (d)
8 minutes deposition. (¢) AFM scan over 30 nm diamond crystals deposited for 6
minutes, demonstrating the possibility to grow sub 100 nm isolated diamond crystals.
Inset is the line scan over one of the crystals.
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Figure 4.3 shows the average diamond size determined in this fashion as a function of the
deposition time. Note that due to the different orientations of the faceted diamonds with
respect to the substrate, it is hard to define a single parameter to describe the size of the
crystal. We found that averaging the longest and the shortest measurement of the crystals
provided a useful method to evaluate the average size.

According to our experimental data, an approximately linear growth rate of about 22
nm/min or 1.3 wm/hr was deduced for the diamond growth. This rate is comparable with
the reported in the literature[171, 186] for similar parameters (4% methane and 800°C
deposition temperature). Higher growth rates using MPCVD can be generally achieved
by increasing the methane concentration (up to 7.2%)[171]. Since we are not interested in
production of continuous thick diamond films, such an experiment has not been
attempted.

The linear line fit does not pass through the origin. Because of the slow build-up of
methane in the chamber, at relatively high pressure (150 torr) it takes about 4 minutes to
reach the desired methane concentration in the chamber. Therefore for the initial few
minutes a linear growth rate is not expected. Nevertheless, as shown in Figure 4.2e, we

found that after 6 minutes, diamond crystals of approximately 30 nm can be synthesized.
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Figure 4.3 A graph showing the average size of the diamond crystals as a function of
deposition time. The growth rate is 22 nm/min.
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Figure 4.4 demonstrates the ability to synthesize various crystal densities by using
different concentrations of the nanodiamond seeds in the suspension. For concentrations
exceeding 0.5 pg/ml, a continuous film of nanodiamond is obtained after only 30 minutes
of growth. This demonstrates that diamond films can be grown without any substrate pre-
treatment mediated nucleation (such as coating with carbon compounds, ultrasonic

treatment or scratching) which damages the substrate.

.

Figure 4.4 Various controllable nucleation densities of the diamond crystals on silicon
substrates. (a) a diamond film obtained spraying a high seed concentration suspension.
(b-d) Individual diamond crystals obtained by spraying lower seed concentration
suspension. A relatively dense growth can be seen in (b) while very sparse growth of
nanodiamonds is seen in (d).

For seed concentrations of less than 0.5 pg/ml, individual diamond crystals were grown
(Figure 4.4b-d). The crystal density varies from hundreds of crystals in an area of
100x100 um2 to only a few crystals in the same area. This flexibility is very
advantageous for optical characterization using a confocal microscope which has a

typical scan area of 100x100 um2 thus allowing individual crystals to be addressed.
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Spraying nanometer diamond particles which act as seeds provides a controlled low
density of diamond nuclei which all begin to grow simultaneously. By employing a
relatively high microwave power density (estimated to be ~200 W/cm®) and low carbon
concentration, a large flux of atomic hydrogen[182] is produced. The hydrogen
effectively etches any secondary nucleation on the polished substrate surface, inhibiting
spontaneous nucleation on the substrate and unwanted secondary nucleation on the
surface of the growing crystal. Avoidance of secondary nucleation on the growing surface
allows the formation of well faceted, individual diamond crystals, rather than clusters of
small crystals with remnants of sp” carbon or cauliflower morphology.

The inhibition of spontaneous nucleation on the substrate is verified by the Gaussian
distribution in the final size of the crystals, as can be seen in Figure 4.5. If secondary
nucleation is present, the distribution of the sizes will not be Gaussian since every new
crystal will serve as a nucleation spot and enhance the growth of more crystals, until a

continuous film is obtained.
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Figure 4.5 Histogram of the size of diamond crystals grown on silicon substrate as a
function of growth time for 8, 20, 40 and 60 minutes. The comparatively narrow
distribution of sizes is indicative of the suppression of spontaneous nucleation under our
growth conditions.

The distribution variance varies with growth time monotonically, which indicates that
shorter growth times should lead to smaller variances as is indeed the case. No Gaussian
fitting was done for the lowest 8 minutes growth regime because most of the crystals

have a uniform size within the bin width of the histogram binning. To completely exclude
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the possibility of spontaneous nucleation, a virgin silicon substrate without any
nanodiamond seeds deposited on surface was tested. No spontaneous nucleation was
observed and no diamond crystals were grown under same experimental conditions.

To estimate the quality and the purity of the CVD grown diamonds, Raman and PL
measurements were performed. Figure 4.6 shows Raman spectra recorded at room
temperature from a Ipm single diamond crystal and a cluster of a few separate 40 nm

diamond crystals (offset for clarity).
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Figure 4.6 Raman characterization of the CVD diamonds. Raman spectrum recorded
from a few 40 nm crystals (blue curve) and Raman spectra recorded from a 1 um
diamond crystal (red curve). The Raman data from 40 nm crystals is scaled up by a factor
of 3 and offset for convenience.

For the 1um crystal a sharp line at 1332cm™ (FWHM is less than 6 cm™) represents the
diamond Raman line. No amorphous carbon signature could be observed proving
unambiguously the high quality of the grown crystals. For the 40 nm crystals, a clear
Raman line can be seen but additional graphitic sp® feature is observed at ~ 1560 nm (G
band). The graphitic peak originates due to residual sp” carbon in between the diamond
crystals if they bonded into a cluster. A clear 1332 cm™ peak observed from these crystals
shows explicitly that a significant diamond phase is present. Moreover, most of the
literature reports concerning Raman measurements from nanodiamonds[187, 188], show

rather a wide peaks ~1326 cm™ or an additional feature ~ 1140 cm™ attributed to
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nanodiamonds, while the first Raman line is often missing due to an increased graphite on
the grain boundaries[187, 189]. Unfortunately, the detection of our equipment is not
sensitive to record a measurement from individual 40 nm crystal, hence Raman from a
few crystals is presented.

Figure 4.7a shows a PL spectrum recorded at room temperature from an individual 1um
diamond crystal grown on silicon (black curve). The intense line at around 738nm is
attributed to the SiV complex in diamond and originates due to the incorporation of
silicon during the diamond deposition. The main source of the silicon is the silicon
substrate on which the CVD diamonds are grown. Due to etching of the substrate, silicon
atoms are exposed to the plasma and incorporated in the growing crystal. Additional
source of silicon is the quartz bell jar which is exposed partially to the plasma and to the
high temperature of the chamber.

To minimize the silicon incorporation into the growing crystals alternative substrates
which do not contain silicon were considered. Figure 4.7a (red curve) shows a PL
spectrum recorded at room temperature from an individual diamond crystal grown on
sapphire. The absence of SiV exemplifies that a formation of optical centers in diamond
can be controlled by a right choice of the growth substrate. Inset, is the magnified region

of the first Raman line.
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Figure 4.7 (a) PL spectrum of individual CVD diamond crystals deposited on silicon
(black curve) and on sapphire substrates (red curve). All the spectra were recorded using
514 nm excitation at room temperature and are normalized to the Raman line. Inset, is the
magnified region of the first Raman line. (b) SEM image of a high quality diamond
crystal grown on a sapphire substrate.
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Figure 4.7b shows a SEM image of a diamond crystal grown on sapphire, convincingly
demonstrating that employing the high plasma density growth condition, high quality
crystals can be grown on a substrate of choice (sapphire in this case).

Employing conventional PL systems, PL due to NV centers was not observed from the
diamond crystals at room temperature. However, low temperature measurements might
reveal some luminescence due to NV centers. Nitrogen is a common impurity in the CVD
gas environment originated from air leaks or residual impurities in the reactant gases and
it is preferentially absorbed inside the diamond lattice. Subsequently, NV centers are
often reported for CVD grown diamond[27, 180] even if the nitrogen is not intentionally
introduced. The reduction of residual NV production under our experimental conditions
is mainly attributed to the high plasma density and the leak free CVD chamber. Reduced
background luminescence due to NV centers is an indication of the high purity of these
crystals, which is highly important for QIP applications. This opens the possibility to
introduce the NV centers in a controllable manner into grown diamond nanocrystals.
Another hypothesis to the absence of luminescence from NV centers is the lack of
available vacancies. In this case, nitrogen could present in the crystal, however, the NV
center will not be optically active. Vacancies are however, known to be present in CVD
grown diamonds[36, 129], as evident from the PL originated from the SiV. More likely in
this case, is that all the vacancies are trapped by the silicon or other impurities in the
lattice. To investigate this issue further, vacancies were introduced to the CVD grown
diamond crystals by ion irradiation. After the growth, the CVD crystals were implanted
with 30 keV Ni/Er ions and subsequently annealed to 900°C in a forming gas (95% Ar-
5% H,) ambient. However, once again no optically active NVs were detected using the
same optical excitation (514 nm laser excitation). Under similar conditions, when the
same irradiation and annealing process was applied to a bulk type Ila CVD diamond
crystal with known substitutional nitrogen content (1 < ppm) a significant enhancement

of the NV signal was observed.
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4.4 Discussion

4.4.1 Morphology

The results presented above demonstrate a technique to seed and grow high quality,
individual diamond crystals from nanodiamond seeds. The seeds vary in their purity,
perfection and orientation and hence it is not surprising that diamond crystals with

various morphologies were observed. The diamond morphology can be correlated with a

parameter o, which is defined as o = \/51/100 /v, , where v,,andv,,, are the growth

velocities of the (100) and the (111) surfaces, respectively. For o < 1.5 the (111) surface
is the fastest growing and therefore (111) texture is obtained, while for 1.5 < o < 3, the
(100) surface is the fastest growing surface and (100) texture is obtained. The parameter
o is determined by the growth conditions. The o parameter increases with an increasing
methane concentration and decreases with increasing substrate temperature[47]. For CVD
single crystals, the o parameter can also be derived by the truncation lengths of the
crystals facets, using the following equations[47] and the parameters a,b,c,d as depicted

in Figure 4.8a :

a++2b

a= for I<a<l.5

2 — 4.1

a+§\/2b “.1)

a=3F9 for 1.5<a<3 4.2)
c+2d

It is anticipated that any twinned seed will grow into a twinned crystal, and that the
elimination of twinned seeds will result in only cubo-octahedron crystals under the
experimental conditions given. Butler et al[190], proposed that the twinning originates
from the formation of a hydrogen-terminated four carbon atom cluster on a local {111}
surface morphology, which also serves as a nucleus to the next layer of growth.

Figure 4.8(b-e) show different morphologies of the diamond crystals grown under our

experimental conditions. Nearly perfect icosahedral, decahedral and cubo-octahedral
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shapes with calculated o=1.5 were all observed under our experimental conditions. The
icosahedral are ball like shapes consist of twenty (111) facets. The decahedra formed out
of five (100) facets aligned with additional ten (111) facets completing a pentagonal tube.
The cubo octahedra consists of (100) and (110) facets.

Although twinned morphology was observed during our growth (Figure 4.8), we believe
that many of the seeds already contain the twins, and so it is unlikely our growth induced
any more twinning. Unfortunately, the twinned crystals are unavoidable in the currently
available commercial nanopowder which was used as seeds. One may envisage that in the
future, growing diamond crystals from Adamantane molecules employing the growth
conditions presented here may result in untwined crystals. The effect of twins in diamond

crystals on the formation of color centers and optical properties is as yet unknown.

Figure 4.8 Morphological properties of the diamond crystals grown by MPCVD. (a)
Various crystal shapes with the parameters a,b,c,d adopted from ref [47]. (b) twinned,
icosahedral shape diamond crystal with calculated a=1.5 and (c) twinned, decahedral
shape diamond crystal with calculated a=1.5. (d) untwined cubo-octahedral diamond
crystal with calculated o=1.5 and (e) untwined cubo-octahedral diamond crystal with
calculated o=2.4.

The five fold symmetry crystals have twins along the (111) crystal planes[191] and the

five fold axis is a common <110> axis of each twin. The cubooctahedron shape, by
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contrast, does not include any twins and it is a perfect crystal. A cubo-octahedron
structure can be obtained during the continuous transformation between a perfect cube
and a perfect octahedron during the growth[47]. The combination of these observations
leads to a conclusion that the growth of CVD diamonds under the conditions of high
microwave power density in combination with the elimination of the spontaneous
nucleation provides a better control over the final size of the crystal as well as faceted

morphology.

4.4.2 Seeding

A common problem with the use of nano-diamond powder as a seeding reagent is the
clustering of the individual particles into agglomerates[192]. The commercially available
powder, with particle sizes < 10 nm, tend to form tightly bound aggregates. Even after a
powerful ultrasonic treatment, diamond agglomerates are still found in the solution[167].
The de-agglomeration of nanodiamonds into their primary size is therefore an important,
though complicated task. Few methods based on mechanical de-agglomeration of
nanodiamond suspension by stirred media milling[192], bead-assisted sonic
disintegration[ 166, 167, 192, 193] or using chemical modification and detergents were
investigated[167, 194]. All these treatments however, are not suitable for a fast routine
use of nanodiamonds as seeds.

In the growth sequence employed in this work, an etching step using microwave plasma
is carried out prior the actual diamond growth. This etching step is believed to break the
agglomerates and leave individual diamond seeds[167]. This hypothesis was confirmed
by the following experiment: a silicon substrate was seeded with nanodiamond seeds and
broken into two parts. The first part was immediately imaged with an AFM while the
second part was etched in the plasma (without the actual growth) and then imaged in an
AFM for comparison. Figure 4.9a shows an AFM scan of the seeded substrate before the
plasma. Diamond agglomerates are clearly seen in the image. The linescan over one of
the agglomerates (Figure 4.9b) reveals its size of few hundreds of nanometers. An AFM

scan of the second part of the substrate which was subject to a plasma etching did not
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reveal any agglomerates, as evident from Figure 4.9c. The linescan (Figure 4.9d) over

this substrate reveals a surface roughness was less than 10 nm.
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Figure 4.9 (a) AFM scan over a substrate which was seeded with nanodiamonds before
etching. (b) Line scan over the agglomerated nanodiamonds. (c) AFM scan over a
substrate which was seeded and undergo an etching step in the plasma (without the
growth). No agglomerates can be observed. (d) Line scan over the substrate
demonstrating a roughness of few nanometers without any agglomeration.

To verify that the seeds were not etched away and remained on the surface, this same
substrate was inserted into the reactor for diamond growth. The fact that diamond crystals
could then be grown on this same substrate is evidence that the de-agglomeration process
was successful (see as example SEM images in Figure 4.2). Therefore, the pre-growth

etching step employed prior to each growth breaks the agglomerates, leaving behind
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nucleation centers less than 10 nm in size which lead to well faceted individual diamond
crystals. The faceted crystals are an additional independent indication that the original

seed was not an agglomerate of few seeds.

4.4.3 Growth parameters

To understand which parameters in our setup are the most crucial to the formation of high
quality diamond crystals, the growth pressure and the distance of the substrate from the
plasma ball were varied. The pressure impacts the microwave power density, gas
temperature, and H atom concentration which subsequently affect the temperature of the
substrate and the etching rate of the diamonds during the growth. The distance from the
plasma ball mainly controls the etching rate of the growing species and the substrate
temperature. Reducing the pressure to 30 Torr (while keeping the rest of the parameters
constant), produces an estimated microwave power density in the plasma of
approximately 10 W/em® and causes low quality diamond formation with a cauliflower
morphology (Figure 4.10a). Cauliflower morphology is an indication of a spontaneous
nucleation which is a result of the low microwave power density growth regime. Achard
et al.[182] have shown clearly that by increasing the microwave power density, during
single crystal film growth, the flux of atomic hydrogen impacting the growth surface can
be increased, thus increasing the etching of unwanted carbon phases. By ensuring that the
flow of methyl radicals onto the growth surface is significantly smaller than the flow of
atomic hydrogen, and by using a high microwave power density, the growth of only high
quality nanodiamonds is promoted. The flow of methyl radicals can be controlled by
adjusting the methane/hydrogen mixture into the system. This parameter was kept
constant in our experimental procedure.

The distance of the substrate from the plasma ball was varied until high quality diamond
crystals with well defined facets were observed (Figure 4.2). An optimum distance to of 1
cm was found to satisfy this criterion. When the substrate was moved closer to the plasma
ball, no growth of diamonds on the substrate was observed. This is due to a high etching
rate that hindered the growth. On the other hand, when the distance from the plasma

increased, the diamond crystals were not faceted and had cauliflower morphology and
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showed sp” signatures in their Raman spectrum. In this case, the etching rate was
assumed to be too low, leading to sp2 carbon accumulated on the diamond surface,
preventing the desired morphology. Note also, that the distance from the plasma ball
strongly affects the substrate temperature which is a crucial parameter of the diamond
crystal growth. The distance from the sample to the plasma is likely to be an important
additional parameter; however, it is unclear from the existing literature whether this is
solely due to the induced sample temperature change or whether the different chemistry
in the plasma at different positions plays a more important role.

The effect of nitrogen addition was also investigated. Nitrogen was introduced in the gas
phase (5% N, in Hj) during the CVD process. Amounts ranging from 0.1%-10% of N,
were added during the growth. Nitrogen is known to enhance the growth rate of the
diamond crystals[49, 168, 195]. Indeed, as can be seen from Figure 4.10b,c diamond
crystals were grown to a ~ 2 um size after only 30 minutes of deposition (comparable to
~1.5 wm after 1 hour without a nitrogen addition, Figure 4.2). However, in addition to the
growth rate enhancement, defects are observed on the surface of the diamond crystals.
Addition of nitrogen enhances the growth of <100> or the <110> directions[50] and

therefore, more morphological features present on the facets of the crystal.

Figure 4.10 (a) A SEM image demonstrating cauliflower morphology of the diamonds
grown in low plasma density CVD. (b, c) SEM images demonstrating the morphology of
the diamond grown with an addition of 10% of nitrogen during the growth.

64



4.5 CONCLUSIONS

4.5 Conclusions

High quality, individual single crystalline sub micron sized diamonds were grown from
nanodiamonds seeds (4-6) nm using MPCVD under conditions usually employed for
homoepitaxial single crystal growth. The introduced seeding technique enables growth of
individual submicron crystal on a substrate of choice. The growth from nano seeds rather
than other nucleation techniques allows improved control over the final size of the
crystals and the density of crystals on the substrate. Various parameters of the growth
were studied and the microwave power density was found to have the major influence on
the crystal morphology. Higher microwave power densities lead to high quality, faceted
diamonds while lower power densities result in diamond crystals with cauliflower
morphology. The elimination of PL originated from SiV defects can be realized by using
non silicon (e.g. sapphire) substrates.

This achievement of a high control over the diamond CVD (size, density of crystals,
purity) constitutes an enabler for future integration of diamond nanocrystals in quantum

information processing applications.
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Chapter 5
Fabrication of optical centers by ion

implantation

Once a recipe for growing high quality diamond crystals was established, we now turn to
fabricate single photon emitters within the crystals. The first methodology to be
investigated is ion implantation. Fabrication of optical color centers in diamond by ion
implantation was attempted in the past for a few elements, including silicon, nitrogen,
xenon and the transition metals[55, 94]. However, only silicon[20], nitrogen[114] and the
carbon related[151] single photon emitters were successfully produced in diamond by ion
implantation. The scope of this chapter is the fabrication of single photon emitters in
diamond by ion implantation. We first concentrate on fabricating the centers in bulk

diamond crystals and then reiterate the implantation process into nanodiamonds.

5.1 Direct implantation into nitrogen containing bulk diamond crystal

Prior to a fabrication of optical centers in diamond, especially on a single level, one
should precisely characterize the target materials. For the case of NV centers, as an
example, implantation of nitrogen into nitrogen containing diamond would be futile since
the amount of the background nitrogen exceeds the implanted ones (unless a different
isotope of nitrogen which can be distinguished using magnetic resonance techniques is
used [115]). However, irradiating nitrogen containing diamond to enhance vacancy
formation[68, 110] is a proven methodology to engineer NV centers. Alternatively,
nitrogen can be implanted directly into a pure diamond sample[115, 116]. By using
lithographic masks or patterning, an array of color centers can be created[110, 114, 151].

For diamonds grown by HPHT method, a metal catalyst like iron, nickel or cobalt is

generally used. Optically active centers based on these elements are therefore often found
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in these types of diamonds. Furthermore, since nitrogen is an abundant gas in the
atmosphere, it is easily incorporated during the growth. Therefore, many metal-nitrogen
complexes are found in natural and synthetically grown diamonds and the research to
identify their structure is currently pursued by many groups world wide. A quick and
efficient way to characterize diamond surfaces, particularly synthesized by HPHT
method, is recording a CL map, similar to the one presented in the Materials and Methods
section (Figure 3.1a). These maps show distinct sectors with definite impurities
concentrations.

