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Abstract—Interdigitated back-contact (IBC) silicon (Si) solar
cells are attracting increased attention due to the potential of higher
efficiency that comes from eliminating front-surface shading. How-
ever, as sources of recombination loss continue to be reduced due
to improved processing and use of high-quality n-type wafers, par-
asitic absorption in the rear metal can limit cell performance. This
paper reports experimental and simulation results that identify
the optical advantages of an IBC metallization method, which em-
ploys a novolac resin layer to enhance the insulation of the cell
from a metal electrode comprising a sputtered Ti/Ag metal stack
and plated Cu. The polymer layer can electrically decouple the
metal geometry from the doping geometry and also helps to reduce
the parasitic absorption at the cell rear surface by increasing the
distance between the metal and Si absorber. The optical properties
of the Ti/Ag stacks formed over the novolac resin were comparable
to those with an Ag reflector; however, the Ti/Ag reflector offered
the additional benefit of contact resistivity of < 1 m2-cm? to both
the n™ and p* Si regions of the diffused IBC cells.

Index Terms—Interdigitated back contacts, metallization, opti-
cal performance, polymer, silicon (Si) solar cells, silver, titanium.

1. INTRODUCTION

NTERDIGITATED back-contact (IBC) silicon (Si) solar
I cells have drawn increasing attention as a path to higher
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solar energy conversion efficiencies with cell efficiencies ex-
ceeding 26% having been reported [1]. These cells offer the
advantages of

1) no front-surface metal shading;

2) greater (rear) metal coverage leading to lower resistive

losses;

3) reduced front-surface recombination;

4) simpler, more robust cell-interconnecting methods.

Continued increases in cell efficiency require an analysis of
where losses are occurring in cells. Smith ef al. reported that
rear optical losses were the largest source of loss in Sunpower’s
>25.0% IBC cells, this loss contributing ~4% to the total power
loss of a 25.0% efficient cell [2]. In an analysis of the losses
for a 26.3% efficient amorphous Si heterojunction IBC cell,
Yoshikawa et al. attributed ~1.6% of the 3.4% loss in short-
circuit current density Jgc compared with the theoretical limit,
to non-Lambertian light trapping and parasitic absorption in the
rear amorphous Si and metal electrodes [1]. Therefore, identify-
ing metal contacting structures, for which parasitic absorption
can be reduced, will provide a path to further increases in IBC
cell efficiencies.

We have previously reported a metallization scheme that in-
corporates a novolac polymer layer placed between the rear
passivation dielectric and the metal electrodes of IBC solar cells
[3]-[5]. This layer can electrically decouple the metal electrode
geometry from the Si doping geometry through improved insu-
lation [6]—[9]. It can also act to reduce parasitic absorption in the
metal electrodes by increasing the distance between the metal
and the Si absorber [4], [10]-[12]. A similar resin material was
used as a rear-surface insulating layer on CSG Solar modules
[13]. At the time of their production, these thin-film Si modules
outperformed some screen-printed crystalline Si modules and a
cadmium indium selenide thin-film module. This suggests that
retaining the novolac resin as part of the final module does not
impact durability [13].

Additionally, the novolac polymer can be patterned using an
inkjet printing process that can result in point openings of di-
ameters ~20 pm [14], [15]. This can make possible reduced
contact fractions and hence reduced contact recombination pro-
vided that low contact resistances to both the n* and p* Siregions
of diffused IBC cells [16] can be achieved. Engineering of an
optimized metal electrode that can provide both a high reflec-
tivity and low contact resistance to both n* and p* regions can
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Fig. 1. (a) Schematic depicting the components of the IBC metallization

scheme used in this study. (b) Process flow for forming the rear metallization
structure. (c) Cross-sectional scanning electron microscope image showing the
components of the rear metallization stack at an isolation line between two
Cu-plated electrodes. The SEM image was recorded at a tilt angle of 45° after
focused ion beam milling through the rear contact. The seed layer has “curled”
up slightly at the edges of the isolation line, presumably, due to stress that may
have been induced by laser ablation and/or Cu plating.

provide even further advantages in allowing improved light trap-
ping and reduced doping of both the emitter and back-surface
field regions of the cell.

In this paper, we report the results of investigations into the
use of a Ti/Ag stack formed over a novolac polymer insulating
layer on the rear surface of IBC cells as a contact metal and
seed layer for Cu plating of the rear electrodes. Titanium can be
used to form low-resistance ohmic contacts to both p-type and
n-type Si [17]; however, Ag can provide superior rear reflection
properties. Consequently, metal stacks containing thin layers
of Ti and Ag can provide a compromise between low contact
resistance and reduced parasitic absorption in the rear metal
electrode. Ti/Pd/Ag metal contacting stacks were used in early
solar cells for space applications [18]-[20], with Pd being used
to prevent undesirable reactions between Ti and Ag. However,
Ti/Ag metal stacks, which eliminate the need to use expensive
Pd, have also been shown to not result in contact degradation in
Si solar cells [20]. Couderc et al. [21] reported that a Ti/Ag stack
layer with only a 5 nm Ti resulted in reduced parasitic absorp-
tion and higher reflectance at the Si-metal interface compared
with a metal stack comprising Ti (50 nm)/Pd (50 nm)/Ag stack.
These metal contacting studies suggest that Ti/Ag can provide
an effective contacting/seed layer for Cu-plated electrodes, pro-
vided sufficient adhesion can be achieved between the Ti and
Ag layers [20].