On the other hand, ultra pure CVD bulk diamond crystals with impurity concentration at
the ppb level, offer a pristine diamond target for ion implantation. These samples are very
expensive, however, cheaper alternatives with higher impurity concentration (at the ppm
level) are routinely used for various purposes. The CVD bulk diamonds have an
advantage of not containing an initial metal contamination, thus providing a clean
substance for metal ion implantation.

To fabricate metal related color centers in a controlled manner in a pristine diamond, the
species should be implanted directly into the crystal. Implantation of zinc, thallium,
titanium, chromium, nickel and other metals, were attempted in various types of
diamond[94]. Controlled implantation of impurity into pure diamond can provide
important information about the centers such as its ZPL emission, vibronic features and
atomic composition. Interestingly, to date, implantation of various metals into diamond
did not result in a fabrication of SPSs based on these materials.

Having this in mind, we were motivated to fabricate the nickel nitrogen (NE8) center by
ion implantation of nickel into nitrogen containing diamond. Upon annealing, the nickel
should bond to the nitrogen atoms to form the NE8 center. As was mentioned in the
introduction, the NE8 center is attracting some attention as a SPS due to its narrow
emission in the NIR (ZPL centered at 793 nm). Previously, nickel-nitrogen related
complexes were identified in diamonds grown by HPHT method[29, 196] on a single
level. These centers were natively present in the crystal, most likely due the use of nickel
as a catalyst. Although the ZPL of the centers varied, they were commonly attributed to
the NE8 center. Nevertheless, there were no reports in the literature regarding a

controlled fabrication of the NE8 center by ion implantation. This is rather surprising
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since this defect can be routinely observed in bulk quantities (although not on a single
level) after HPHT annealing of nickel containing diamonds[81, 82, 86, 88]. This may
indicate that a single NE8 center is a dim center and can not be resolved optically over
the background PL.

Therefore, in this section a nickel implantation into nitrogen containing HPHT synthetic
diamond was attempted with a motivation to fabricate nickel related SPSs, particularly

the NES center.

5.1.1 Experimental results

A dose of 1x10" Ni/cm” was implanted though a metal mask with 1 pm holes and 10 um
spacing. The implantation was performed into the top [100] surface ({001} growth sector,
which does not contain nickel) of a nitrogen containing HPHT sample. A schematic
cartoon of the diamond and the mask are shown in Figure 5.1a. Figure 5.1b shows a
SRIM simulation of nickel ions implanted into diamond with acceleration energy of 30
keV. The end of range of this implantation is ~ 20 nm below the diamond surface. Inset is

the SEM image of the mask.
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Concentration (1018/cm?)

Ni
HH
HPHT Diamond g P 20 40
Depth (nm)

Figure 5.1. (a) A schematic cartoon of the diamond and the mask used for the
implantation. (b) SRIM simulation of nickel ions implanted into diamond with
acceleration energy of 30 keV. Inset, is the SEM image of the mask.

The HPHT diamonds contain significant amount of nitrogen (~100 ppm), thus increasing

the probability for the formation of NE8 which requires four nitrogen atoms for each
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nickel. After the implantation, the diamond sample was subsequently annealed for 1 hour

in a forming gas ambient (95% Ar-5% H,) to a temperature of 1000°C.

5.1.2 The 883/885 nm center (1.4 eV center)

A scan over the post-implanted (1x10"® Ni/cm?) and annealed region using a confocal
microscope revealed bright fluorescence squares originated from the optical centers
created within the diamond by the nickel implantation (Figure 5.2a). Using a periodic
mask template is an efficient way for creating a periodic array of optical centers in

diamond and to identify the implantation region.
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Figure 5.2 (a) A confocal map of nickel implanted HPHT bulk diamond recorded using a
325 nm excitation. The red squares represent the implanted spots. PL. spectrum recorded
using a 514 nm excitation laser at 80 K from one of the squares showing the (b) (NV)
ZPL (c) (NV)” ZPL (d) nickel related doublet centered at 883/885 nm. The spectra of
(NV)0 and the nickel center were scaled up to the intensity of the (NV) center.
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As expected, the damage associated with the implantation created a significant
concentration of NV centers, which dominate the detected emission from each square in
the confocal map. Figure 5.2(b,c) show the PL recorded from one of the spots using a 514
nm excitation laser at liquid nitrogen temperatures (80 K) revealing the PL due to the
negatively and the neutrally charged NV centers. In addition to the NV centers, a nickel
related complex centered at 883/885 nm was formed due to the implantation. Figure 5.2d
shows the nickel related PL doublet recorded from the same spot. The PL data of the NV*
and the nickel related center were scaled up to the intensity of the NV~ center.

The nickel related PL doublet originates from a transition between an excited state and
two ground states[85] which can be resolved only at cryogenic temperatures, below 170
K, as can be seen in Figure 5.3. Both lines split into multiplets in which the line intensity
corresponds to the natural abundance of nickel isotopes (can be seen at ~10 K). Using
electron spin resonance techniques, the center was assigned to a Ni* ion in the center of a
di-vacancy in a diamond lattice[84] where the nickel atom is probably not bonded to the
neighboring carbon atoms. Uniaxial stress techniques revealed trigonal symmetry of the
defect. A remarkable property of the 883/885 nm center is that it is exclusively

incorporated into the <111> growth sectors of HPHT diamond.
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Figure 5.3. PL measurement as a function of temperature for the 883/885 nickel related
doublet. The spectra were displaced for clarity.
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The photon statistics of PL light from the 883/885 nm doublet was then studied by
measuring the normalized second-order autocorrelation function, g”(t), using the HBT
interferometer. Figure 5.4a shows a raster confocal scan from one of the dots recorded
using 680 nm excitation laser at room temperature. Figure 5.4b shows a pulsed g?(t)
function recorded from the same dot. No dip at zero delay time was observed and the

statistics of light from the nickel defect has a Poissonian distribution.
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Figure 5.4 (a) Raster confocal scan over one of the implanted dots excited by 680 nm
excitation at room temperature. (b) Pulsed second order autocorrelation function, g(t),
showing no dip at zero delay time, exhibiting a Poissonian statistics of light.

To generate individual nickel centers which could be resolved over the background PL,
the implantation dose was reduced down to (~1x10"" Ni/cm?). However, single photon
emission from this center has not been observed. Lower doses of nickel could not been
resolved over the background fluorescence using a conventional confocal microscopy,
which indicates that this center is dim and may not be promising for various quantum
optical or biological applications.

Despite the fact that the 883/885 center is the most studied nickel related center, the
excited state lifetime of this center has not been reported. Figure 5.5 shows a direct
excited state lifetime measurement of the 883/885 nm emitter excited by a 500 ps pulsed
laser operating at ~ 667 nm. A lifetime of 11.6 ns is deduced from a mono exponential fit,

which is comparable to the NV~ center in bulk diamond. Given the lifetime similarities of
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the two centers, the fact that the 883/885 nm doublet could not been resolved on a single
level, indicates that this center is less efficient than the NV center. This suggests that the
883/885 nm center possesses additional non radiative decay paths or metastable states

with longer lifetime which quench the luminescence.
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Figure 5.5 A direct excited state lifetime measurement of the 883/885 nm center. The
single exponential fit results in an excited state lifetime of 11.6 ns.

5.1.3 The NES8 center

No NES8 centers were found after the implantation and annealing procedure, most likely
because the nitrogen atoms are not yet mobile at 1000°C. To enhance the mobility of the
nitrogen atoms, higher annealing temperatures of up to 1600°C were applied, however,
the PL due to the NE8 complex was not observed. To understand the lack of formation of
the NE8 complex, a careful reexamination of the NE8 formation mechanism is required.

The following reaction sequence describes the structuring of the NE8 center[81]:

Ni- = NE4+C,
NE4+2N — NE1
NE1+N — NE2
NE2+ N — NES
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Ni_ denotes a nickel atom occupying a substitutional location and C; is a carbon atom in

an interstitial location. From the proposed mechanism, it can be seen that the nitrogen
atoms are added one by one to the nickel atom. One hypothesis for the lack of the NES§
formation is that the diffusion of four nitrogen atoms to bond the nickel is a very low
probability process which requires longer annealing times and higher annealing
temperatures. In addition, the NE8 formation first requires the nickel atom to be in an
interstitial position, in a nearest neighbor di-vacancy, VNiV, to form the NE4 complex.
The VNiV fragment serves as nucleation center for the migrating nitrogen atoms into its
ligand shell, and this is the precursor of the nickel — nitrogen centers. The transformation
of nickel into an interstitial requires diffusion of carbon atoms and interstitials in diamond
which once again requires more extreme annealing conditions.

To enhance the formation probability of the NE8 complex, an HPHT anneal is required.
For practical equipment limitation, this process requires the sample to have small
dimensions of less than lmm®. Therefore, nickel ions with same energy and doses of
~1x10"" Ni/em?® and ~1x10"® Ni/cm?® were implanted into the smallest HPHT diamond and
annealed under HPHT conditions (the annealing was done by Mark Newton, at the
University of Warwick, UK). At these extreme conditions nickel and nitrogen atoms have
enough energy to be mobile and form the nickel — nitrogen complexes

Figure 5.6 shows the PL recorded from the implanted and HPHT annealed samples. A
clear signature of the NE8 with the ZPL at 793 nm can be observed. As expected the PL
signal is scalable with the implantation dose, demonstrating that the formation probability
of this center is increasing with an increasing nickel dose. A confocal raster scan over
these samples at room temperature using 680 nm excitation laser, did not however
resolve any single NES8 centers.

A dose of 1x10" Ni/em® equals to 1000 Ni/um?® Since individual centers were not
resolved in the scans, each spot consisted of at least ~10 NES8 centers (a practical limit
where no dip in the autocorrelation function can be detected over the background counts).
This indicates that a conversion probability from an implanted nickel ion to an optically

active NES8 center is in the order of ~ 1 %. This is a tentative lower bound for the
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formation probability of NE8 centers following nickel ion implantation and HPHT

annealing sequence.
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Figure 5.6 PL spectra recorded from nickel implanted and HPHT annealed diamond
sample showing the NES8 centers for doses of ~1x10'" Ni/em” and ~1x10" Ni/cm®. The
graph representing the ~1x10"? Ni/em? implantation dose was displaced for clarity.

5.2 Implantation into CVD grown sub-micron diamond crystals

Ion implantation into small CVD grown nanodiamonds or commercial nanodiamond
powder, have potentially a great advantage over the bulk material. In an ideal case, a
center of choice can be fabricated by ion implantation within the nanodiamond, providing
a versatile method to modify their optical properties. Moreover, an identification of a
luminescent center using confocal microscopy followed by a post selection and
manipulation [152, 153] of a single nanocrystal hosting this optical center enabled
fabrication of novel photonic structures. Using this method, for example, coupling of NV
centers to micro resonators[156] or enhancing the emission through plasmonic
coupling[155, 197] have been demonstrated. Furthermore, irradiation of nitrogen
containing nanodiamonds was found to be an effective method for a mass production of
florescent nanodiamonds for biological applications[198, 199].

Using a dual beam SEM/FIB to create SPSs in a desired crystal and in a preferred

position constitutes significant progress towards a scalable control and fabrication of
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multi-qubit quantum optic devices by affording the ability to locate implantation zones
within optical nano-structures. It may even give rise to a ‘step and repeat’
technology[200], which would be of great benefit to large-scale integrated quantum
devices.

To date, the literature concerning ion implantation into nanodiamonds have concentrated
only on the formation of NV center. In fact, in most cases the implantation was an
irradiation process introducing vacancies using protons[199, 201] or electrons[202],
rather than a direct nitrogen implantation.

To move beyond the limitation of NV and to fabricate SPSs in the NIR, materials like
nickel should be considered as candidates for implantation into CVD grown sub micron
diamonds. Using ion implantation of nickel, we address some of the challenges towards
spatially controlled fabrication of nickel related SPSs in diamond.

Given the potential of nickel — related color centers, there have been some attempts at
their controlled manufacture in CVD diamond. Previously demonstrated techniques to
incorporate nickel into CVD diamond films included seeding the substrate with slurry
containing nanodiamonds and nickel powder [27] or a more recent report of incorporation
of nickel through a gas phase during a CVD growth using an evaporated
nickelocene[203]. These techniques however did not allow a controlled formation of the
nickel centers in a specific diamond crystal or in a preferred location. Furthermore, the
interaction between various impurities within the diamond (such as nitrogen and nickel or
silicon and nickel) is still unclear which makes the controlled fabrication of nickel related
optical centers a challenging task.

In this section, the formation of nickel related SPSs will be demonstrated by FIB
implantation of nickel into individual CVD diamond nano-crystals. The use of a dual
SEM/FIB allows the imaging of a specific crystal prior to implantation with a precise
accuracy suitable for past processing and scalability. This method allows fabrication of
optical centers in a specific crystal of choice as well as in a given space, in contrast to
previous approaches where the incorporation of the nickel into diamond crystal was not

dependent on the crystal selection.
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5.2.1 Experimental details

The diamond crystals were grown using a microwave CVD technique following a
procedure reported in chapter 4. Briefly, the substrate (sapphire or silica coverslip) was
seeded with nanodiamond powder (4-6 nm, Nanoamor Inc., Houston, TX, USA) without
ultrasonic treatment followed by a diamond growth using microwave plasma (900W,
150torr) CVD. After growth, the substrate was transferred to a dual SEM/FIB (see
materials and method chapter, Figure 3.3) to perform the nickel implantation. The surface
was first imaged by the SEM to determine the diamond density and location. After
choosing a specific crystal, a nickel FIB beam with a typical 1-5 pA current was used to
perform the implantation into the same crystal. The spot size of the beam was reduced
down to few tens of nanometers, allowing implantation into an individual CVD grown
diamond crystal. Nickel ions were implanted with an acceleration energy of 30 keV
which results in a stopping range of around 20 nm beneath the diamond surface (Figure
5.1b). After implantation, the crystals were annealed at 1000°C in 95% Ar-5% H,
ambient for 1 hour. Time correlation of photoluminescence intensity was performed with
an HBT setup. For this measurement a cw laser diode excitation source at a wavelength

of 687 nm was used.

5.2.2 Experimental results

Using the seeding method as described in chapter 4, we were able to control the surface
density of crystals on the substrate, thus allowing easy imaging by both the SEM/FIB and
the detection using a confocal microscope. The diamond crystals were grown on sapphire
or silica substrates to the size of about 200-600 nm which is small enough to eliminate
the total internal reflection of the light, thereby enhancing the collection efficiency.

A scan over the post implanted and annealed region using a confocal microscope revealed
bright fluorescence originated from the optical centers created within the diamond as
shown in Figure 5.7a. Bright emission has been observed only in the nickel implanted
regions. Figure 5.7b shows a confocal map of non implanted crystals, with no fluorescent

bright spots.
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Figure 5.7 (a) Confocal raster scan over the sapphire with the grown diamonds showing a
bright fluorescence due to the implantation. (b) Confocal raster scan over the CVD
diamonds on sapphire in the unimplanted region, showing no bright fluorescence.

Figure 5.8a shows a PL spectrum recorded at room temperature from an individual
fluorescent diamond crystal, related to the formed nickel color center. A strong narrow
band luminescence (FWHM ~ 7 nm) with no significant phonon side band is observed at
768 nm. Approximately 90% of the emission intensity is concentrated in the ZPL. This
center does not emit at the same wavelength as the previously reported NE8 or one of its
variants[27-29]. Most of the implanted crystals revealed a similar emission peak around
770 nm while no PL was detected in the unimplanted regions, convincingly indicating
that the origin of the signal is due to the FIB nickel implantation.

Figure 5.8b shows the normalized second order autocorrelation function recorded with a
cw laser at room temperature from a color center in an individual diamond crystal located
in the implanted area, with the emission spectrum shown in Figure 5.8a. The
normalization of the g(Z)(‘c) function is described in appendix 1. The dip of g(z)(’c) at zero
delay time indicates non classical emission. In particular, if g(z)(O) < 0.5 the emitter is
considered a single photon emitter. Single photon characteristics were found in crystals
implanted with doses lower than 5x10'° Ni/cm?. Considering that the average crystal size
is few hundreds of nanometers, this dose equals to ~100 Ni ions per crystal, depending on
the exact orientation and the size of the crystal. Therefore, the formation probability of
this center is approximately ~ 1%. This value is comparable with the probability of
forming optically active NV centers while nitrogen implantation into single crystal is

employed[114, 115]. Implantation doses of ~10"" Ni/em? produced double emitters with a
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g(z)(O) ~ 0.5, and higher doses resulted in emitters exhibiting Poissonian emission, i.e.
g?(0) ~ 1. During all the measurements, the center was stable and no photo bleaching or

blinking behavior were observed.
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Figure 5.8. (a) PL spectrum from individual nickel implanted diamond crystal under 687
nm excitation recorded at room temperature. (b) Corresponding g®(t) of the PL signal
recorded at room temperature. The excitation power is 100 uW and the integration time is
300 s with a coincidence time bin of 154 ps. The dip at zero delay time with g”(0)=0.16,
indicates single-photon emission. The dots indicate the experimental data while the solid
line is a fit of (1) taking into account background, instrumental response function due
to finite time resolution of the APDs and the correlation electronics. The slight bump at
7=-30 ns is due to remaining cross talk.

The g®(t) function was also recorded with increased cw laser excitation power to
measure the decay time of the emitter. By extrapolating a linear fit to zero excitation
power, the lifetime of the center is deduced to be as short as 2 ns. This value is 6 times
shorter than the typical lifetime of an NV center in a CVD crystal and thus makes this
nickel related center attractive for quantum photonic applications with a theoretical
emission rate as high as 0.5 GHz operating at room temperature. Furthermore, this value
is close to currently developed high speed QKD systems with clock rates of 2 GHz[204].

The fluorescence intensity was measured as a function of laser power to evaluate the
emission rate at saturation (Figure 5.9). The data were fit using equation (2.21). From the
fit curve, the total count rate at saturation excitation power is estimated to be 280x10°
counts/s. This value is already higher than the saturation count rate of NV color centers

reported in the literature. Optimization of the diamond growth substrate, for example
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using a highly reflective mirror[147] or coupling to waveguide structures[181, 205],

should then lead to the realization of a very efficient SPS.
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Figure 5.9. Background corrected single photon emission count rate recorded from the
same single Ni-related color center shown in Figure 5.8a, as a function of excitation
power. The background counting rate is 1.8 kcounts/s for an excitation power of 0.9 mW.
The data were fit using equation (2.21).

Finally, the atomistic structure of this center is discussed. It is clear from our
experimental data that the observed center is not the nickel nitrogen (NES8) center. The
luminescence was observed only from implanted crystals, and therefore it is likely that
the centers are nickel related. Previous work reported various emission lines
characteristic of nickel impurities in diamond[88], however, an emission around 770 nm
was not observed or assigned to any particular nickel related center so far. Besides
nitrogen, the most common and favorably incorporated impurity is silicon, which forms a
common SiV center within the diamond lattice. Therefore, we assumed that the center is
related to a complex containing both nickel and silicon atoms.

To check our assumptions, we performed a control experiment by implanting both silicon
and nickel into pure type Ila, 3x3x0.5 mm, CVD diamond produced by Element 6.
Nickel ions were implanted with an energy of 37.5 keV while silicon ions were implanted
using 25 keV (doses of 1x10" ions/cmz). According to SRIM simulations[106](Figure
5.10a), the stopping range of both nickel and silicon ions at these energies are around 20

nm beneath the diamond surface and their implantation profile is practically overlapping.
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The implantation was followed by the same annealing procedure as used on the CVD

grown diamond nanocrystals.
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Figure 5.10 (a) SRIM simulation of 37.5 keV nickel and 25 keV silicon implantation into
diamond. (b) PL spectra from an unimplanted region (blue curve), nickel only implanted
region (green curve), co-implanted Ni/Si region (red curve), and a silicon only implanted
region (black curve) of a type Ila e6 CVD diamond. The pronounced peak around 770 nm
is clearly observed only in the Ni/Si co-implanted sample. The measurement was taken at
80 K under 514 nm excitation.

PL spectrum recorded from a type IIA diamond co-implanted with nickel and silicon
revealed similar emission line centered at 766 nm (Figure 5.10b). A nickel or a silicon
only implantation into the same crystal did not result in the formation of this specific
emission line (Figure 5.10b). Note that the doublet around 883/885 nm is associated with
a known nickel defect in diamond[84, 85] and as expected appears in both nickel
implantations.

A similar vibronic feature around 768 nm was previously assigned to a local defect
mode[128] or to a local phonon mode of the SiV center[129, 206]. It is important to note
that in both cases the origin of the diamond seed used for the CVD growth may have
contained nickel impurities. In ref[128] it was a type Ib Sumitomo diamond while in[129,
206] it was a commercial diamond powder. Our experimental data clearly demonstrates
that the center is not a SiV center due to a different ZPL, a longer lifetime and a higher

count rate[20]. In addition, the demonstrated implantation technique shows that nickel
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appears to play a crucial role in enabling the emission. Therefore, we concluded that the
PL line at around 770 nm is due to a center containing both nickel and silicon atoms.
Note that nickel and silicon each create a large distortion in the diamond crystal lattice.
Hence, it is possible that upon annealing a vacancy is combined with those two atoms and
the actual structure consists of silicon and nickel impurities neighboring a vacancy. Given
that the CVD diamonds do not show NV emission, it is unlikely that the complex also
contains N. The source of the silicon inside the grown CVD diamond crystals may
possibly originate from the growing substrate (silica or sapphire) and from the quartz
made CVD chamber. An incorporation of a few ppm of silicon into the diamond crystals
during the growth is hence likely. The concentration might be too low to be observed as
SiV because that center is not an efficient emitter but when it complexes with an
implanted nickel ion, it may lead to the formation of the observed centers, even for very
low silicon concentrations.

In this context it should be pointed out that the possibility that the nickel plays a crucial
role by changing a local environment of the crystal, and giving rise to the PL signal
without being bonded to a silicon or any other atom, can not be excluded. At this point of
time, an unambiguous conclusion regarding the actual atomic structure of the center can
not be made.

Recent follow-up work by Steinmetz et al. [207] confirmed that the PL signal around 770
nm is indeed due to a complex which contains nickel and silicon. Steinmetz and his
colleagues co-implanted nickel and silicon atoms deep into a single crystal diamond
using high MeV energies and observed PL features at the range of 760-790 nm.
Furthermore, they observed single photon emission from the center and estimated the

excited state lifetime to be 1.1 ns, comparable with our measurements.

5.3 Conclusions

In this chapter fabrication of color centers by ion implantation have been investigated and
discussed. In the first part, it was shown that ion implantation is an effective route to
manufacture nickel related centers in bulk diamond. The experimental data suggests that

the nickel related 883/885 nm defect is dim and not appropriate to use in various optical

82



5.3 CONCLUSIONS

applications. In addition, a controllable manner of fabricating the NE8 defect was
demonstrated by annealing a nickel implanted bulk diamond in HPHT condition.
Nevertheless, individual NE8 centers have not been resolved over the ensembles. These
experiments stress the difficulty to fabricate nickel related single photon emitters in bulk
diamond.

In the second part, an efficient SPS based on nickel-silicon complex in individual CVD
diamond crystal has been engineered. The center possesses a short lifetime of only 2 ns
which resulted in a total high count rate of more than 250x10° counts/s at room
temperature. These centers were formed via FIB nickel implantation into selected
diamond crystals which gives rise to potentially high spatial accuracy. The combination
of room temperature operation, high brightness and step and repeat fabrication
compatibility, makes the Ni/Si emitter an attractive solid state single photon source. Co-
implantation studies using nickel and silicon, strongly suggest that the emitter is a hybrid
nickel-silicon complex, as was independently confirmed by another research group[207].
The co-implantation of ions for the purpose of fabrication of new optical centers opens
new avenues and new defect centers to be explored as building blocks for quantum
optical engineering networks. The co-implantation of nickel and other elements (such as
silicon or nitrogen) is likely to spur substantial research into the physical structure and

properties of such composites.
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Chapter 6
Fabrication of optical centers by
incorporation of impurities from the growth

substrate

In the previous chapter fabrication of optical centers by ion implantation was highlighted
and discussed. Although ion implantation provides the means of precise fabrication
ability with the versatility of choosing the implanted species, it is always associated with
damaging the diamond matrix. Furthermore, ion implantation leaves the implanted ion in
an unknown lattice location; it is during the annealing phase that vacancies and
interstitials become sufficiently mobile so the dopants can occupy lattice sites. To cause
the implanted atom to migrate within the stiff diamond lattice requires quite often
extreme annealing conditions. As was shown previously for the NE8 center, for instance,
a mobility of four nitrogen atoms is required to bond one nickel atom. Conventional
annealing conditions (high temperature, atmospheric pressure) are not sufficient for the
diffusion process to occur.

Alternative routes of incorporating an external atom, while maintaining the desired
optical properties are thus preferred. The nanotechnology revolution emphasized the
tremendously expending “bottom up” approach — where the nanostructures are built
“atom by atom” rather than the not efficient “top down” methodology — where etching of
a bulk material is applied to obtain the desired confinement. Using the bottom up
approach many nanostructures including nanowires[1] and carbon nanotubes[1] have
been synthesized. Inspired by the “bottom up” approach, we would like to incorporate the

desired impurity in-situ, during the growth of the nanodiamonds.



CHAPTER 6. FABRICATION OF OPTICAL CENTERS BY INCORPORATION OF
IMPURITIES FROM THE GROWTH SUBSTRATE

6.1 Introduction

It is known that during the growth, diamond incorporates various impurities. Diamonds
grown using the HPHT method from a metal catalyst (nickel, cobalt or iron) often have
optical centers originated from the incorporated metals[55]. For instance, HPHT
diamonds grown from nickel catalyst always show the nickel related 883/885 PL doublet.
While CVD method is employed, the diamonds generally incorporate the substrate
material. The initial work on SiV centers was performed on diamonds grown on silicon
substrates[129] and the SiV center formed due to incorporation of silicon atoms from the
substrate into the grown diamonds. Additional techniques to incorporate an impurity
during the diamond CVD growth include mixing the original diamond seeds with the
metal of choice. Rabeau et al., prepared a slurry made of nickel nanoparticles and
nanodiamonds[27]. Then, a growth substrate (silica) was exposed to the slurry in an
ultrasonic bath. This method provided the effect of nucleation for the purpose of diamond
growth and introduction of small amount of nickel to be incorporated during the growth.
Although this technique resulted in the formation of an optical center in the NIR, it is
unclear if the center was formed as a result of nickel addition to the slurry or from an
impurity already present within the nanodiamond seeds. Note that some of the seeds
originated from crushing type Ib bulk diamonds and thus may include metal impurities
such as nickel or iron.

Recently, a very interesting experiment of introducing nickel through a gas phase during
the CVD process was reported[203]. This was done by flowing nickelocene in addition to
the methane gas. PL lines in the NIR were observed in the diamond samples exposed to
nickelocene during their growth, although no single photon emission was shown. In
addition, same PL lines were found in diamonds which were grown without intentional
introduction of the nickelocene. This, as proposed by the authors, was due to residual
nickel from former depositions. Although few drawbacks still to be resolved, the idea of
introducing an impurity through the gas phase looks promising. Indeed, an effective
doping of diamond with phosphorus for electric purposes was available only via its
incorporation during the growth in a gas phase[208]. However, while implanted into pure

diamond, very poor n-type characteristic was recorded from these samples[108].
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In this work a novel technique of incorporation a metal during the CVD growth is
presented. Combining the flexibility of ion beam techniques and the idea of introducing
the impurity during the growth, a novel method of diamond doping is introduced. The
element of choice is implanted into the substrate onto which the diamonds are
subsequently grown. The plasma etches the substrate during the growth and thus exposes
the implanted species (along with the substrate material) to the plasma ball and through
gas phase diffusion the impurities are incorporated into the growing diamond crystal.
This chapter will elucidate this technique and provide as an example fabrication of nickel

related optical centers in diamond.

6.2 Implantation of nickel into the substrate

Figure 6.1 illustrates the experimental procedure of the technique.

. _ Seeding with
N1 implantation nanodiamonds CVD growth Annealing

) — G — ey
Figure 6.1 Schematic illustration of the fabrication process to create optical centers within
CVD diamond nanocrystals. First, nickel (or other ion of choice) is implanted into the
substrate followed by seeding with nanodiamond for nucleation purposes. Then, the

substrate is inserted into a CVD chamber for the crystal growth. Finally, the sample is
annealed to relief any residual stress and to enhance the activation of the optical centers.

The technique to incorporate an impurity from the substrate includes a number of
experimental steps. First, Ni ions were implanted into 150 um thick silica cover slips
(Esco-products Inc.) using energies of 20 and 30 keV and doses varying between 1x10'
Ni/cm? and 1x10"* Ni/cm? (Table 6.1). The implantation was carried out employing the
low energy implanter (see materials and methods, Figure 3.5). To differentiate between
implanted and un-implanted regions, half of the substrate was covered with a thick metal
mask (~1 mm).

After the implantations, the substrates were seeded with 4-6 nm diamond seeds as

described in chapter 4 and transferred into the MPCVD reactor. Once the diamond
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growth was finished, the samples were annealed at 1000°C in a forming gas ambient
(95% Ar-5% H;) for 1 hour. To achieve optimal density of diamond crystals for confocal
microscopy characterization, an average density of 5—10 nanocrystals in a 100 umz area

were grown as confirmed by inspecting the samples with a SEM (Figure 6.2).

_ End of 0
Energy [keV] | Dose [Ni/cm”] Sample N
range [nm]
20 1x10" 2246 1
20 1x10" 2246 2
20 1x10" 2246 4
30 1x10" 3011 5
30 1x10" 3011 6
30 1x10" 30411 7

Table 6.1. Summary of the doses and the energies applied for nickel implantations into
silica, onto which nanodiamonds were subsequently grown.

Figure 6.2 SEM image of the nanodiamonds grown on Ni implanted silica substrate.

6.2.1 Experimental results

The crystals were first investigated using a conventional Raman/PL technique. Figure 6.3
shows PL measurements of the grown diamonds recorded at 80 K using a 514 nm
excitation laser. A dense forest of PL lines can be observed in the spectrum recorded

from crystals grown on the nickel implanted area (red curve). At this stage it is hard to
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6.2 IMPLANTATION OF NICKEL INTO THE SUBSTRATE

correlate each line to a known nickel center, however, the experimental data suggests
most of them are nickel related[55]. The black curve is the PL recorded from diamond
nanocrystals grown on an unimplanted area, which primarily show the peak centered at
738 nm. This line appears in both spectra and attributed to the SiV defect in diamond. It

originates due to incorporation of silicon from the silica substrate into the diamond

crystal.

— bare substrate

—— Niimplanted into
substrate
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Figure 6.3 PL measurements recorded at 80 K using a 514 nm excitation laser from
diamond nanocrystals grown on nickel implanted silica (red curve) and on a bare silica
substrate (black curve).

Figure 6.4 shows PL spectra recorded at room temperature using 514 nm excitation from
the diamond nanocrystals grown on the silica substrate. The black spectrum is recorded
from a diamond nanocrystal grown on a non-implanted region while the remaining three
spectra were recorded from individual diamond crystals grown on nickel implanted
regions. The signal at 552 nm is the one-phonon diamond Raman line while the PL peaks
in the NIR region of the spectrum are attributed to different nickel-related centers in the
CVD grown diamonds[55].

The scans were recorded from individual diamond crystals which indicates that different

crystals host different nickel-related centers. During all the scans we have not observed
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any crystal with more than one characteristic nickel-related PL line which supports the
assumption that each crystal hosts only one type of nickel related defect. Note that we
have not observed any emission which can be attributed to the NV~ or the NV or the
nickel-nitrogen, NES, center.

Previous work on nickel centers in diamond suggested different atomic structures and
models possible for interstitial/substitutional nickel atoms in diamond[55, 81, 88] as well
as nickel-vacancy defects[90]. Our PL results are in agreement with previously reported
nickel related PL features in the NIR region although we still can not point out the precise
atomic structure of these centers. More complicated centers involving bonding to silicon,
nitrogen or oxygen atoms as well as to vacancies are possible. Indeed, due to the use of
silica as a substrate, SiV centers were formed due to an incorporation of silicon from the
growing substrate. Its characteristic PL line at 738 nm was observed in the inspected

diamond crystals (spectral region is not shown in Figure 6.4).
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Figure 6.4 PL spectra recorded from individual diamond crystals with/without
incorporated nickel, excited by a 514 nm cw laser at room temperature. The bottom black
line (a) is representing a PL from a crystal located in an unimplanted area of the silica
substrate while the green (b), red (c) and blue (d) lines are representing the PL from
crystals located in the nickel implanted area of the substrate. The spectra are normalized
to the Raman line and displaced vertically for clarity. The data for wavelengths above 800
nm are enhanced by a factor of 3 for convenience.
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6.2 IMPLANTATION OF NICKEL INTO THE SUBSTRATE

To test whether single emitters were formed in this process, HBT setup was employed.
Figure 6.5 shows the g(z)(r) function recorded from a diamond crystal grown on the Ni-
implanted area. The dip of g(z)(’c) at zero delay time (t=0) indicates that the observed Ni-
related center is indeed a single photon emitter. The very small value of the g(z)(O),
g(z)(O):0.0S, proves that there is no residual background and the use of nanodiamonds is
beneficial for achieving an ideal single photon source.

By recording the g?(t) as a function of excitation power, the lifetime of this single
nickel-related color center is deduced to be ~ 3 ns. This lifetime is shorter that the typical
lifetime of NV centers in nanodiamonds[147, 148], which indicates a strong dipole
transition of the nickel related center. This lifetime is in agreement with previous reports
on other nickel related centers in diamond[28, 196], although it is important to stress that
these are not the same centers as reported previously by other groups[27, 28]. The short
lifetime and an emission centered in the NIR are very attractive characteristics for

facilitating these nickel related centers in practical applications such as QKD.
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Figure 6.5 (a) Normalized g(z)(r) function associated to the PL signal from a Ni-related
color center in a nanodiamond grown on a nickel implanted silica. The histogram bin is
0.5 ns. The dip at zero delay time with g(z)(O):0.0& indicates a single photon emission.
The dots correspond to the experimental data while the solid line is an exponential fit
taking into account the instrumental response function due to finite time-resolution of
photodetectors and correlation electronics. Data were recorded using cw laser diode
emitting at 687 nm, with an excitation power of 0.3 mW. (b) Saturation curve of the
nickel related single photon emitter. The blue circles represent the background noise; the
black squares represent the raw data and the red rhombs represent the background
corrected count rate. The data were fit using equation (2.21).
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A full saturation single photon emission rate from the same Ni-related emitter was then
measured as a function of excitation power. Figure 6.5 shows the experimental data. The
curve is the fit using equation (2.21). From the fit, the saturation count rate is estimated to
be ~ 150x10” counts/s. This rate is higher than the values previously reported for the NE8
center observed both in nanodiamonds[28] and in bulk diamond crystals[29].

To evaluate the formation probability of the nickel related centers, confocal maps and
corresponding SEM images were analyzed. In a typical 100 um? confocal PL raster scan,
one to two centers are detected, as shown in Figure 6.6. Using the spray seeding

technique presented earlier, a low surface density of diamond nanocrystals was achieved.

x10°

Figure 6.6 A typical confocal map of the nanodiamonds hosting nickel centers. The PL
intensity confocal raster scan showing two nickel related color centers.

A typical SEM image of the grown diamonds was shown in Figure 6.2. Combining such
SEM images and PL scans, one can infer that on average one in ten nanodiamonds
contains at least one nickel related color center. Compared to previously reported results
regarding the NE8 centers, where a maximum of one NE8 center in a 100 um” of a
continuous diamond film was found[27], a significantly improved fabrication
methodology of optically active centers in CVD nanodiamonds is demonstrated. By
employing the fabrication technique described here, there is a high probability of finding
a single nickel related optically active quantum emitter in an individual nanodiamond
crystal in a 100 pm? scan, which is suitable for further processing for SPS applications.

We now discuss the mechanism for nickel incorporation into the nanodiamonds. The

general route for the synthesis of the nickel related centers consists of four main steps, as
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illustrated in Figure 6.1. (1) an implantation of nickel (in general can be applied for any
other material) into a silica substrate, (2) seeding the substrate with nanodiamond seeds,
(3) growth of diamond crystals using MPCVD technique, and (4) annealing the sample to
relief any post growth stress and stabilize the crystal structure and the optical centers.
According to SRIM simulations (Figure 6.7a), the implantation of nickel into silica, using
energies of 20 keV or 30 keV results in a high nickel atoms concentration at depths of ~

20 nm and ~ 30 nm, respectively.

(a) 20 keV
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Figure 6.7 (a) SRIM simulations of nickel implantation into silica using 20 keV and 30
keV. (b) SEM image of an etched silica surface. Inset is a high magnification image,
clearly demonstrates etching deeper than 50 nm.

The diffusion coefficient, D, of nickel in silica at 1373 K is estimated to be in the order of

1.7x107 = 9.68x107'° cm?/s, depending on the ratio of Si:0[209]. This leads, using a

typical diffusion length, x ~ VDt , to an estimated diffusion path of only several
nanometers during the =1 hour of growth and annealing at the temperature range applied
in our experiments. However, the long annealing time which is required to boost the
nickel diffusion in silica towards the diamond crystals over the range of tens of
nanometers, is overcome by the etching of the silica coverslip during the CVD growth.
Since the silica is located less than a few centimeters below the plasma ball, it is partially
etched as can be evident from the SEM picture (Figure 6.7b). Inset is a high
magnification image, clearly demonstrates etching deeper than 50 nm. During the silica

etching, nickel atoms are exposed to the plasma and through gas phase diffusion are
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incorporated into the growing nanodiamonds. The CVD process continues for at least 8
min to achieve a reasonable diamond crystal size of tens of nanometers and this time is
sufficient to etch the silica substrate for the desired depth[210].

Note that growing nanodiamonds on an evaporated thin nickel film (rather than
implanting the impurities into the substrate) is problematic since nickel is known to
catalyze carbon nanotubes and sp2 carbon. Therefore, the presented here technique offers
unique opportunity to grow high quality nanodiamonds while at the same time
incorporate nickel atoms into the growing crystals.

The purpose of the final annealing process is to enhance the vacancy diffusion and to
relieve any post growth residual stress, thus enhancing the formation of the nickel related
optically active color centers. Although different doses of nickel were implanted into the
substrate, there was no significant influence of the ion dose on the PL signals and the
obtained nickel related centers. Even at high doses of 1x10"% Ni/cm? the nickel atoms are
distributed with a sufficient homogeneity to prevent cluster formation, while lower doses

were sufficient to incorporate nickel into the growing nanodiamonds.

6.3 Summary

In this chapter a novel methodology for fabrication of optical emitters in CVD
nanodiamonds by incorporating an impurity during the growth was introduced and
discussed. The technique endows with the unique opportunity to engineer single quantum
emitters on demand in high quality nanodiamonds without damaging the grown crystal by
ion implantation. Fabrication of nickel related SPSs in individual CVD diamond
nanocrystals was achieved by implanting nickel into the substrate prior the diamond
growth. This technique has greatly improved the formation probability of the nickel
related single photon centers in nanodiamonds. The low background noise and the
enhanced counting rate compared to bulk diamond make this technique highly valuable
for fabrication of quantum emitters.

This methodology has a number of clear advantages. First, the impurity is introduced

during the diamond growth and therefore the atoms will occupy a lattice site with
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minimum energy rather than being accelerated into a random lattice location by a post ion
implantation process. Second, this technique is versatile, and although demonstrated only
with nickel in this case, it can be potentially applied for the incorporation of any other
impurity in diamond nanocrystals. Particularly, one may choose substrates which already
host a significant number of impurities and use it as a growth platform for the diamond
crystals. One such substrate is sapphire, which hosts high concentration of Cr atoms. This

will be thoroughly discussed in the next chapter.
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Chapter 7

Ultra bright single photon sources

In the previous chapters, nickel related SPSs were introduced and a number of avenues to
manufacture these sources in nanodiamonds were presented and discussed. The
motivation for the development of these sources was to find a narrow band width, bright
emitter in the NIR. Prior to this work, the highest reported emission count rate from a
known diamond related SPS was ~75x10° counts/s[29] which is not be sufficient for a
realization of a quantum optical device competitive with attenuated lasers. Although a
count rate of few hundreds kcounts/s was obtained from nickel related SPSs embedded in
diamond nanocrystals, much brighter sources are required for many practical
applications. This chapter will thoroughly describe the fabrication of ultra bright single

photon emitters and present their photophysical properties.