Fig. 1(a) shows a schematic of the IBC metallization scheme
proposed in this study [5]. The process flow for fabricat-
ing the rear contact structure, which uses the above-described
inkjet patterning method, is shown in Fig. 1(b) [14], [15].
Fig. 1(c) shows a cross-sectional scanning electron microscope
(SEM) image through an isolation line between two Cu rear
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electrodes that have been plated to the sputtered Ti/Ag seed
layer.

II. EXPERIMENTAL

Test structures were fabricated for contact resistance and
optical measurements as follows. Metal layers comprising
200 nm Ti; 200 nm Ag; a ~2 nm Ti/200 nm Ag metal stack
were sputtered on the rear surfaces of each of
1) IBC precursors with 4-pm-thick spin-coated novolac resin
(with resin);

2) IBC cell precursors (without resin);

3) IBC cell precursors with the rear Si nitride (SiN, ) dielec-
tric layers etched by immersion in 1% hydrofluoric acid
(Si).

The Ti/Ag stacks were sputtered without breaking the vacuum
to ensure no contamination occurred at the surface that could
impact the adhesion of the Ag to the Ti [15]. The precursors with
resin were baked at 160 °C for 10 min before metal sputtering to
remove residual solvent and ensure that the resin was as stable
as possible. This heat treatment can also retain the excellent
electrical insulation properties of resin [4].

Transmission line method (TLM) measurements of contact
resistivity, p., were performed for each of the three metal layers
on the 15 €/00 P-doped and 75 /(0 B-doped Si surfaces of
the IBC cell precursors. The front-surface reflectance of the test
structures in the 900-1200 nm wavelength range was measured
using a Perkin Elmer Lambda 1050 UV-Vis-NIR Spectropho-
tometer. The measurements were used to characterize the rear
reflection properties of the three rear dielectric/metal stacks. The
contact resistance and reflectance were both measured again af-
ter annealing at 160 °C for 10 min on a hot plate. The latter
temperature was selected to minimize changes of the resin [4].

The surface morphology of the metal films was studied by
atomic force microscope (AFM) (Bruker Dimension ICON
SPM). The microstructure of the metals and interfaces was in-
vestigated using high-resolution transmission electron micro-
scope (TEM) and energy-dispersive X-ray spectroscopy (JEOL
JEM-ARM?200f). X-ray photoelectron spectroscopy (XPS) (ES-
CALAB250Xi) was used to determine the elemental profiles and
chemical states of the metals in the metal stacks before and after
annealing.

III. OPTICAL SIMULATIONS

In order to quantify the influence of the different metal stacks
on the rear optical performance of IBC cells, three-dimensional
ray-tracing simulations were performed using the module ray
tracer from PV Lighthouse Pty Ltd [22]. Following the approach
of MclIntosh et al. [23], the reflectivity and transmissivity of tex-
tured solar cell precursors without antireflection coatings and
passivation layers were first measured and then ray-tracing sim-
ulations were performed to determine the characteristic angle of
the front-surface random-textured pyramids resulting from the
alkaline texturing process. Using this characteristic angle, the
measured and simulated reflectances of the IBC cell precursors
with dielectric layers prior to resin application and metalliza-
tion were used to determine the thicknesses of the antireflection
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TABLE I
MEASURED CONTACT RESISTIVITY ON BORON AND
PHOSPHORUS-DOPED SURFACES

Phosphorus doped
Before annealing After annealing
Pe (mQ-cm2) Pe (chmz)
Ti/Ag 1.1+£06 0.71 £0.19
Ti 22+19 0.54 £0.01
Ag 0.15 +0.04 0.28 +0.12
Boron doped
Before annealing After annealing
pe (mQ-em’) pe (mQr-em’)
Ti/Ag 6.8£3.0 0.20+0.14
Ti 94 £27 0.55+0.12
Ag 73 +39 19+11

layer. The simulated and measured reflectance at long wave-
lengths was also used to determine the Lambertian fraction of
the rear surface.

In order to account for free carrier absorption (FCA) in the
rear-surface n* and p* regions in the simulations, the doping pro-
files of the regions were determined using electrochemical ca-
pacitance voltage measurements and the model of Baker-Finch
et al. [24] was used to calculate the FCA of both regions for each
wavelength. The contribution of FCA was then accounted for in
the simulations by including a 500 nm layer on the solar cell rear
surface with the refractive index of Si (obtained from Schinke
et al. [25]) and a wavelength-dependent extinction coefficient
that resulted in the same calculated FCA.

Simulations of front-surface reflectance were then performed
for the different rear surfaces (with resin, without resin, and
Si) using the above-described input parameters and measured
optical constants (refractive index, n, and extinction coefficient,
k) for each metal layer and resin, which can be found in Table
SI in the Supplemental file. All the simulations (with resin)
assumed that the thickness of the novolac resin was 4 pm.