7.1 Introduction

One way to achieve an ultra bright single photon emission is to modify the collection
efficiency of the emitter by means of cavities or to modify the decay paths through
coupling to plasmons. Research groups world wide have recently demonstrated both
effects, employing the NV center in diamond[ 155, 211-213]. These procedures, however,
are highly non trivial. For the cavity technology to work, for instance, single crystal
diamond etching is required. Then, the probability of a single emitter being in the right
position to achieve an effective coupling with the cavity mode is very low. To couple a
quantum emitter to a plasmonic structure (nanowires or a metal sphere), a cumbersome
manipulation of individual diamond nanocrystals is required. Moreover, for both
processes, even if successful, emission from only few emitters would be enhanced.

Therefore, true ultra bright SPSs available on demand, are highly sought after.
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The breakthrough came in 2009 when Simpson et al[214] reported on an unknown center
with a ZPL at 734 nm emitting millions of photons per second and exhibiting a two level
electronic system. The origin of the center or its possible atomic structure is unfortunately
unknown. It is likely that this unique center was present in the diamond seed, which was
used to grow the diamond crystals using a CVD technique.

In addition of having emission rate in the MHz regime, Simpson’s discovery unveiled
that diamond color centers can exhibit two level behavior, which was confirmed by an
absence of bunching in the g”(t) function. (The two level scheme implies that there is no
intermediate or shelving states between the excited and the ground state of the emitter,
Figure 2.8b). The absence of a metastable state was partially responsible for the high
brightness of the center. This was the first diamond based optical center which was
known to have a two level system without any metastable state. The other single emitters,
such as the NV, NES8 or SiV all behave like a three level systems. They exhibit a photon
bunching in their second order autocorrelation function and possess a metastable or a
shelving state.

Although reproducing such an unknown center is practically impossible, this discovery
spurred the research for bright diamond based single photon emitters. This chapter is
focused on a controlled fabrication of ultra bright SPSs originated from point defects in

diamond.

7.2 Ultra bright single photon sources in CVD diamond crystals

The technique of incorporating impurities from the substrate during the CVD growth was
presented in the previous chapter. To take full advantage of this technique, a different
growth substrate which natively hosts a significant number of impurities should be used.
The substrate of choice is sapphire, and there are a number of reasons for this selection.
First, sapphire hosts a high concentration of chromium atoms, which form a very bright
luminescent defect, named R1[215]. The emission of this defect is centered around 700
nm and was used as the first solid state optical laser exactly 50 years ago[216]. The
chromium may therefore diffuse into the growing diamond crystal from the sapphire

substrate. Second, sapphire does not contain a significant amount of silicon, thus, the
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probability of incorporation of silicon into the growing diamond and the formation of SiV
centers is reduced. Third, sapphire is not a metal, and thus would not catalyze sp> carbon.

It was shown in chapter 4 that high quality diamond crystals can be grown on sapphire.

7.2.1 Experimental results

The CVD diamond crystals were grown to an average size of few hundreds nanometers
from diamond seeds (4-6 nm, Nanoamor Inc.) on sapphire substrates (Crystal systems)
using a microwave CVD technique (900 W, 150 Torr) as described in chapter 4. A
laboratory built confocal microscope at the University of Melbourne (Figure 3.6) with a
spatial resolution ~ 400 nm (100 x objective, 0.95 N.A.) and HBT interferometer were
used to identify the emitting centers and measure the time correlation of PL intensity.

Figure 7.1a shows a 20x20 umz PL confocal map of the diamond nanocrystals grown on
sapphire recorded at room temperature using an excitation power of 60 uW at 682 nm.
Roughly, one out of ten crystals shows a very bright emission of more than 100x10
counts/s. Figure 7.1b shows a representative SEM image of nanodiamonds grown on a
sapphire substrate. Inset, is the image of a typical diamond nanocrystal shown at high

magnification (the scale bar is 500 nm).
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Figure 7.1 (a) A typical photoluminescence intensity confocal map (20 x 20 pm?)
showing fluorescent nanodiamonds grown on a sapphire substrate recorded using a cw
laser diode emitting at 682 nm with an excitation power of 60 uW. (b) Typical SEM
image (20 x 20 umz) of the nanodiamonds grown on a sapphire substrate. Inset, a high
magnification SEM image of a typical diamond nanocrystal. The scale bar is 500 nm.
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Figure 7.2a-d shows PL spectra recorded from the bright nanodiamonds.
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Figure 7.2 Typical PL spectra recorded at room temperature from bright individual CVD
diamond crystals as shown in the confocal raster scan of the sample in Figure 7.1a. The
peak emission lines centered at (a) 744 nm (red), (b) 749 nm (blue), 756 nm (green) and
764 mn (black). (¢) Demonstration of similar emission lines which were found all
together in one crystal. (f) A typical PL spectrum recorded from an arbitrary crystal
grown on the sapphire substrate, which does not show any extreme brightness or a narrow
PL line.
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At least four typical emission lines centered at 744 nm, 749 nm, 756 nm and 764 nm were
observed from the inspected crystals. These lines exhibit a FWHM of a few nanometers
and do not have significant phonon sidebands. These lines are most likely associated with
a Cr impurity within the diamond crystal, incorporated from the sapphire substrate during
growth. This will be discussed in detail below. In some cases two or more PL lines were
found in one crystal, as shown in Figure 7.2e, with the relative intensity of the lines
varying from crystal to crystal. Figure 7.2f shows a typical PL spectrum recorded from an
arbitrary crystal on the sapphire substrate, which does not show any extreme brightness
or a narrow PL line.

Figure 7.3a-d shows the corresponding normalized second-order autocorrelation function,
g(z)(r), for the respective PL lines (centered at 744 nm, 749 nm, 756 nm and 764 nm), for
excitation powers below and above the optical saturation power, P. The excitation power
used to record each curve is written to the right of the curve. Single photon emission from
these centers was verified first by recording the g®(t) function at low excitation powers.
With higher excitation powers, the g(2)(0) increases due to the finite time response jitter of
the photo detectors and correlation electronics. The dip at zero delay time indicates a
single photon emission. The deviation from zero is attributed to the jitter of the
electronics and residual polarization dependent background. Among the observed bright
emitters, roughly 30% of the crystals showed the bunching behavior and the rest did not
show any bunching in the g(z)(’c) function.

From the experimental data, the centers with a ZPL at 744 nm, 756 nm and 764 nm
exhibit two level behavior without any bunching of the g(Z)(T) function. The emitter with
a ZPL at 749 nm exhibits a three level behavior with a clear bunching observed in the
g(z)(’c) function. Therefore, the two level emitters were fit by equations (2.17) and (2.24),
while the center with a ZPL at 749 nm was fit by equations (2.18) and (2.24). The
g?(0) of the 744 nm, 749 nm, 756 nm and 764 nm centers are 0.44, 0.16, 0.2, and 0.09,
respectively.

By extrapolating the decay rate A; to zero optical excitation power, the excited state
lifetime of the two level emitters is obtained. Figure 7.4 shows the values of A; as a

function of excitation power for various emitters. From the fit to equation (2.19) , the
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lifetime of the 744 nm, 756 nm and 764 nm emitters are deduced to be 3.8 ns, 3.7 ns and

13 ns, respectively.
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Figure 7.3 Background corrected g®(t) measured with 154 ps coincidence time bin for
300 s at different optical powers for the (a) 744 nm line, (b) 749 nm line (c) 756 nm line
and (d) 764 nm line. The two level emitters were fit using equations (2.17) and (2.24) and
the three level emitter was fit using equations (2.18) and (2.24). The number to the right
of the curves corresponds to the fraction of the saturation excitation power (P) which was
used to record the g(z)(’c). The peaks at -20 ns and at 30 ns in (b) and (c) are due to
crosstalk between the APDs, which has been removed by replacing the flat fiber patch
cord with an angled one, eliminating the effect in the other figures. The plots in each
graph were shifted for clarity.

The fit applied to the second order correlation function for the 749 nm emitter contains
two exponential decay rates A; and A,. The extrapolation of these rates to zero optical
excitation power allows the excited state lifetime and shelving decay rates to be
determined by fitting the data to equations (2.19) and (2.20). The excited state lifetime of

the 749 nm emitter is deduced to be 1.1 ns (880 MHz). The decay rate, A, as a function
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of optical power is shown in the inset of Figure 7.4b. The resulting values of r;, and 7,

are 6.2 MHz (16.1 ps) and 0.89 MHz (1.1 ps), respectively and are much longer than the

excited state decay rate (Figure 7.4).
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Figure 7.4 (a) A, parameter measured versus the optical excitation power for the centers
at 744 nm (red squares), 749 nm (blue diamonds), 756 nm (green triangles) and 764 nm
(black circles). At the limit of zero optical power the lifetimes of the centers are
121=3.8+0.3 ns, T5;=1.120.1 ns, 15;=3.72£0.5 ns, and 7,;=13+1 ns, respectively. The data
were fit with equation (2.19). (b) The behavior of A, versus the optical power of the
emitters at 749 nm. The estimated values r3; =6.2 MHz (161 ns), and r»3=0.89 MHz (1.1
us), o= 2.5 mW™, B= 3.1 mW"' are deduced for this emitter. The data were fit with
equation (2.20);

The single photon emission count rate as a function of optical excitation power P, is
shown for each emitter in Figure 7.5. The measured count rates (corrected for the
background) are given by the sum of the counts on the two APDs in the HBT setup. For
the 744, 756 and 764 nm emitters, the saturation curves were fit using equation (2.21),

of 2.1><106, 3.2x10° and 1.3x10° counts/s,

oo 2

yielding saturation count rates, R
respectively. The saturation curve of the three level 749 nm emitter was fit using equation
(2.23), with the values of r,;, 3, r3;, 123 obtained from the fit to g(z)( 7) as a function of
pump power. The single fitting parameter, which represents the quantum efficiency and

the collection efficiency, 7., X17],, , was then obtained from a least squares fit to the

saturation curve.
Extremely high count rate of 3.2x10° counts/s was deduced from the fit for the emitter

with a ZPL at 756 nm. To the best of our knowledge, this is the brightest single photon
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source observed at room temperature to date. The measured count rate is comparable with
the ultra fast cavity based SPS based on QD[217]. However, unlike the QD, which
requires cryogenic temperatures, the fabricated diamond based SPS is operating at room
temperature. Moreover, the measured count rate was achieved without the enhancement
of the collection efficiency by integration of the SPS in cavities[212, 213] or with
plasmonic structures[155]. Such a high count rate can be explained by the proposed two-
level energy scheme, which allows the center to be efficiently pumped and eliminates the

possibility of population leaking into any longer lived dark states.

5 6
_x10° (b) 3_><10

o

~
oo

Count rate (counts/s) ~
o

—_
1

Count rate (counts/s)

= 744 nm A 756 nm
¢ 749 nm
e 764 nm
00 02 04 06 08 10 12 00 05 10 15 20
Excitation Power (mW) Excitation Power (mW)

Figure 7.5 (a) Single photon emission count rate for the emitters centered at 744 nm (red
squares), 764 nm (black circles) and 749 nm (blue diamonds). The data of the two level
emitters (centered at 744 nm and 764 nm) were fit using equation (2.21) while the data of
the three level emitter (centered at 749 nm) were fit using equation (2.23). (b) The
brightest single photon emitter with a ZPL at 756 nm (green triangles) with the count rate
at saturation reaching R =3.2x10° counts/s.

Figure 7.6a shows a direct measurement of the lifetime recorded from the emitters using
the pulsed excitation at 20 MHz repetition rate. The single exponential fit to the
fluorescence decay rate of each emitter, resulted in a measured excited state lifetime of
4.1 ns, 1.4 ns, 3.9 ns and 14.2 ns for the 744 nm, 749 nm, 756 nm and 764 nm centers,
respectively. Upon inspection of the fluorescence decay of the 744 and 749 nm centers
there is a fast component of the fluorescence decay which occurs on a time scale less than
0.5 ns. This component is attributed to the background within the emitting crystal. The

lifetime of the emitters in this case is determined by fitting the fluorescence decay for
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times greater than 0.5 ns. The measured lifetimes are in a good agreement with the
lifetimes estimated from the CW measurements for the 744 nm and 749 nm emitters. The
discrepancy with the 764 nm center can be due to the lack of the CW g“(1)
measurements at excitation powers well below saturation, which affects the fit to a zero
excitation power. The variation of the lifetime (4 ns to 14 ns) of the two level system
emitters can be attributed to nanocrystals geometry experiencing local modification of

electric field and/or differences in the atomic structure.
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Figure 7.6 (a) Direct measurement of the lifetime for the centers at 744 nm (red squares),
749 nm (blue diamonds), 756 nm (green triangles) and 764 nm (black circles), using a
pulsed laser at 20 MHz repetition rate with 200 ps pulse width. The data were fit with a
single exponential. The deduced lifetimes of the centers are 4.12 + 0.06 ns, 1.41 + 0.02
ns, 3.90+ 0.06 ns, and 14.2 £ 0.2 ns, respectively. (b) Anti-bunching measurement
recorded from a single emitter at 749 nm under pulsed laser excitation at 40 MHz and
average power of 70 uW.

Figure 7.6b is an example of the second order correlation function measurement under
pulsed excitation recorded from the 749 nm emitter. The peak at =0 is the probability of
having multi-photon emission in the same pulse, indicating the presence of only one
photon (g(z)(0)=0.17). The observed deviation from zero is due the background
luminescence from the nanodiamond crystal, which is not negligible in this case. To
reduce the unwanted background for practical applications, temporal filtering of the
single photon source can be implemented[218].

Figure 7.7 shows the stability measurement of single photon emission from the 756 nm

center. The center was photostable and no bleaching or blinking was observed over the
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whole measurement (more than 6 hours). All the single photon emitters, including the one

who exhibit bunching in the g¢®(t) function were stable over period of hours.
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Figure 7.7. Single photon count rate from the 756 nm center recorded for six hours
demonstrating an absolute photostability of the center.

The ratio between the average “off” and “on” periods of sources exhibiting a three level
system is given by the ratio ry3/r3; which equals to 0.14 for the 749 nm emitter. This
value indicates that the probability of a transition to the metastable state is moderate, as
shown by the slight bunching of the g“?(t) function (Figure 7.3b). Previous
determinations associated to NE8 complex in bulk type Ila diamond [29, 196], and CVD
nanodiamonds [28] showed a ratio r3/r3; of 2.8, 1.6 and 0.8 respectively, justifying much
lower saturation rates of the NE8 center with respect to the 749 nm emitter. In addition,
the 749 nm center possesses a shorter lifetime than NE8, which also contributes to the
higher emission rates.

The measured photo physical parameters of the chromium emitters are summarized in
Table 7.1. In general, two level emitters possessed a ZPL with a FWHM of ~ 10 nm,
whilst the three level emitters exhibited a FWHM of ~ 4 nm. To date, all the known
diamond-based single photon emitters (SiV, NV, and the NE8) reveal a third long-lived
metastable state in the electronic structure that is responsible for the bunching

behavior[20, 30, 140, 141, 176]. The centers reported here endow with s positive outlook

106



7.2 ULTRA BRIGHT SINGLE PHOTON SOURCES IN CVD DIAMOND CRYSTALS

on diamond based single photon emitters which possess a two level system and therefore

exhibit high count rate.

ZPL R To1 (nS) T21 (ns)
System r31 (MHz) | r; (MHz)
(nm) | (counts/s) | (pulsed) (CW)

Two-level | 744 | 2.1x10° | 4.12+0.06 3.8+£0.2

Two-level | 756 | 3.2x10° | 3.90+0.06 3.7+0.2

Two-level | 764 | 1.3x10° | 14.2+0.2 13.0+£0.7

Three-level | 749 | 2.7x10° | 1.41 +0.02 1.1 +0.1 6.2+0.6 | 0.89+0.09

Table 7.1 Summary of the photophysical parameters of Cr related single photon emitters
embedded in nanodiamonds.

The simple two-level nature of stable single photon emitters at room temperature can be
very significant for future metrological applications. One can envisage that SPSs
possessing two level behavior could be implemented as a “single photon standard”, able
to link classical radiometric measurements to fundamental quantum optical entities. In
particular, in the long term such a single photon standard could contribute to a re-
definition of the standard units for optical radiation in terms of the “quantum
candela”[219]. A solid understanding of the fabrication methods for an effective two
level emitter is expected to progress the technology to the point where they can become

practical quantum information and metrology devices.

7.2.2 Origin of the emitters

The origin of the centers is discussed in detail in this section. In order to ascertain
whether the ultra bright emitters are associated with a particular ion, e.g. Cr or Ni, and to
check for the effects of ion induced damage that might accompany the implantation, three
different batches of samples were prepared. (i) CVD grown diamond nanocrystals on a
sapphire substrate, which aims to check whether the emitters are formed due to an
incorporation of an impurity from the sapphire substrate. (i1) CVD diamond nanocrystals
implanted with nickel ions with acceleration energy of 30 keV and a dose of 5%10"

Ni/em® grown on a sapphire substrate. This batch aims to check whether the centers are
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nickel related. (iii) CVD diamond nanocrystals implanted with argon ions with
acceleration energy of 14 keV and a dose of 1x10"' Ar/cm® grown on a sapphire
substrate. This batch will give information of the formation probability of the centers
when additional vacancies are introduced by inert ions. All the samples were then
annealed at 1000°C in 95% Ar-5% H, ambient for 2 h. According to SRIM simulations,
the stopping range of the implanted ions is 10-20 nm beneath the diamond surface. The
damage created by the implanted argon and nickel is 1.17x10" and 1.38x10"
vacancies/cm’, respectively.

The confocal scans of the implanted and annealed samples revealed that bright emitters
were formed in all three batches. However, significantly more bright optical centers were
formed on samples which were implanted with Ni or Ar than at the unimplanted ones.
Remarkably, no difference in terms of brightness of the centers or their photophysical
properties was observed between the Ni or Ar implantations. The bright, narrow PL
signals from all sets (implanted with Ni or Ar or a bare sapphire) were similar to the ones
shown in Figure 7.2. This implies that ion implantation plays a significant role to enhance
the formation probabilities of the centers by introducing vacancies within the crystals.
However, the composition of the observed emitters is not related to either Ar or Ni ions.
In the previous chapter it was shown that during CVD growth impurities present in the
substrate can be incorporated into the diamond nanocrystals by diffusion through the gas
phase during the CVD process. These impurities, while in the diamond lattice can lead to
stable single photon emitters. In the present case, the diamond nanocrystals were grown
on sapphire substrates, which contain a significant amount of Cr atoms (~ppm). This was
confirmed by exciting the sapphire with 514 nm excitation laser and the observation of
strong luminescence at 693/695 nm (Figure 7.8). This PL doublet is attributed to a
substitutional Cr’* atom in a sapphire lattice and its electronic levels are well known[215,
220].

Our growth conditions of high pressure and high density plasma (see chapter 4) lead to
considerable etching of the substrate, exposing its constituents to the plasma ball and
enhancing the probability to be incorporated into the growing crystals. It is therefore
proposed that chromium atoms diffuse from the sapphire into the growing nanodiamond

and form the optical centers. To test this hypothesis, the same growth — implantation —
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annealing sequence was repeated, but this time into diamond nanocrystals grown on a
silica substrate, which does not contain any chromium atoms. The PL studies of the
diamond nanocrystals grown on silica did not reveal any of the narrow PL lines shown in
Figure 7.2 or any bright single emitters at all. Therefore, one may conclude that the
incorporation of an impurity from the sapphire substrate, most likely chromium, into the

growing diamond nanocrystals gives rise to the observed PL lines.

Intensity (arb. units)

688 690 692 694 696 698 700
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Figure 7.8 PL recorded from a bare sapphire substrate at room temperature using a 514
nm excitation. The doublet centered at ~700 nm is known as R1 center, originated from a
substitutional Cr’* ion in sapphire and used as the first solid state optical laser exactly 50
years ago[216].

One must bear in mind that the incorporation of oxygen or aluminium from the sapphire
substrate is also possible, since these are the main elements of the sapphire crystal. The
incorporation of silicon from the quartz bell jar chamber can not be neglected as well.
Given that we do not observe any of these centers in samples grown on silica substrates,
it would appear that silicon is not strongly implicated in the center. Nevertheless, an
interaction between various co-dopants to form a specific center within the diamond
crystal should be considered.

During the growth, the impurities from the substrate are randomly dispersed within the
crystal. Assuming that Cr atoms do indeed play a crucial role, but need to be paired with
another impurity (such as aluminium, oxygen, silicon), there is only a finite chance for
such an event to occur. Note that the relatively low annealing temperature of 1000°C is

not sufficient to cause a migration of heavy atoms like Cr, Si, or even O; however, the
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diffusion of vacancies toward the specific atom to stabilize the optical properties of the
center is expected. This may explain why only some of the crystals exhibit the desired
narrow luminescence signals, while others do not.

To date, very little is known about chromium centers in diamond[55, 94]. Initial work by
Zaitsev et al [55, 94] revealed a number of lines at 741 and 754 nm in the CL spectrum
recorded from 300 keV Cr implanted diamond at 80 K (Figure 7.9). However, ion
implantation of any elements into diamond creates the radiation GR1 line, centered also
at 741 nm. Since the main line of chromium is overlapping with the radiation GR1 line,
there was no solid evidence that the observed PL signals are indeed Cr related.
Nevertheless, these CL signals are similar to the observed PL lines from some of the
diamond crystals grown on sapphire, which support the assumption that chromium is

involved in the new centers.
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Figure 7.9 CL spectrum taken at 80 K of a very-low-nitrogen natural diamond implanted
with 300 keV Cr* ions at a dose of 10'* cm™ and subsequently annealed at a temperature
of 1400 °C. Vertical lines show structure due to interaction with quasilocal vibrations of
two Cr atoms. The graph is taken from[94].

The explanation of what leads to two or three level emitters is at this point of time
unclear. One assumption is that the number of chromium atoms forming the center or its
charge determines the photophysics of the center. Unfortunately, the charge state of the

chromium complexes and the number of atoms involved in each center are unknown at
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this stage. One may assume that the strain within the crystal may also have a significant
effect. Indeed, it was shown for NV centers that strain can modify the transition from
being spin conserving to a A system geometry[221]. Similarly, the strain can modify the
electronic transition within the nanodiamonds and enhance/suppress the relaxation to a
third metastable state.

To unambiguously determine the involvement of Cr in these centers, a post growth
implantation of Cr into a pure single crystal diamond is required. However, this process
involves substantially different formation kinetics and thermodynamics. Hence it is not
obvious that the same set of centers will be found, nor is it obvious that they will share
the same properties. The experimental results of the implantation of chromium into a bulk

diamond are presented and discussed in the following section.

7.3 Ultra bright single photon sources in bulk diamond

Circumstantial evidence of Cr-related centers in nanodiamonds grown on sapphire
substrate has been presented in the previous section. However an unambiguous
determination of their composition is yet to be ascertained. To explore the origin of novel
color centers and their fundamental physical properties, the fabrication of these centers in
monolithic single crystal diamond, rather than nanocrystals is necessary. lon implantation
offers the unique advantage of being able to fabricate optical centers based solely on the
constituents used in the implantation process along with the known and well
characterized elements present in the bulk diamond. The implantation technique is
particularly advantageous when trying to identify the origin of an unknown color center.

Cr-related luminescence has been identified in sapphire[215] and silicon[222]. The origin
of the luminescence in silicon is still under investigation[223]. One hypothesis is that the
Cr appears as interstitial or paired up with substitutional boron, creating Cr;B; pairs[223].
The atomic structure of the Cr related center in sapphire is attributed to a substitutional
Cr’* ion[215] (R1 center) and the radiative transition occurs as a result of a relaxation
from the excited (ZE) state to the (4A2) ground state. The radiative lifetime of the R1

center is in the ms range (~3 ms) and the internal quantum efficiency of 50%[215].
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With this in mind, the co-implantation of Cr and O atoms into single crystal diamond was
performed. The co-implantation aims to modify the oxidation state of the chromium in
the diamond lattice. At this point, it is important to stress that no prior knowledge in the
literature is available on Cr centers implanted into single crystal diamond. Therefore, our
only anchor was the Cr related luminescence centers in other solids.

The results of this section describe the fabrication strategies and the photophysics of Cr
related centers in bulk single crystal diamond by ion implantation. The results are
compared with the ones obtained from the nanodiamond samples and a discussion

regarding the chemical composition of the center is presented.

7.3.1 Experimental results

Figure 7.10a shows a fluorescence confocal map recorded from the (100) oriented single
crystal diamond (CVD, type IIA, [N] < 1 ppm, [B] < 0.05 ppm, Element Six) after the co-
implantation of 1x10'" Cr/cm? and 1.5x10"! O/cm2, accelerated to 50 keV and 19.5 keV,
respectively, and subsequent annealing at 1000°C in a forming gas ambient. The
implantation was performed in the low energy NEC implanter (see Figure 3.5). The
bright spots in the confocal image correspond to the optical centers from the ion
implantation process.

The implantation energies were chosen to maximize the proximity of the oxygen and the
chromium atoms. Figure 7.10b shows a Monte Carlo simulation using the SRIM
modeling package of implanted chromium and oxygen atoms accelerated to 50 keV and
19.5 keV, respectively. The end of range of these implantations was approximately 25 nm
below the diamond surface. Note that the annealing step applied after the implantation
(1000°C) is not sufficient to cause any diffusion of chromium or oxygen atoms in the
stiff, dense, diamond lattice; hence the formed centers are indeed located in the depth of
the implantation.

Figure 7.10c shows a narrow PL spectrum, recorded at room temperature from one of the
bright spots on the confocal map shown in Figure 7.10a (red curve), with a ZPL centered
at 749 nm and a FWHM of 4 nm. Similar PL lines were consistently observed from

different bright spots across the sample. Pristine unimplanted diamond samples or
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samples which were implanted with elements other than chromium (such as Ti, Ni, Si)

did not show these or similar PL lines.
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Figure 7.10 Chromium implanted diamond. (a) A confocal map recorded from the
diamond sample co-implanted with 1x10"" Cr/cm?® and 1.5x10"" O/cm?. The bright spots
correspond to Cr centers in diamond (b) Monte Carlo simulation of chromium and
oxygen concentration inside a diamond following 50 keV chromium and 19.5 keV
oxygen implantation. (c) PL spectrum recorded at room temperature from a bright spot on
the confocal map shown in figure 1 (red curve). The black curve is the PL spectrum
recorded from nanodiamonds grown on sapphire. The data from the nanodiamonds was
displaced vertically for clarity.

The black curve in Figure 7.10c shows as a comparison a PL spectrum recorded from a
center in nanodiamond grown on a sapphire substrate. The excellent agreement between
the PL spectra, in terms of the ZPL and FWHM, in bulk diamond and nanodiamonds

clearly indicates that these classes of emitters can be attributed to Cr.
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Figure 7.11a shows the corresponding normalized second order autocorrelation functions
recorded at room temperature from the 749 nm center. The dip at zero delay time
g?(0)=0.2 is characteristic of non classical light and verifies single photon emission. The
deviation from zero at t=0 is attributed to the background within the single crystal
diamond. The photon bunching (g”(t)>1) observed at longer delay times is indicative of
a three level system with a long lived metastable state[29, 148, 224]. Similar PL statistics,
with a bunching at the g®(t) function, were also observed for the 749 nm emitters
embedded in nanodiamonds, as was shown earlier (see Figure 7.3b).

To verify single photon emission on demand, a key feature for many quantum optical
applications, the center was excited with a pulsed laser with a repetition rate of 80 MHz,
as shown in Figure 7.11b. The vanishing peak at t=0 indicates that only one photon is
emitted per excitation pulse. The measurement of the excited state lifetime of the same
emitter is shown in Figure 7.11c and was obtained under pulsed excitation at 40 MHz.
From the single-exponential fit to the fluorescence decay, an excited state lifetime of
1.0£0.1 ns is deduced. The measured lifetime is in agreement with the one measured for
the center in nanodiamonds (1.1+0.1 ns). This is a short fluorescence lifetime when
compared to other known single photon emitters in diamond[29, 148], indicative of a
very strong dipole moment in the radiative transition.

The relation between the radiative lifetime and the dipole moment in atoms can be

described by[225]:

2

__ D]

= (7.1)
3reyhc,,.

vac

Where I',,. is radiative broadening of an atom emitting into vacuum (in our case this is
the inverse of the radiative lifetime (1.1 ns™"), w is the frequency of the optical transition,
D is the dipole moment, £,is the permittivity constant, and ¢, is the speed of light in

vacuum. For the case of the 749 nm emitter in bulk diamond, which located only ~20 nm

below the diamond surface, the derived dipole moment is estimated to be 37 Debye. We
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ignore the diamond medium and the diamond refractive index since the center is located

in a close proximity to the surface in respect to its emission line (20 nm << 749 nm).
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Figure 7.11 Optical characterization of the Cr center. (a) A normalized second-order
correlation function, g?(t), corresponding to the PL line shown in Figure 7.10c,
demonstrating single photon emission (g(z)(0)=0.2). The bunching (g(z)(r)>1) indicates of
a presence of a third metastable state. The red line is the theoretical fit based on a three
level model, taking into account the time response of the detectors. (b) Triggered single
photon emission is verified by exciting with a pulsed laser at 80 MHz. The deviation
from zero of the g”(0) under cw excitation is attributed to the background and the time
response jitter of the photo detectors and correlation electronics, while in the pulsed
regime the deviation from zero can be attributed to background due to non perfect
polarization condition of the pulsed excitation laser. (c) A direct lifetime measurement
(dots) with a fit of a single exponential (red curve). A lifetime of 1.0 £ 0.1 ns is deduced
from the fit. (d) Single photon emission count rate recorded from the same emitter as a
function of excitation power. The blue squares represent the background noise; the black
circles represent the raw data and the red rhombs represent the background corrected
count rate. The fit (red curve) was obtained from the solution of a three level system.
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The single photon efficiency was studied by measuring the emission count rate as a
function of the excitation power. Figure 7.11d shows the measured single photon count
rate as a function of excitation power. A measured count rate of ~0.5%10° counts/s makes
the Cr center the brightest reported single photon source in a monolithic single crystal
diamond to date. Remarkably, the chromium center is brighter than NV centers
embedded in pillars or solid immersion lenses which enhance the collection efficiency.
Table 7.2 summarizes the photon count rate recorded from various single emitters in

monolithic single crystal diamond.

Single photon emitter (in
Count rate (counts/s) Reference
single crystal diamond)
Silicon Vacancy 1.5%10° (counts/s) Wang et al [20]
Nickel-nitrogen (NE8) 75%10° (counts/s) Gaebel et al [29]
Ni-Si complex 78x%10° (counts/s) Steinmetz et al [207]
Nitrogen vacancy 50%x10° (counts/s) QCV [226]
Nitrogen vacancy embedded s )
1.7x10° (counts/s) Babinec et al [212]
in a pillar*
Nitrogen vacancy embedded s
3.5x10° (counts/s) Hadden et al [213]
in solid immersion lens*
Cr center 5%10” (counts/s) Aharonovich, Thesis

Table 7.2. Summary of single photon emission from various centers in monolithic single

crystal diamond. (*) denotes that the collection efficiency was enhanced by other means.

To gain more information regarding the dipole orientation of the Cr center within the
single crystal, excitation polarization measurements on emitters with a ZPL centered at
749 nm were performed[227, 228]. Prior to each measurement, an antibunching curve
was recorded to verify that only single emitters are addressed. All single 749 nm centers
studied here were found to exhibit a dependence on the incident excitation polarization.
Two distinct polarization dependencies were identified by characterizing numerous single
749 nm emitters and are shown in Figure 7.12a for four separate single emitters. By

varying the incident polarization angle by 90 degrees in the respective configuration the
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PL intensity evolves from maximum to minimum intensity, with extinction ratios of 96%,
as seen in Figure 7.12a. This is in agreement with the characteristic dipole transition

behavior.
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Figure 7.12 Polarization properties of the Cr center. (a) Polarization measurements of the
749 nm emitter represented in polar coordinates recorded by rotating the excitation laser
polarization. 6 is the polarization angle referred to the main crystallographic axes. PL
intensity versus polarization of the excitation laser for four different single photon
emitters (black triangles, black circles, red squares and red diamonds) with a ZPL
centered at 749 nm. An extinction of the signal down to the typical background level is
demonstrated. A period of nearly 90 degrees between the maximum and the minimum of
different emitters (black and red colors) is observed. (b) Modulation of the emission
intensity measured by rotating a linear polarization analyzer at the detection channel, with
a fixed polarization of the excitation field (blue stars). By introducing a quarter wave
plate before the analyzer, full polarization contrast was achieved. Purple stars show two
possible polarization emissions for two different wave plate positions.
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Given that the diamond sample is (100) oriented, the direction of the center excitation
transition dipole moment may be determined. The electric field of the incoming laser is
parallel to the (100) plane of the crystal. Since the modulation of the excitation
polarization angle results in an absolute extinction of the PL, the dipole of the center must
be aligned in the [Oyz] direction, otherwise full extinction of the PL would not be
observed. Furthermore, the period of the minima (or the maxima) of the emitters is 90
degrees, which indicates that only two different projections of the dipole on the (100)
plane are possible. Due to the diamond structure, the only crystallographic directions that
meet these conditions are the [010] or [001]. Note that the dipole of the center can also be
aligned along the [100] direction, however, in this case the excitation dipole transition of
the center is perpendicular to the electric field of the incoming laser beam and will not be
excited. Thus, the excitation transition dipole moment of the Cr related center is aligned
in one of the <100 > crystallographic directions.

The emission polarization of the Cr centers was studied by fixing the polarization
excitation to maximum and rotating the polarizer at the detection channel. The non
perfect degree of polarization of the emitted light (Figure 7.12b, blue stars) may be
attributed to the fact that the excitation and the absorption dipoles are not parallel. The
difference between the absorption and excitation dipole orientation is due to a
redistribution of the electrons upon photon absorption.

Upon introduction of a quarter wave plate in the detection channel before the analyzer, a
full extinction of the emitted light (Figure 7.12b, purple open stars) was observed,
confirming that the emitted light is fully polarized. Different orientations of the
modulated emission were obtained by varying the quarter wave plate position, as shown
in Fig. 3b for two different positions (recorded from the same emitter). The angle
between the maxima of the emitted light and the cube main axis does not give
information of the relative orientation of the emission and absorption dipoles, which
requires more accurate evaluation of the anisotropy using polarization microscopy
techniques[229]. The fully polarized light indicates that transitions such as thermal
relaxation within the excited state manifold do not exist under our experimental
conditions and the decay to the ground state occurs from an individual excited state

level[230, 231]. This is an important characteristic for the generation of indistinguishable
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single photons and quantum entanglement[161]. Therefore the polarization measurements
indicate that the chromium centers behave like a dipole relative to the absorption of the
incoming excitation laser and have a fully polarized emission.

Fabrication of emitters in a bulk material has a number of other benefits besides
establishing the constituents of the emitters and identifying their transition dipole
orientation. Color centers in monolithic single crystal diamond are more suitable for QIP
compared with those in nanocrystals due to reduced strain effects. Indeed, a stable
Fourier transformed PL line was measured from an NV center in a bulk diamond[232,
233], as well as coherent population trapping effect[221, 234]. Bulk crystals can also
provide a platform of an ultra pure isotopically engineered material in terms of
paramagnetic impurities (by using '’C atoms instead of '’C), which enabled a
demonstration of an electron spin longest dephasing time at room temperature of ~1.8
ms[92]. Furthermore, when these centers are integrated with the recent diamond based
antennas[212] or solid immersion lenses[213], even higher count rates can be expected.
Note that the center is located only a few tens of nm below the diamond surface which is
crucial for efficient coupling of the emitted light to external cavities or waveguides[205,
235, 236]. Therefore, producing the center in a controlled manner in bulk diamond is a
remarkable achievement which opens new experimental avenues for further studies of

these centers.

7.3.2 Atomic structure of the chromium center

We now discuss the atomic structure of the Cr center in diamond. A substitutional atom
in a diamond lattice generally exhibits tetrahedral symmetry and would possess different
excitation polarization dependence than the observed here. Furthermore, a substitutional
atom generally has similar size to the atom of the host matrix such as nitrogen in
diamond. In particular, most of the substitutional atoms in diamond form complexes
aligned along the <111> axis (e.g. substitutional nitrogen adjacent to a vacancy). The
excitation polarization measurements in this work reveal a complete extinction of the PL

which indicates that the excitation dipole of the center is located on the {001} planes.

119



CHAPTER 7. ULTRA BRIGHT SINGLE PHOTON SOURCES

Since the size of the Cr atom is significantly larger than the size of the carbon atom, an
interstitial related location is more stable than a substitutional one. A distortion of the
crystal around the Cr atom is possible to stabilize the structure. It is therefore likely that
the Cr atom occupies an interstitial related site, with a possible distortion of a surrounding
diamond lattice. At this stage we can not exclude the possibility of the Cr occupying a
non defined site (such as Cr in the center of a di-vacancy) where Cr is not bonded to the
surrounding carbons. This defect geometry was shown recently by an electron spin
resonance study for the 883/885 nm Ni related defect[91]. Neither we can categorically
rule out a substitutional chromium defect, since other large atoms such as nickel were
found in substitutional locations in the diamond lattice[237].

We then investigated the effects of local vibrations due to the number of atoms forming

the defect. A defect consisting of an impurity atom of mass M, located in a matrix with
host atom mass M., generates quasilocal vibrations which can be described by the

following equation[94]:

Wy, = WM 13(kM, —M ) (7.2)

where w, =150meV is the Debye frequency of the diamond lattice and k is the number

of impurity atoms involved in the quasilocal vibration[94]. Assuming that only one Cr
atom is involved, the vibration should occur 47 meV from the ZPL. Therefore, in the case
of ZPL= 749 nm, the vibration should occur at 771 nm. Following the measured PL from
the bulk diamond presented in Figure 7.10, a vibronic feature is observed at 771 nm,
which corresponds to 47 meV shift from the ZPL. We therefore tentatively conclude that
only one chromium atom is involved in the structure of the center. Although it is hard to
envisage that more than one chromium atom is involved, other analytical techniques

should be performed to confirm this assumption.

7.3.3 Fabrication strategies of the chromium centers

The co-implantation technique of Cr and O with the doses and energies specified above

yielded 5-10 Cr related centers per 100x100 um? This indicates rather low conversion
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probability of implanted Cr into an optically active defect. To investigate the fabrication
process of the chromium centers more implantations were carried out. Particularly, we
modified: the type of diamond which is subject to implantation, the implantation doses
and interaction of Cr with other dopants. The annealing conditions of all samples were
same as the original samples (i.e. 1000°C in a forming gas ambient). The acceleration
energies of the various dopants are summarized in Table 7.3 and the full detailes of the

implantations are summarized in Table 7.4.

Element Implantation energy [keV] End of range [nm]
Chromium 50 2547
Oxygen 19.5 2548
Silicon 34 25+7
Boron 13 25+8
Sulfur 38 2547
Nitrogen 18 25+8

Table 7.3. Implanted elements and the corresponding implantation acceleration energies.

The results of the implantations are very intriguing. The chromium centers was routinely
observed in Type ITA diamonds (samples 7-20). However, when same implantation was
applied to an ultra pure or a type Ib diamond, the chromium enters were never observed
(samples 1-6 and 21-25, respectively). The main difference between these diamonds is
the amount of nitrogen. While in an ultra pure sample, the level of nitrogen is extremely
low, less than ppb, in type Ib the concentration of nitrogen is extremely high (~100 ppm).
It is therefore obvious that nitrogen may play a role in the formation of the centers.

The influence of nitrogen is likely to dominate the charge state of the center. If its
concentration is too high or too low, the required charge state of the chromium center is
not formed. Surprisingly, however, even when low doses of nitrogen were co-implanted
into the ultra pure material along with chromium and oxygen (samples 5-6), no single

centers or narrow PL lines were observed.
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Diamond type Implantation details Comments Sample N
1x10" Cr+1.5x10" O 1
2x10"" Cr+3x10"' O 2
Ultra pure 2x10" Cr No single centers or narrow 3
(N1<5 ppb, 2x10" Cr+2x10"° B PL lines were found at all 4
(B] <1 ppb
1x10" Cr+1.5x10" O + 1x10° N 5
1x10" Cr+1.5x10" O + 1x10"" N 6
1x10" Cr+1x10'"" Si 1-2 centers in 100x100 wm® 7
1x10" Cr+1x10" Si 1-2 centers in 100x100 pm® 8
1x10" Cr 1-2 centers in 100x100 pm® 9
1x10" Cr 1-2 centers in 100x100 wm® 10
1x10" Cr+1.5x10"° O 5-10 centers in 100x100 pm’ 11
Type A 2x10" Cr+3x10'° O 5-10 centers in 100x100 wm® 12
[N] < 1 ppm 1x10" Cr+1.5x10"' O 5-10 centers in 100x100 pm’ 13
[B] <0.05 1x10" Cr+5x10"' O 5-10 centers in 100x100 pm’ 14
ppm 1x10" Cr+2x10"2 O 5-10 centers in 100x100 wm® 15
1x10" Cr+1.5x10"2 O 5-10 centers in 100x100 pm’ 16
1x10"” Cr+1.5x10" O 1-2 centers in 100x100 wm® 17
1x10" Cr+3x10"' S 5-10 centers in 100x100 wm® 18
1x10" Cr+1x10"' B 1-2 centers in 100x100 pm® 19
1x10" Cr+1x10" B 1-2 centers in 100x100 wm® 20
1x10" Cr+1x10"" Si 21
1x10" Cr+1x10" Si 22
[N]ij(f):OIEpm 1x10" Cr No single centers or narrow 23
1x10" Cr PL lines were found at all. 24
(B1<0-Tppm Ix10" Cr+1.5x10" O 23
1x10"” Cr+1.5x10"” O 25

Table 7.4. Various implantation routes employed to investigate the formation of Cr
related centers. The ultra pure and the type IIA diamonds were purchased from Element
Six while the Type Ib diamond was purchased from Sumitomo).

It is also evident from the results that a donor (oxygen or sulfur) is required to efficiently

engineer the centers (samples 11-16, 18). Since sulfur and oxygen are located in the same
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column in the periodic table, they are expected to behave similarly when introduced in
the diamond lattice. The ratio of chromium centers observed in the co-implantation of
chromium and oxygen/sulfur compared to other implantations was as high as 10:1. Since
similar results were obtained with co implantation of chromium — oxygen and chromium
— sulfur, it is more likely that oxygen and sulfur play a donor role and set up the charge of
the center and are not chemically bonded to the chromium. It may be analogous to other
transition metals in solid which show PL signals only if they are in the right charge state.
For instance, erbium in silicon becomes optically active only if a specific charge state of
Er’* is achieved. Furthermore, it has been shown that co implantation of erbium and
oxygen into silicon greatly enhanced the emission from this defect[238, 239]. We can not
at this stage unambiguously identify the role of the oxygen or sulfur in the co-
implantation except to note that the co implantation significantly enhances the formation
probability of the chromium emitters.

A co implantation of silicon and chromium was performed to test the damage effects
associated with the implantation. Silicon should not modify the charge state since it has
similar electronic configuration as carbon, however, a co-implantation of silicon with
chromium will induce damage and introduce more vacancies. This implantation
procedure followed by the same annealing treatment resulted in only limited number of
chromium emitters (samples 7-8). Similar results were obtained when chromium only
was implanted (samples 9-10). These outcomes strongly supports that the role of the
oxygen/sulfur is related to a charge transfer rather than assisting in generation of
vacancies.

To test for a co implantation of chromium and an acceptor, chromium and boron were co
implanted (samples 19, 20). As expected at this point, only a limited number of bright
emitters were obtained. In the cases where no donor was co-implanted with chromium,
the charge, necessary to form the bright narrow bandwidth chromium emitters, could be
picked up from the surrounding impurities within the diamond (e.g. from nitrogen).
However, as was shown experimentally, the probability of this process to occur is
significantly reduced.

No significant dose dependence was observed in the samples implanted with Cr and

oxygen or sulfur (samples 11-16, 18). When the Cr dose rise above 1x10'* Cr/cm?, the
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number of the observed centers decreased (sample 17). The quenching of the
luminescence may be caused by excessively high implantation dose, which resulted in
aggregation of the implanted species (e.g. chromium) rather than a formation of single
centers. Samples implanted with 110" Cr/em?, 1x10"" Cr/em® or 1x10'? Cr/em?
(samples 11, 12, 16) all showed similar statistics in the number of the observed single Cr
related centers. This indicates that the bottle neck for the conversion efficiency of the
implanted chromium to an optical center does not directly depend on chromium but rather
on another impurity or the specific charge state of the center. Therefore, based on our
experimental results, the best recipe for producing the chromium related emitters is
implanting chromium and a donor with doses ranging from 1x10'"° — 1x10'? atoms/cm? .

One of the open questions remains after the implantation sequences is why two state
emitters were never observed in a single crystal diamond (i.e. fabricated by ion
implantation), although were routinely found in CVD nanodiamonds grown on sapphire
(see Figure 7.2). A careful analysis of the ultra bright center, with a ZPL centered at 756
nm, reveals that a vibronic replica is observed at 770 nm, which corresponds to 31 meV
shift from the ZPL. Fitting this value into equation (7.2) yields two Cr atoms per center.
If this is indeed the case, it explains well why the two level emitters have not been
observed by ion implantation. The low formation probability of the chromium emitter,
which involves only one Cr atom, would have been dramatically reduced, since two Cr
atoms would have been required to form a single center. In addition, we do not possess
any knowledge about the additional elements which might be required to form the ultra
bright two level emitter. Further experiments will be required to try and replicate the two

state emitters by ion implantation.

7.3.4 Statistics of the Cr related emitters

Until now, we have concentrated on the emitter with a ZPL centered at 749 nm since it
has a full correlation with the emission from Cr centers in nanocrystals. However, a
further characterization of the implanted areas of the bulk diamond samples revealed a
statistical distribution of the ZPLs. Figure 7.13a shows a histogram of ZPLs recorded

from the implanted samples. Most of the emitters are centered around 750 nm, while
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some emitters have a red shifted ZPL. The distribution of the ZPLs may arise due to local
chemical environment, strain or charge fluctuations. Remarkably, although the ZPL is
varied, the FWHM of all the emitters was preserved and equals to 4 nm. It is also
important to stress that none of the presented PL lines were found in unimplanted areas
and the narrow PL lines were observed only in samples which were implanted with

chromium according to Table 7.4.
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Figure 7.13 (a) Histogram of the ZPLs of various Cr related emitters as a function of
wavelength. (b) distribution of the excited state lifetime of different Cr related emitters as
a function of wavelength.

Figure 7.13b shows the distribution of the excited state decay rates measured from
individual single emitters as a function of the ZPL. In this case, although a fluctuation of
the lifetime is observed, there is no clear dependence of the excited state lifetime on the
wavelength. The average lifetime for all the emitters is estimated to be 1.2 ns. The
fluctuation of the excited state lifetime may arise due to strain which presents in these
samples[221, 234]. Another hypothesis for the lifetime modification is the distance from
the surface of various emitters. The radiative lifetime depends on the optical environment
of the dipole and hence depends on the distance from the dielectric interface[240]. Since
the emitters are formed by ion implantation which results in a Gaussian distribution of the
end of range of the ions (see Figure 7.10b), a number of emitter are likely to be located in
a different distance from the surface.

We then investigated the photon statistics of the emitters with respect to their ZPL. Figure

7.14a shows four typical g?(t) functions (red, pink, green, black) recorded at excitation
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power above saturation from four Cr related emitters with ZPLs centered at 749 nm (red),
753 nm (pink), 757 nm (green) and 762 nm (black) (Figure 7.14b). It is clearly seen that
the photon bunching of the center increases and becomes predominant with a red shifted
PL. This indicates that the probability of transition from the excited state to the
metastable state increases when the ZPL is shifted to the red. Subsequently, the emitters

become less efficient because the transition to the metastable state increases.
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Figure 7.14 (a) Four typical g(2>(r) functions (red, pink, green, black) recorded at
excitation power above saturation from four Cr related emitters with ZPLs centered at (b)
749 nm (red), 753 nm (pink), 757 nm (green) and 762 nm (black). Photon bunching of the
centers increases with a red shifted PL.

To confirm this, we recorded the photon statistics of two different emitters (749 nm and
758 nm) in a pulsed regime, as shown in Figure 7.15a. In this case, each peak is

proportional to the total number of coincidence counts. The normalized area of each peak

m is then given by[14]:
Taﬁ- 1 1
Cy (m #0) =1+ —2exp[—(=—+—)|m|6] (7.3)
Ton Toﬁ Ton

where T,, is the time when the emitter is emitting and 7,4 represents the time when the
emitter is trapped in the metastable state and no photons being emitted. € is the repetition

period. The normalized area of each peak, C, , is plotted in (Figure 7.15b) for the emitters

with a ZPL centered at 749 nm and at 758 nm. By fitting the experimental data with the
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equation above, the characteristics T,

oo Ly times are deduced for the 749 nm and the 758
nm emitters, respectively.

The ratio of 7, /(T,, +T,;) is representing the internal efficiency of the emitters. For the

emitters discussed here, the values are 0.68 and 0.63 for the 749 nm and the 758 nm
emitters, respectively. It is clear therefore, that the 749 nm emitter is more efficient which
supports the high brightness recorded from this emitter and low bunching of the g(z)(t)
function. In addition, the chromium emitters present a better efficiency than the NV and

the NE8 centers, which show T, /(T,, +T, ) ratio of 0.54 and 0.56, respectively[28,

148].
— 749 nm
2 (a) —— 758 nm 1.5- (b)
s 400+
8 e § = S o
\O/ = L] [ ] .
gz 3001 _ 104" ’
g g
3 200+ Z = 749 nm
) O -
Cg) 0.5 e 758 nm
S 100
8
8 O_ T T T T T T T T T 00 T T T T T
-50 25 0 25 50 -4 -2 0 2 4
delay time (ns) peak number (m)

Figure 7.15 (a) Second order autocorrelation function recorded for two different emitters
(749 nm and 758 nm) in a pulsed regime. (b) Normalized peak area of the pulsed g(z)(r)
function showed in (a) as a function of a peak number, m.

We believe that all the above emitters, although possess different ZPLs, belong to the
same family, or in fact the same emitter. This hypothesis is strongly supported by the
same FWHM of the ZPL, similar excited state lifetimes, similar photon statistics and
comparable brightness. The shift of the ZPL may arise due to a different local chemical

environment or charge fluctuations.
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7.4 Quantum efficiency and collection efficiency

The knowledge of quantum efficiency (QE) (equation (2.22)) of single emitters is vital
for applications requiring a single photon source on demand and for tackling challenges
such as strong light-atom interaction or long distance entanglement protocols by means of
integrated waveguides and microcavities in solid state systems[10, 12, 156, 241].
Furthermore, the knowledge of QE is particularly essential to design an optimal optical
structure (e.g. nanocavities or plasmonic) which enhances the collection efficiency or
modifies the radiative or/and non-radiative decay paths of the emitter [155, 242-245]. In
these cases a precise measurement of the QE is necessary to accurately quantify any
improvement obtained in the detected photons from the coupling to optical structures.
Direct measurements of QE are challenging and require a priori knowledge of the
emission dipole orientation, and a separate measurement of the radiative and non
radiative decay rates. To determine the dipole orientation of single molecules and
colloidal quantum dots, methods such as defocused[246, 247] or direct imaging[248]
have been successfully demonstrated. This is achieved by imaging the emission pattern of
the collected photons with a high numerical aperture objective in the back focal plane (or
the back-aperture plane for an infinity corrected system).

To extract information about radiative and non-radiative decay rates for an emitter close
to a material-air interface, one can modify the local dielectric environment of the
emitters. This is enabled by adding a medium with a matching[240] or a different
refractive index[249] to the emitter environment. Using such approaches, radiative and
non radiative decay rates of single molecules and quantum dots were separately obtained.
In an alternative method, a scanning metal mirror was brought close to a single molecular
dipole. From the modification of the molecule radiative decay rate, the QE of single
emitting dipole was then measured[250].

Despite the progress achieved in recent years investigating single emitters from color
centers in diamond, a direct measurement of QE of any diamond color center is still
lacking. For the SiV center, time resolved PL was measured and compared with a
standard dye to deduce that the quantum efficiency of this center is only a few percent.
To date, it was anticipated in the literature that the QE of the NV and the NES8 centers is

close to unity[29, 148, 251], This argument is however questionable since both centers
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show a clear bunching in the autocorrelation function, which indicates a presence of
shelving or a third long lived state, which suppresses the emission. Moreover, it is unclear
if non radiative decay paths exist in these centers. For the NV, the only measurement
supportive of the absence of any non radiative decay paths was the independence of the
fluorescence decay time on the temperature[252]. However, there is no evidence in the
literature regarding a direct measurement of QE of any diamond color centers to date.

In this section, the QE of chromium color centers is discussed. We first present a
methodology to estimate the QE of emitters embedded in nanodiamonds. In the second
part we present a technique to measure directly the QE of chromium related emitters

engineered in a bulk diamond.

7.4.1 Quantum efficiency of chromium emitters in nanodiamonds

One way to evaluate the QE is through determining the collection efficiency of the setup.
The collection efficiency can be estimated by calculating the contribution of each
component to the total collection efficiency[196]. This method however, is not accurate
since quantitative information regarding each component contribution, including the
collection from the sample itself, is missing and an accumulative error can be significant.
A better method to evaluate the collection efficiency is to measure the proportion of the
detected count rate (Ry,) at excitation saturation power versus the theoretical emission
rate, based on the inverse of the radiative lifetime (t) for a single emitter
(Mor X7 cx =RaedT). This measurement can be undertaken also in a pulsed regime, where
the collection efficiency is calculated from the laser repetition rate (R,.,) and the detected

count rate. In the condition where the laser excitation energy is above saturation, the

temporal separation between laser pulses is longer than the typical detector dead time (50

ns) and the source lifetime, the efficiencies are given by 77, X7, =Rsa/Ryep Where (Rsar)

is the count rate at saturation.

We measured the value 77,, X7, directly, by exciting chromium related two-level

emitters embedded in nanodiamonds (see section 7.2) in a pulsed regime as each

excitation pulse generates one emitted photon. As an example, exciting the 764 nm
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emitter with a laser repetition rate of 10 MHz, the product 77,, X7, =0.015£0.001 is
obtained. By measuring 77, X7}, for each chromium related two level emitter in a cw

excitation mode, an average value from all the measurements, Noe XM =0.013£0.004 is

obtained, in accord with the estimation from the pulsed measurements. The discrepancy
in this value for various two level emitters may be attributed mostly to a variation
associated to the unknown dipole orientation of the emitter within the crystal and/or

residual polarization dependent background, which can influence the total saturation

count rate Ry,. The value 77,, X7, =1.3% is in fact the lower bound for the collection

efficiency of our setup. If the quantum efficiency of the emitters is lower than 1, the

collection efficiency of the setup would be even higher.

Once the value of 77, X7, was established, we now can determine the relative QE of

the 749 nm emitter with respect to the two-level emitters. Assuming similar collection
efficiencies for all the emitters (based on the fact that they embedded in nanodiamonds
with similar size, which is smaller than the wavelength), a relative quantum efficiency of

Mor " My =0.24 is determined from the saturation count rate of the three level

emitters. Therefore, the QE of the three level emitters is approximately four times lower
than the emitters exhibiting two level system.

Our analysis demonstrates a clear advantage of a two-level system, which has a higher
QE, over a three-level system. In particular the absence of an intersystem crossing rate
could facilitate the accurate determination of the variation of radiative and non-radiative
decay rates in the presence of electric field modification induced by the environment[240,
250]. It is important to underline at this point that in order to establish an actual standard
for fluorescence emission measurements, an absolute measurement of the fluorescence
QE of diamond color centers, as reported for CdSe nanocrystals and single molecular
dipoles[240, 250], would be required.

Finally, one can speculate that the QE of the two level emitters presented earlier is close
to unity. Two level emitters do not possess any intersystem crossing rate to a metastable
state therefore the quantum efficiency is limited only by a presence of non radiative

decays. The fact that the emitters are very stable over hours of laser illumination and no
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bleaching or blinking was observed indicates that non radiative paths are likely to be
absent or have a negligible contribution. Quantum emitters which have non radiative
decay paths, generally suffer from severe blinking behavior. However, a direct

measurements of non radiative decays is required to unambiguously prove this point.

7.4.2 Quantum efficiency of chromium emitters in bulk diamond

To measure directly the QE of single emitters the orientation of the emitter has to be
known and the decay rate of the emitter has to be measured in two different dielectric
environments. Fabrication of chromium emitters in monolithic diamond gives access to
such a measurement since the emitters can be engineered in different depths from the
diamond interface and therefore have different dielectric environment. Employing this
approach, we first imaged the emission patterns of single chromium emitters to identify
their emission dipole orientation. Then, employing ion implantation we fabricated the
emitters in different proximities from the diamond surface and measured their total decay
rates.

To fabricate the emitters close to the diamond-air interface, chromium and oxygen ions
were implanted using acceleration energy of 50 keV and 19.5 keV, respectively. To
modify the dielectric environment of the emitters, a second implantation of chromium
and oxygen in the same type of diamond was performed using acceleration energy of 6
MeV and 3.6 MeV, respectively. The projected range of the shallow implantation (50
keV) is approximately 25 nm below the diamond surface, while the projected range of the
deep implantation (6 Mev) is 1.5 um below the diamond surface. Figure 7.16a shows the
SRIM simulations of the implantations.

Note that the annealing step applied after the implantation is not sufficient to cause any
diffusion of the chromium or the oxygen atoms and the end of range of the two implanted
chromium ions does not overlap. Figure 7.16b shows a schematics of an emitting dipole
with respect to the diamond sample and the optical axis (z) of the objective, identified by

the polar angle 6 and the azimuth angle ®.
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Figure 7.16 (a) SRIM profiles of implanted chromium ions into diamond using an
acceleration energy of 50 keV (red curve) and 6 MeV (black curve). (b) An illustration of
the emitting dipole orientation with respect to the diamond sample and the optical axis (z)
of the objective, identified by the polar angle 0 and the azimuth angle ©.

In the first part of the experiment, the emission dipole orientation was imaged by
recording the angular intensity distribution of single emitters in the back focal plane of a
high numerical aperture objective using a CCD camera. Such images of single emitters
are crucial as they provide a clear indication regarding the dipole orientation. Figure
7.17a shows a typical objective back-focal-plane dipole image recorded from a single
chromium center in bulk diamond (ZPL at 750 nm). Concentric doughnut-shaped rings,
associated with being imaged through the aperture of a dry objective, are observed in the
CCD image [253]. The uniform intensity distribution of the bright rings with dark centers
indicates that the emitter is oriented nearly orthogonal to the diamond-air interface. The
orthogonal orientation of the emission dipole with respect to the diamond surface is a
result of the symmetry of the center and the position of the excited state orbital. This
suggests that the dipole is not aligned along the <111> direction and that the symmetry of
the center is not trigonal. Consequently, the structure of the center is not likely to be
chromium — vacancy, as then a trigonal symmetry is expected. Several single emitters in
bulk diamond were imaged, all confirming a very similar dipole orientation with polar
angles between 0 and 2 degrees, which are within our method sensitivity.

In the previous section it was determined that the absorption dipole for the chromium
centers in bulk diamond is aligned along one of the main crystallographic axis on the

plane of the surface and the emitted light is not completely polarized. The nearly
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orthogonal emission dipole observed using the dipole imaging technique elucidates that
the emission dipole of the chromium centers in bulk diamond is nearly perpendicular to
its absorption dipole.

For the sake of comparison, Figure 7.17e shows a typical objective back-focal plane
dipole image of the Cr centers created in sub-micron CVD nanodiamonds (Figure 7.2b),
with the same ZPL as the emitter shown in Figure 7.17a. In this case, as expected, the
emission dipole orientation changes from crystal to crystal and it is clearly not parallel to
the optics axis.

Figure 7.17(b,f) show a magnified area of the central rings of the images shown in Figure
7.17¢e (a,e), respectively. Figure 7.17(c,g) show the cross section data and the fit of the
emission pattern shown in Figure 7.17(b,f), respectively, according to the theory
presented in [9]. From the fit, the dipole polar coordinate, 6, was estimated to be less than
(1£1)° and the azimuth angle ¢=(0£5)°. On the other hand, for this particular
nanocrystal, 0=(49+2)° ¢=(69+2)° are obtained. Figure 7.17(d,h) show a two dimensional
calculated pattern of the dipole emission shown in Figure 7.17(b,f) using the parameters
from the fit. Excellent agreement between the theory and experiment is obtained for the
dipole orientation measurement. Dipole imaging technique can therefore be successfully
applied to color centers in bulk and nanodiamonds to fully determine their 3D orientation.
In the second part of this experiment, the total excited state lifetime and the QE of
individual emitters in bulk diamond was measured. It is well known that the radiative
lifetime of an emitter in a homogeneous medium of refractive index n is inversely
proportional to n. In the more complex situation of a linear dipole located at a distance d
< A from a dielectric interface, Lukosz and Kunz [254] showed that the radiative decay
rate (k,.s) depends on the distance d, the refractive index of each dielectric medium and

the excitation dipole orientation polar angle 6, with respect to the normal to the interface.

We denote k_ =k, +k, 6 as the total decay rate of an emitter in an unbounded

ra

homogeneous medium and a parameter o as a(d,0,n)=k, ,(d,0,n)/k., the

modification of the decay rate in the presence of the dielectric interface. n, =n,/n, being

n; the index of refraction of the medium after the interface.

133



CHAPTER 7. ULTRA BRIGHT SINGLE PHOTON SOURCES

= Theory

[} == Experiment

Intensity - a.u.

30

0O 20 40 60 80 100120 0O 20 40 60 80 100
(C) Pixel number (g)

Pixel number

134




7.4 QUANTUM EFFICIENCY AND COLLECTION EFFICIENCY

Figure 7.17 (a, ) Two images of the intensity distribution of the emission dipole, from
chromium single photon emitters (ZPL at 750 nm) created in bulk diamond and in sub-
micron diamond crystal, respectively. Integration times were 200 s and 60 s, respectively.
(b,f) Magnified area of the central ring of the images depicted in (a, e). (¢, g) The cross
section experimental data and the theoretical fit of the emission pattern are shown in (b,
f). The polar angles of the emitters are 6=(1+1)° and 0=(49+2)° for the bulk and sub-
micron diamond, respectively, while the azimuth angles are ¢=(0£5)° and ¢=(69+2)°. (d,
h) are calculated patterns of the dipole emission shown in (b, f) using the parameters from
the fit. An excellent agreement between the theory and the experimental data is obtained
for each dipole orientation.

The physical interpretation can be qualitatively described by classical electrodynamics.
When the dipole radiates, its field is partly reflected by the interface. The dipole can then
interact with its own field. This self interaction modifies the oscillation amplitude (and
frequency) of the dipole and, as a consequence, affects its radiative decay time.

The total decay rate for a linear dipole can thus be generally written as

k(d,0)=k, +k [o(d,n,), sin’(8)+a(d,n,), cos’(8)] (7.4)

where ¢, and «, refers to a parallel and an orthogonal dipole orientation in respect to

the interface, respectively, with the algebraic expression given in Ref [254]. If an emitter

is moved far from the interface or the refractive index difference of the interface is

reduced to zero ¢,,a, =1 and the excited state lifetime is independent of the dipole

orientation. From the decay rates of dipoles close to an interface and in an unbounded
medium, we deduce the value B=k(d,0)/k_ and the QE can be rewritten as
QOF =(-pB)/[1-a(d,8,n,)][240, 255].

To engineer emitters in an unbounded medium, chromium and oxygen ions were
implanted with energy of 6 MeV and 3.6 MeV, respectively. The end of range of such an
implant is d = 1.5 um (Figure 7.16a) which is considered to be in an unbounded medium
since d > A and the emitters are located far from the diamond-air boundary. On the other
hand, centers created using a 50 keV implantation are located near a dielectric interface
since the end of range of this shallow implant is only d = 25 nm (Figure 7.16a).

Therefore, measuring the excited state lifetime of chromium centers created by a deep
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implantation will provide direct information of k_, while measuring the decay rates of
chromium centers engineered near the surface will allow to deduce k(d,8). To exclude
any wavelength dependent effect, only emitters with the same peak emission were
compared. Note that since the centers are embedded in the diamond matrix, the
immediate surroundings in both the shallow and the deep implantations are the same and

therefore k,, can be assumed to remain constant [255].

Figure 7.18a shows PL spectra from single emitters with same ZPL fabricated by a deep
(black curve) and a shallow implantation (red curve). Figure 7.18b shows the
fluorescence decay rates from single chromium emitters with the same ZPL (centered at ~
750 nm) engineered by shallow and deep implantations. The angle of the emission dipole
of this emitter was found to be 0 = (1+1)° (Figure 7.17a). The data were fit by using
mono-exponential curve with a relative uncertainty of 0.5%. The reduction of the total
decay rate for emitter located near the diamond air interface is clearly seen from these
measurements. From the measured decay rates for the shallow and the deep

implantations, the value S =k(d,0)/k, was deduced. For the single emitters at 750 nm

the calculated parameter ¢, and the measured value of fyielded a QE=0.42+0.06. To the

best of our knowledge, this is the first direct measurement of QE of a single color center

in diamond.
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Figure 7.18 (a) Example of PL spectra of chromium related centers with the same zero
phonon line created by ion implantation using energies of 50 keV (red curve) and a 6
Mev (black curve). (b) Direct lifetime measurement of a single emitter with a ZPL
centered at 750 nm close to the diamond air interface (squares) and of an emitter with the
same ZPL located 1.5 pm below the diamond surface (circles). The data were fit using a
single exponential fit (solid line).
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In the last part of the experiment, we measured the average QE of an ensemble of single
chromium emitters in bulk diamond, regardless of their peak emission wavelength. The
average excited state lifetime for the centers located near the diamond-air interface was
measured to be 1.24+0.13 ns, while the lifetime of the centers located deep in the
diamond crystal was measured to be 0.92+0.09 ns. A clear reduction of the excited state
lifetime for the emitters located in an unbounded medium is noticeable also in an
ensemble measurement. This result confirms that the centers are associated with a linear,
1D dipole since a 2D dipole orthogonal to the surface would not provide such a variation
in the measured excited state life time in the shallow and deep implantation [17].

The QE was computed for various polar angles and values of fand is plotted in Figure
7.19a (black lines). A magnified region of interest for only small polar angles is shown in
Figure 7.19b. The nearly orthogonal emission dipole observed for the centers yields an
ensemble value of & =0.098 [16] and results in an averaged QE=0.28+0.04 for chromium
emitters in bulk diamond, regardless their peak emission wavelength. The experimental
values of the QE of several single centers with the same ZPL and of the ensemble

measurement are shown in Figure 7.19.
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Figure 7.19 Orientation dependence of the ratio  on the polar angle 0. The solid black
lines correspond to calculated values for different values of QE and with d = 25 + Snm.
The measured values of B from an ensemble measurement (blue star) and several single
centers with different ZPL (red circle, square, triangle and diamond) are superimposed.
Inset: Enlarged area with standard deviation of the measured data.
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A QE in the range of 30% can be associated to the presence of a metastable state or to
additional non radiative process such as decay paths through phonons, ionization or heat,
which strongly depend on the environment. The inter-system crossing rate for the
chromium emitters is kjsc=5.1 MHz as was deduced from analyzing the second order
autocorrelation function. From the total decay rate and the QE values, one may infer that
the radiative decay is k,.q ~ 226 MHz and the non-radiative decay is k, ~ 581 MHz.
Therefore, the leakage to the metastable state is negligible compared to k,,; and k,, and
does not significantly reduce the value of the QE.

A number of important implications can be drawn from these results. The peculiarity of
an emission dipole nearly always orthogonal to the bulk diamond surface is particularly
advantageous for the integration of these emitters with cavities or diamond nano-
antennas. In fact the major drawback of the recently fabricated diamond antennas
incorporating NV centers [212] was the nondeterministic emission dipole orientation of
the NV centers, due to its trigonal symmetry and polarization absorption anisotropy. This
drawback can be overcome by using the chromium emitters in similar geometries and by
using bulk diamond crystals with different crystallographic orientations. Finally, a similar
approach could be used to determine the actual QE of the NV center, which is commonly

inferred on the basis of circumstantial evidence[224, 252].

7.5 Summary

To summarize, we have controllably engineered and characterized novel single photon
emitters based on chromium defects in diamond operating at room temperature. For the
first time, two level ultra bright, chromium related single photon emitters were fabricated
in a controllable manner in individual CVD grown nanodiamonds. The most promising
emitter has a ZPL centered at 756 nm with a FWHM of 11 nm and exhibits photon
statistics which are described well by a two-level model, confirmed by the absence of
“bunching” in the g(z)(r) function above saturation. This is the brightest (3.2x10°
counts/s) single photon source reported to date.

We then successfully demonstrated, for the first time, the controlled engineering of a

chromium bright single photon source in bulk diamond, by ion implantation of
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chromium. The center is located in a close proximity to the diamond surface (~25 nm),
has fully polarized emission with a ZPL centered at 749 nm, FWHM of 4 nm, an
extremely short lifetime of ~ 1 ns, and exhibits a count rate of approximately 0.5x10°
counts/s, making it the brightest single photon source in bulk diamond to date. The
excellent agreement between the PL spectra, in terms of the ZPL and FWHM, in bulk
diamond and nanodiamonds clearly indicates that this class of emitters can be attributed
to chromium.

The center exhibits an absorption dipole along one of the <100> directions and most
likely consisting of one interstitial chromium atom. The enhanced properties of the
chromium centers compared with the known diamond centers and the scalable fabrication
technique, suggest that the chromium related centers will be important for a range of
applications including quantum metrology, quantum cryptography, biomarking and hold
a great potential to realize future fundamental quantum optics experiments.
Comprehensive experiments of various co-implantations of chromium with other
elements showed that the most efficient way to fabricate these centers is by co-implanting
chromium with a donor (sulfur or oxygen in our case). The successful fabrication of these
centers only in type IIA diamond crystals, suggests that nitrogen plays a central role in
the formation probability of these centers.

Finally, we presented for the first time, emission dipole pattern images of single color
centers in bulk and nanodiamonds and a direct measurement of their quantum efficiency
in bulk diamond. The dipoles are nearly orthogonal to the bulk diamond-air interface and
to its absorption dipole, suggesting a non trigonal symmetry for these centers. By
employing ion implantation techniques, we were able to fabricate the emitters at various
distances from the diamond surface, thus modifying their radiative lifetime. Combining
the imaging of the dipoles and measuring the decay rates of the emitters close to the
diamond-air interface and in the unbounded medium, the quantum efficiency of
individual centers and of an ensemble of centers in monolithic diamond was determined

to be ~ 30%.
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Chapter 8

Low temperature spectroscopy

The discovery of ultra bright, two level, single photon emitters, opened new perspective
for advanced experiments in quantum optics which were not feasible with the traditional
NV source due to its low count rate. The first experiment, which was attempted
employing the new ultra bright emitters, is “two photon interference” (emission of two
consecutive indistinguishable photons by the same source). The first attempt of this
experiment was performed employing the chromium centers embedded in nanodiamond
crystals.

Controllable generation of indistinguishable photons is one of the major tasks for
realization of optical quantum algorithm schemes and in the heart of linear optical
quantum computation[9, 11, 12, 161]. Although down conversion is a promising method
for generating “twin photons”, its emission is governed by Poissonian statistics which
results in very low single photon flux. With a development of true SPSs from quantum
dots or single molecules, brighter SPSs became available. However, the controlled
generation of indistinguishable single photons in solid-state systems remains challenging
because strong interactions with the host matrix partially destroy the coherence between
consecutively emitted single photons. Nevertheless, indistinguishable photons have been
demonstrated by trapped ions[136], semiconductor quantum dots[15, 140, 256] and
single molecules[257-259]. So far, this effect has not been demonstrated with color
centers in diamond.

To demonstrate photon indistinguishability, Fourier-transform (FT) limited emission is
generally required. FT limited emission from the ZPL of a single NV defect in diamond
has recently been reported using resonant excitation at cryogenic temperatures[232, 233].
However, NV defects exhibit a broad spectral emission associated with a Debye—Waller
factor of the order of 0.05, even at low temperature. Emission of single photons in the

ZPL is then extremely weak, typically of the order of a few thousands of photons per
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second. Such counting rates are insufficient for the realization of two photon interference
and advanced QIP protocols. Important to notice, that with recent progress of enhancing
the collection efficiency and the count rate from a single NV center[212, 213], such an
experiment is definitely in the horizon.

The chromium centers exhibit high count rate, mostly concentrated in the ZPL and thus
have a clear advantage over the NV center. In this chapter optical properties of single
photon emitters at liquid helium temperature (~ 2 K) are discussed. The spectral stability
of the chromium related SPSs embedded in nanodiamonds is investigated, prior to an
attempt of generation of indistinguishable photons. In the second part, the optical
properties of chromium emitters engineered in a bulk diamond are presented. All the
measurements described in this chapter were conducted at the laboratory of Prof Jelezko

in the University of Stuttgart, Germany.

8.1 Indistinguishable photons

When two photons enter simultaneously a 50:50 beam splitter, they can be reflected or
transmitted. If the photons are indistinguishable, quantum mechanics predicts that they
will follow the same path — either reflected or transmitted (Figure 8.1) — thus interfere.
The wave packets of indistinguishable photons must be identical and perfectly overlap[9].
If the spectrum of a SPS is FT limited, i.e. each photon is described by the same coherent
wave packet, then two photons can be indistinguishable if they have same spatial mode as
well. However, in some cases, the spectrum of a source is broadened. The broadening can
arise from fluctuations of the optical resonance frequency, which can be described as
dephasing or spectral diffusion[9]. Dephasing is generally associated with fast
fluctuations and occurs due to interaction with the lattice phonons (or collisions in a gas
phase) which leads to loss of coherence of the emitter. Spectral diffusion is generally a
slower process which associated with spectral jumps. If the photons are emitted faster
than the jump occurs, this process can be practically neglected and two photon
interference is still feasible.

The first observation of two photon interference was reported in 1987 by Mandel and co

workers[260] who used parametric down conversion to generate identical photons.
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Recently, two photon interference was observed from photons emitted from two
independent sources[256], an important achievement towards scalable optical quantum
computation. Furthermore, two photon interference was demonstrated between two

independent source with different coherence times[261].

Reflected Trasmitted
beam
beam
Reflected
Trasmitted beam
beam

Figure 8.1 Schematic illustration of photon coalescence on a beam splitter.

8.2 Optical properties of emitters embedded in nanodiamonds

Diamond nanocrystals grown on sapphire (see chapter 7), hosting ultra bright single
photon emitters were investigated at 2 K. For the imaging and basic spectroscopical
studies, a laboratory built confocal microscope (Figure 3.7) was used. For the attempt of
two photon interference, additional optical parts were added to this setup as shown in

Figure 8.2
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Figure 8.2 Schematic illustration of the experimental setup built to perform the two
photon interference experiment.
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The PL spectra of a single defect recorded at 2 and 300K are shown in Figure 8.3a. The
emission is highly concentrated into a sharp ZPL at a wavelength around 770 nm. At
room temperature, a small phonon side band is observed around 780 nm, which is no
longer visible at low temperature. Consequently, the Debye—Waller factor, i.e. the ratio
between the intensity of the ZPL and the total intensity of the emission spectrum, is
extremely high (>0.9) at liquid helium temperature. For comparison, the PL associated
with NV defects in diamond at low temperature exhibits a Debye—Waller factor on the
order of 0.05 [9]. The emitter is most likely associated with Cr and belongs to the same
class of emitter reported in the previous chapter.

The statistic of the emitted photons was then investigated for the same emitter by
recording the second order autocorrelation function. Figure 8.3b shows the g?(1)
function recorded while exciting the studied defect in a continuous mode at the
wavelength A=700 nm. A pronounced dip at zero delay time, g”(0)=0.16, is the signature
that a single emitter is addressed. The deviation from a perfect single-photon regime
(g(2)(0):0) is due to a residual background PL of the diamond sample, which produces
uncorrelated photons associated with Poissonian statistics, and to the detection setup time
response function, which is limited by the single-photon detector jitter.

Figure 8.3¢ shows the g?(t) function recorded using a femtosecond pulsed excitation at a
repetition rate of 76 MHz. After normalization to a pulsed Poissonian light source, the
area of the peak at zero delay is found around g(z)(O):O.ll. In such a pulsed
measurement, this value gives the intrinsic quality of the single-photon source, which is
only limited by the signal-to-background ratio. Fitting each peak of the autocorrelation
function with exponential decay, a radiative lifetime 7,;=2.0+0.1 ns was deduced. This
value is in a good agreement with the lifetimes measured at room temperature for other
Cr related emitters in the previous chapter and is almost one order of magnitude shorter
than that associated with NV defect in diamond nanocrystals[147].

To evaluate the emission rate at saturation, the single photon count rate was measured as
a function of the laser power (Figure 8.3b). Experimental data were then fitted using
equation (2.21), yielding a saturation count rate of 170x10° counts/s. Saturation emission
rates of up to 400x10° counts/s have been measured for other single defects emitting in

the NIR (at a temperature of ~2 K).
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Figure 8.3 (a) PL spectrum of a single defect showing a sharp PL in the NIR centered at
A=772 nm, without any visible phonon sidebands at liquid helium temperature. The width
of the ZPL is limited by the resolution of the imaging spectrometer, of the order of
Av=100 GHz. The inset shows the PL spectrum recorded at room temperature, where the
first phonon side band can be observed around 780 nm. (b) Background-corrected PL
intensity as a function of the excitation power. The solid line is data fitting using equation
(2.21). Data were taken by exciting the defect in a continuous excitation mode. The
signal-to-background ratio is of the order of 10 for an excitation power of 300uW. (c, d)
g(z)(’c) function measured for the same single defect excited 700 nm excitation laser (b) in
a continuous mode and (c) in a femtosecond pulsed regime at a repetition rate of 76 MHz.
(d) Values written above peaks correspond to their respective area after normalization to
a pulsed Poissonian light source.

These rates are lower than the ones measured at room temperature in Melbourne due to a
different configuration of the setup (better objective, fiber optics confocal). Variation of
the saturation count rates among different single emitters can be explained by different

dipole orientations of the defects inside the nanocrystals, corresponding to different

efficiencies of light collection. For NV defects, the saturation emission rate is on the
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order of 50x10° counts/s using the same low-temperature experimental setup. More
importantly however, since only 4% of the NV emission is concentrated in the ZPL, the
counting rate in the ZPL is then around 2x10° counts/s. This is two orders of magnitude
smaller than the emission associated with the Cr related defects emitting in the NIR.

Polarization properties of the same defect are shown in Figure 8.4.
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Figure 8.4 Polarization properties of the 772 nm emitter (a) PL intensity as a function of
the excitation laser polarization angle, recorded by accumulating emission spectra while
rotating the excitation laser polarization with a half-wave plate. The acquisition time for
each spectrum is 1 s. The solid line is data fitting using a Malus-type law, yielding to a
contrast of 97%. (b) PL intensity as a function of the angle of a polarizer (P) installed in
the detection channel in front of the spectrometer. The solid line is data fitting using a
Malus-type law, leading to a contrast of 92%. The decrease of the modulation contrast in
emission is due to a slight elliptical polarization accumulated along the optical path from
the sample to the single photon detector.
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Figure 8.4a depicts an accumulation of PL spectra recorded while rotating the excitation
laser polarization. By integrating such spectra, the PL intensity is displayed as a function
of the laser polarization angle. As shown in Figure 8.4a, a modulation with a contrast of
97% was observed, which is the signature that the defect behaves as a perfect single
dipole relative to absorption of light.

The polarization properties of the emitted photons were investigated by fixing the
excitation laser polarization angle parallel to the dipole orientation, and by introducing a
polarizer in front of the spectrometer. Following the method described above, PL spectra
were then accumulated while rotating the polarizer in the detection channel (see Figure
8.4b). Once again, a modulation with a contrast close to unity was observed, indicating
that the defect also behaves as a single emitting dipole. This is in opposition to NV
defects where two orthogonal dipoles are always involved[227, 231]. The polarization
properties are very important for the use of single-photon emitters in practical quantum
key distribution applications, where the information is encoded in the polarization of the
single photons[6].Some of the investigated diamond nanocrystals hosting single defects
with a ZPL within a range of 77015 nm showed spectra jumps. Figure 8.5 shows an

example of single emitter with observed spectra jumps of up to 6 nm.
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Figure 8.5 Real-time acquisition of PL spectra recorded for a single defect at liquid
helium temperature. Spectral jumps of up to 6 nm are observed (white arrows).

Since the precise atomistic structure of the defects is still unknown, it is hard to identify

the physical processes leading to spectral jumps. They might be associated with a

147



CHAPTER 8. LOW TEMPERATURE SPECTROSCOPY

modification of the defect configuration such as a charge hoping on/off the defect,
therefore changing its emission line. A fluctuating strain at the location of the defect,
which is known to change drastically the energy level structure of color centers in
diamond[233, 234], can also be a reasonable explanation. Furthermore, previous studies
on NV defects in diamond have shown that strain effects are much stronger in diamond
nanocrystals than in bulk samples[233, 262] and usually exhibit poor spectral stability in
diamond nanocrystals while FT limited emission can be achieved in bulk samples[232,
233].

We now concentrate only on the photostable defects, to investigate whether FT limited
emission can be achieved. As mentioned in the introduction, prior to two photon
interference measurement, generation of FT limited emission should be demonstrated.
For that purpose, a frequency-stabilized single-mode tunable laser (Ti:Sapphire) with a
linewidth smaller than 1MHz and a mode-hop free frequency tuning around 20 GHz was
used to excite resonantly the defects on their ZPL. The red shifted PL was detected using
a 785 nm long pass filter and monitored while sweeping the single mode laser frequency.
As the Debye—Waller factor is high, the rate of red shifted PL is low, typically of the
order of a few kcounts/s.

Once a stable emitter with spectrometer limited linewidth was found, and single photon
emission was verified, a photoluminescence excitation spectrum was recorded. Figure
8.6a shows a resonant excitation spectrum of a single defect with a ZPL around 760 nm
(inset). The data are well fitted by a Gaussian profile with a FWHM around 4 GHz.

Owing to the previously measured radiative lifetime 7,, =2 ns, the lifetime limited

linewidth Av ., is given by[9]:

1
AV =
T 2mr,

~80 MHz (8.1)

Therefore, the excitation linewidth is not Fourier transform limited. The broadening of
the optical resonance does not arise from power broadening as the emission linewidth

does not change with increasing excitation power, as shown in the inset of Figure 8.6a.
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Figure 8.6 (a) Resonant excitation spectrum of a single defect emitting in the NIR in a
CVD-grown diamond nanocrystal. For this emitter, the ZPL is centered at 760 nm. The
total integration time is 16 min, corresponding to 120 sweeps of the laser frequency. The
solid red line is data fitting using a Gaussian profile. The inset shows the evolution of the
optical resonance linewidth as a function of the excitation power. (b) PL time-trace
recorded while exciting the defect at resonance with a power of 400nW. The integration
time per point is 5 ms. The observed blinking behavior is the signature of slow spectral
jumps. (c¢) Histogram of the length of the dark periods in the PL-time trace over an
observation time of 5 s. The solid line is data fitting using a single exponential decay,
giving a spectral diffusion time of 10£2 ms.

Spectral broadening results from fluctuations of the optical resonance frequency, either
by dephasing or by spectral diffusion[9]. Pure dephasing processes are fast, and arise
from interactions with phonons in the crystalline matrix. Such processes lead to an
homogeneous broadening, which follows a Lorentzian profile. Owing to the measured

Gaussian profile of the optical resonance, we tentatively conclude that dephasing is not
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the predominant broadening process. Spectral diffusion leads to comparatively stronger
fluctuations, associated with slow frequency drifts and jumps, which can be observed by
recording the red-shifted PL time-trace while exciting the defect at resonance, as shown
in Figure 8.6b. The histogram of the length of the dark periods is shown in Figure 8.6c.
Data fitting with a single exponential decay gives an estimate of the spectral diffusion

time Ty = 10+2 ms, much longer than the radiative lifetime 7,, .

If two consecutive photons are emitted within a time interval shorter than the
characteristic spectral diffusion time, these two photons might be indistinguishable, as the
slow spectral diffusion process could be neglected[15]. Consequently, owing to a spectral
diffusion time in the millisecond range, it should be possible to use this and other Cr
related defects emitting in the NIR in diamond to perform a two-photon interference
experiment. Furthermore, we stress that approximately 20% of the studied defects were
exhibiting an optical resonance linewidth in the GHz range. For other studied defects,
high amplitude spectral jumps (>100 GHz) could be observed in real-time acquisition of

PL spectra, as depicted in Figure 8.5.

8.2.1 Two photon interference

Although the PL signal was broadened and not FT limited, two photon interference
experiment was attempted. We used the setup shown in Figure 8.2. There are four options
for two consequent photons to reach the APDs: when the first photon goes through the
short arm (SA) and the second photon through the long arm (LA), both go through the
LA, both travel through the SA or the first photon goes through the delay line and the
second one goes through the short arm. Only in the last case, the two photon interference
can occur since two successive photons reach the second beam splitter simultaneously.
Due to this photon statistics if the photons are distinguishable the central peak area at
zero delay time should have a relative area of 0.5 while the peaks at + 77 should have an
area of 0.75 and the rest of the peaks at unity. If the photons are indistinguishable, the
peak at zero delay time should be further reduced.

Without the last half wave plate the single photons would have parallel polarization and

thus can be indistinguishable. In this case the peak at zero delay time should be
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suppressed since the photons recombine on the last beam splitter and activate only one of
the APDs (thus, no coincidence at 7=0 is expected). As a test experiment, a second half
plate was inserted. In this case, the photons would have orthogonal polarization and loose
their indistinguishability, which would result in a relative area of the central peak of
approximately half of the area of the peaks at times > 24 ns.

Figure 8.7a shows the result of the experiment. The black curve shows the interference of
two photons with a parallel polarization and the peak at 7=0 is suppressed. As a
controlled experiment, photons with orthogonal polarization were measured (red curve).
The data was offset for clarity. As expected in both measurements the peaks at + /7 have
smaller area. However, after normalization no obvious distinction in the central peak area
between the two measurements is observed. The peaks at 7=0 have similar areas and
therefore, no indication of indistinguishable photons can be made at this stage (Figure

8.7b).
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Figure 8.7 Results of the two photon interference experiment. (a) The correlation data
recorded with parallel single photons arriving at the beam splitter (black curves) and
orthogonal single photons (red curves). The red curve was offset for clarity. (b)
Enhancement of the peaks around zero delay time which shows no clear sign of
indistinguishability.
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8.3 Optical properties of chromium related defects in single crystal

diamond

In the last part of this chapter we present optical properties measured at cryogenic
temperatures of chromium emitters fabricated in bulk diamond. In principle, emitters
embedded in single crystal diamond should possess better spectral stability than the ones
in nanodiamonds[233, 262] due to reduced strain and surface effects. High resolution
spectroscopy of emitters in bulk diamond can also assist in revealing the structure of the
emitters.

Figure 8.8a shows a number of PL spectra recorded at liquid He temperature (~2 K) from
individual chromium centers engineered in bulk diamond by ion implantation of
chromium and oxygen (see Table 7.4). Narrow lines limited by the spectrometer
resolution were repeatedly observed. The emitters exhibited an average emission count
rate of 30-50x10° counts/s, although in some cases emission rate as high as 80x10°

counts/s was observed

! (a) J\ ®) 760

S 768
g =

2 j\ £ 767
5 = 766
- s _
kS % 765
£ = 764
5

7

_/\j\ 763

758 759 760 761 762 763 764 765 766 0
Wavelength (nm)

o

4 6 8 10
time (sec)

Figure 8.8 (a) PL spectra of a single chromium centers showing sharp PL in the NIR,
recorded at liquid helium temperature. The width of the ZPL is limited by the resolution
of the imaging spectrometer, of the order of Av=100 GHz. The excitation wavelength is
A=700 nm. (b) Real-time acquisition of PL spectra recorded from a chromium related
defect. Spectral jumps of the order of 1 nm are observed. Each spectrum was
accumulated for 1 sec.
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Some of the lines showed spectral jumping, as evident from the PL time trace (Figure
8.8b). The blinking is most likely associated with an electric field fluctuation in a close
vicinity to the centers. Note that the centers are located only 25 nm beneath the diamond
surface, thus any surface modification would affect the charge configuration of the
centers.

Only stable emitters which exhibited narrow lines limited by the spectrometer resolution
were excited on resonance using a frequency-stabilized single-mode tunable laser
(Ti:Sap) with a linewidth smaller than 1IMHz and a mode-hop free frequency tuning
around 20 GHz. Similarly to the nanocrystals, the red-shifted PL was detected using a
785 nm long-pass filter and monitored while sweeping the single-mode laser frequency.
Unfortunately, PLE spectrum from these centers was not observed during our
experimental work.

To test that enough photons are collected through the side band, we performed on
resonant excitation with a broad band laser (linewidth of ~12 GHz). Although this
measurement does not provide accurate information regarding the natural linewidth, it
would confirm that resonant excitation is possible and enough photons are collected.
Figure 8.9a shows a resonant excitation measurement from a chromium related emitter
with a ZPL at 763 nm employing a broad band laser. The line is clearly seen, which
indicates that enough photons are collected using a long pass 785 nm filter. Figure 8.9b
shows a corresponding real time PL trace from the same center while exciting it
resonantly. Strong blinking is observed which indicates spectral diffusion. This severe
blinking hampers an accumulation of a proper PLE measurement since the lines
spectrally diffuse over a wide frequency range.

Two remarks should be pointed out from this result: first, the fact that PLE signal was not
observed does not indicate that a future two photon interference experiment will not be
possible. Similar to the nanodiamond case, if the spectral diffusion is slow enough, two
consecutive photons may be indistinguishable. Second, the chromium centers
investigated here were fabricated only 25 nm below the surface and thus strongly affected
by the charge fluctuation on the surface. Repeating the PLE measurement on centers
created by a deep implantation may result in FT limited signal from these centers. Indeed,

even the NV centers which are formed by a shallow implantation do not show PLE signal
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and the line is significantly broadened, while natural NVs or NVs created by a deep
implantation (~few microns below the surface) show a FT limited linewidth[233]. A
successful high resolution spectroscopy study of these centers in bulk diamond is
essential for further identification of the structure of the center. The measurements of
deep chromium implantations are currently undergoing in collaboration with Prof

Jelezko.
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Figure 8.9 (a) Resonant excitation spectrum of single chromium emitter in a bulk
diamond recorded with a broad band laser. The measurement is an average of 10 sweeps
of the laser over the line. (b) PL time-trace recorded while exciting the same center
resonantly. The integration time per point is 4 ms.

8.4 Summary

In this chapter optical properties of Cr related single defects emitting in the NIR were
studied at liquid helium temperatures. Such defects, when embedded in nanodiamonds
exhibit several striking features: (i) a sharp PL in the NIR associated with a high Debye—
Waller factor (>0.9), (ii) high counting rates, (iii) a short radiative lifetime (2 ns) and (iv)
linearly polarized excitation and emission (contrast higher than 90%). An optical
resonance linewidth of 4 GHz is measured for the first time from a diamond single
photon source emitting in the NIR using resonant excitation on the ZPL. The broadening
of the optical resonance results from spectral jumps occurring at the millisecond

timescale.
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8.4 SUMMARY

An attempted PLE on Cr centers fabricated by a shallow implantation into a bulk
diamond was not yet successful and severe blinking was observed. However, the
successful fabrication of these sources deep inside the crystal should improve their
spectral stability. Such results are promising for the future realization of an efficient
source of indistinguishable single photons using single defects in diamond.

In particular, the spin structure of the defect could be investigated by recording resonant
excitation spectra while applying a magnetic field. Owing to the coherence properties of
spin states in diamond, such experiments could open many perspectives in the context of
coupling between spin states and optical transitions. Such experiments were set up in

collaboration with Dr Mete Atature from Cambridge University.

155






Chapter 9

Conclusions and outlook

The fundamental research question which was addressed in this thesis is the development
of ultra bright, narrow bandwidth, single photon emitters in the near infra-red operating at
room temperature.

Figure 9.1 shows the evolvement of single photon emission rate of diamond based single
photon emitters over the last decade. It clearly emphasizes the achievement of this work
in developing novel ultra bright emitters, which are orders of magnitude brighter than
other known emitters in diamond and show a better performance than NV centers
embedded in cavities or solid immersion lenses. Remarkably, over the last decade alone
the count rate improved by more than two orders of magnitude from 10* counts/s to more
than 10° counts/s. We further envisage that higher count rates would be available once the
chromium related sources are integrated with solid immersion lenses or other structures

which increase the collection efficiency.
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Figure 9.1 Improvement of the emission rate of diamond based single photon emitters
over the last decade.
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The main conclusions which are drawn from this thesis are summarized below:

1.

High quality diamond nanocrystals were synthesized on a substrate of choice
employing high microwave power density chemical vapor deposition technique.
The growth from nanodiamond seeds under high pressure (150 torr) eliminated
secondary nucleation and enabled the control over the lateral density and the final
size of the grown diamond crystals.

A very efficient method for incorporating an impurity into diamond crystal during
chemical vapor deposition process was developed. Implantation of nickel into a
substrate onto which diamond crystals are subsequently grown, results in an
efficient formation of nickel related single photon sources. The substrate is etched
during the diamond growth and the exposed implanted ions are incorporated into
the growing crystal through plasma assisted diffusion. Moreover, this technique
can be potentially applied for an incorporation of any impurity into diamond
nanocrystals.

Implantation of nickel into bulk diamond did not result in the formation of single
NES8 centers, regardless the nitrogen concentration. Furthermore, it was shown
that the NES8 center is formed only after high pressure high temperature annealing.
However, isolated, single NE8 centers were not identified.

A new class of chromium related emitters was discovered by combining the
ability to grow high quality sub micron diamond crystals in conjunction with a
technique to incorporate the impurity during chemical vapor deposition growth.
The emitters are formed through a diffusion of chromium from the sapphire
substrate into the growing diamond crystal and exhibit a count rate of millions of
photons per second.

The most promising emitter has a zero phonon line centered at 756 nm with a full
width at half maximum of 11 nm and exhibits photon statistics which are
described well by a two-level model, confirmed by the absence of “bunching” in
the g(z)(r) function above saturation. This is the brightest (3.2><106 counts/s) single
photon emitter reported to date and it operates at room temperature.

Controlled engineering of chromium related single photon emitters in bulk

diamond by ion implantation of chromium was then successfully demonstrated.
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Implantation of chromium into a bulk type IIA diamond crystal confirmed the
initial assignation of the new centers to chromium. The brightest chromium
related center exhibits a count rate of 0.5x10° counts/s, making it the brightest
single photon emitter in bulk diamond to date. Polarization measurements
revealed that the absorption dipole of the chromium emitters is oriented along one
of the <100> directions and the emission is fully polarized.

A co implantation of chromium with a donor (oxygen or sulfur) significantly
increased the production yield of these centers. The family of chromium centers
was successfully fabricated in type IIA diamond crystals, however, was not
observed in ultra pure and in type Ib materials. This indicates that nitrogen plays
an important role in the kinetics formation of these centers. At this stage the
precise model of the center and its charge state are unknown.

6. A direct measurement of quantum efficiency of a single photon emitter in
diamond was demonstrated for the first time. Employing ion implantation
techniques the chromium centers were engineered in different proximities from
the diamond surface. The dipole orientation was measured by recording the
emission pattern of single emitters. The dipoles were found to be nearly
orthogonal to the diamond air interface. Combining the imaging of the dipoles and
measuring the decay rates of the emitters close to the diamond-air interface and in
the unbounded medium, the quantum efficiency of the chromium centers was
determined to be ~30%.

7. Photoluminescence excitation measurements recorded at cryogenic temperatures
(~2 K) from the chromium related emitters embedded in the nanocrystals revealed
an optical resonance linewidth of 4 GHz. This is the first photoluminescence
excitation spectrum of a diamond based single photon emitter in the near infra-
red. The spectral stability of the defects embedded in the nanocrystals showed
spectral jumps in the millisecond range. Resonant excitation of chromium centers
created by a shallow implantation was not successful due to extreme spectral
diffusion. Such experiment with chromium related centers engineered deep inside
a bulk diamond are currently undergoing and may lead towards a realization of

indistinguishable single photons from color centers in diamond.
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Outlook

Quantum information processing is dominating the research fields of solid state physics
and quantum optics. Without any doubt, integrating a diamond based single photon
emitter into a practical application to take advantage of its unique properties will be a
milestone in the 21% century. Despite a great progress in the last decade in developing
diamond as a suitable platform for quantum applications, there are yet a few obstacles to
prevail.

In the near future, diamond emitters have to be integrated with emerging micro and
nanophotonics structures for enhancing the photon collection. A successful integration
should enhance the photon count rates above 1x10’ counts/s. When such a technological
gap is bridged, novel optical standards based on fundamental quantum phenomena would
be possible. Furthermore, for quantum information processing, an integration of diamond
emitter with diamond based photonic crystal cavity with high quality factor (Q) is
necessary. Such a demonstration will endow with an “all diamond” platform, suitable for
quantum technologies and metrology.

Mapping out the spin properties of the discovered chromium centers is the next trivial
experiment to pursue. If optical spin readout is available in this system, it would be a
revolutionary result. Exploring other optical centers in diamond may reveal new emitters,
surpassing even the ultra bright chromium related centers. Furthermore, the scientific
community has ‘launched’ a search for alternative systems to the most popular NV in
diamond, which should have an optical spin read out associated to much better optical
properties[263]. Finally, the discovery of a solid source emitting in the telecom
wavelength of 1550 nm is an important and an accessible challenge.

For the integration of many components on a single chip, one may envisage diamond
based emitters excited by an electrical pulse, a technique well established in a quantum
dots community. This can be achieved through plasmonic coupling, which can mediate
between the photonic and electronic components.

For biological applications, emission in the near infrared is highly desired to avoid
interference with the auto-fluorescence of the cell. A major breakthrough can therefore

arise from employing nanodiamonds hosting the ultra bright emitters as bio-markers. In
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this respect, systematic studies of nanodiamond surfaces are crucial for better
understanding of the physics of optical centers in single digit nanodiamonds.
Modification of the surface to conjugate various biological species will be a central
research in future years.

Diamond is no longer only a glamorous gemstone. It is now a leading player in exploiting
quantum information effects and bringing the quantum technology from laboratory
settings to commercial products. Generation of single photons and realization of qubits at
room temperature is the commencement of a new diamond era. Sophisticated sculpturing
of cavities and waveguides made of diamond, and increasing efforts to synthesize high
quality material endow the scientists with a suitable platform to realize novel quantum
devices. The perspectives of diamond in the quantum world are unlimited, and it is only a

matter of time until the first diamond based quantum device emerges.
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Appendix A. Normalization of the g”(t) function and the

instrument response function.

The normalization of the g'*(z) function is inferred from the recorded coincidence

count rate, c¢(7), and given by the following equation:

) _ c(7)
g (1) _—R1 R.Tw (A. 1)

where T is the total integration time, R; and R; are the count rates recorded on each APD
and w is width of the time bin. This normalization does not take into account any residual
background light, associated with the emission.

To correct for the background, the count rate from the center only, S, and the count rate

from the background only, B are defined (so that the total count rate is S+B). Then, the

g(z) (7) can be written as:
g2 () =[g%@)-A-pH p* (A.2)

where p=5/(S+B) and is measured independently for each run.

In single crystal diamond, the estimation of the background is typically performed by
moving the laser few microns away from the center. In case of CVD nanodiamonds
however, this method is not so accurate, since the grown crystals contain multiple centers
and defects which are excited together with the center of interest. An alternative method
is to measure the background by rotating the excitation polarization until minimum
luminescence is achieved, and monitor the vanishing of the dip in the g(z)(r) function to
confirm that the residual light has Poissonian statistics. This technique provides a more

precise estimation of the background level.
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Although theoretically, for a perfect single photon emitter the g”(0) should vanish
completely, in an experiment, the normalized g*(0) never reaches zero, even if the signal
to background is extremely high. The deviation from zero is attributed to the instrument
response function (IRF), also known as temporal jitter, of the detectors and the
electronics.

To achieve good fit of the experimental data, the fitting function should be the
convolution of the theoretical g(Z)(r) function (for a two/three level system) with the IRF.

The IRF is given by:

J(z-7)= e 20 (A.3)

Where o is the FWHM of the IRF function measured for our experimental setup (o = 50

ps). Consequently, the measured second order correlation function is given by:
g, (@)= [J(@x=7)g0) (thar (A 4)

This function was used to fit the g(z)(r) functions in this thesis, unless otherwise stated.
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