IV. RESULTS AND DISCUSSION
A. Contact Resistivity

The values of p., obtained from the TLM measurements,
before and after annealing for each of the metal stacks are shown
in Table I. After annealing, p. values < 1 mQ-cm? were obtained
for the n* surfaces with each of the metal contact layers with
the lowest p. of 0.28 + 0.12 mQ-cm? being achieved for the
Ag layer. However, it was more difficult to achieve a low p, for
the p* surface using Ag, and values < I mQ-cm? (target value
for the cell design) were only possible using the Ti and Ti/Ag
stacks after annealing. Annealing had the most impact for the
layers containing Ti suggesting that interface changes between
Ti and Si that reduce the contact resistivity had occurred with
annealing (e.g., formation of a Ti silicide [17]).

B. Reflectance

In this section, the reflectance values of the different test
structures are compared at high wavelengths. As the absorption
of Si is very low at 1200 nm, it is assumed that higher reflection
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Fig. 2. Front-surface reflectance of different rear-surface dielectric/metal
stacks Ti/Ag metal stacks. (a) Before annealing. (b) After annealing. With-
out metal refers to an IBC cell precursor without any metal and the other legend
labels are as defined in Section II.

at this wavelength can be used as a measure of reduced parasitic
absorption in the other layers. We assumed that our different
rear metallization layouts, especially the incorporation of the
Novolac layer did not significantly alter the scattering, which
otherwise could also lead to changed pathlengths of the reflected
light in the Si, and thus to changed band-to-band absorption in
the Si.

The front total reflectances of the different test structures for
the wavelength range 900-1200 nm are shown in Fig. 2. With
the incorporation of the novolac resin layer, which has low n and
k values [4], the reflectances increased for all the different metal
layers due to the increased displacement of the metal from the
Si absorber [see Fig. 2(a)]. The test structures with Ag resulted
in the highest reflectance for each precursor type. Titanium is a
poorer reflector of light entrant from Si than Ag [21]. The Ti/Ag
stack metal layer improved the optical reflectance at the rear
side compared with 200 nm Ti for all the cell precursors.

The front-surface reflectance of the test structures with only Ti
or only Ag was unchanged after annealing; however, it increased
by 5.0%—6.1% at 1200 nm for the test structures with the Ti/Ag
stack [see Fig. 2(a)]. This suggests that annealing of the Ti/Ag
stack results in changes which reduce parasitic absorption in
the metal stack that is evident after deposition. In fact, there
is no difference in the front-surface reflectance of the annealed
test structures with novolac resin and a Ti or Ag contact metal
layer. Also, the optical constants of Ti and Ag were found to be
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Fig. 3. Cross-sectional bright-field TEM images of the Ti/Ag interface with

Si (a) before annealing and (b) after annealing showing the increased Ag grain
sizes with annealing; (c) and (d) are high-resolution bright-field TEM images
recorded from the Si < 110> zone axis before and after annealing, respectively;
and (e) and (f) are EDS line scans of the areas in the blue arrows in (¢) and
(d) that show diffusion of Ti into both Si and Ag with annealing.

unchanged (by ellipsometry) after the annealing on the hot plate.
Therefore, we assume the annealing did not make changes in the
resin layer. This is advantageous, as annealing therefore acts to
improve the optical performance of the Ti/Ag contacting stack
such that it behaves like an Ag reflector, but with the benefit
of low (<1 m§2-cm?) contact resistivity to both the n* and p*
regions.

C. Interface Microstructure Analysis

Microstructural analyses were performed to explore the un-
derlying mechanisms for the resistive and optical changes re-
ported above. AFM images (not shown) suggest that the grain
sizes of the as-sputtered Ag films were relatively homogenous
but grew unevenly with annealing. The root-mean-square rough-
ness and the Z range detected from the AFM analysis increased
from 4.4 to 5.2 nm and 35.3 to 53.2 nm, respectively. Grain size
changes with annealing were not observed with the sputtered Ti
films.

Fig. 3 shows cross-sectional TEM images of sputtered Ti/Ag
stacks on a p* Si substrate before and after annealing. The
nonannealed Ag displays a columnar structure with a grain size
of ~100 nm [see Fig. 3(a)]; however, after annealing the Ag
grains partially grew larger [see Fig. 3(b)], which is consistent
with the nonuniform grain growth that was evident from the
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Fig. 4. XPS depth profiles of the cross section of Ti/Ag on Si (a) before and
(b) after annealing. Binding energy of Ag 3d5/2 and Ti 2p3/2 of Ti/Ag on Si
(c) before and (d) after annealing. Binding energy of Ti 2p3/2 and Si 2p of Ti/Ag
on Si (e) before and (f) after annealing.

AFM analysis. The interface of Ti and Ag became rougher close
to the Ag grain boundaries after annealing [see Fig. 3(b)]. The
high-resolution TEM images in Fig. 3(c) and (d) show that the
sputtered Ti was amorphous and that the interface between the
Ti and Si became sharper after annealing. The dark contrast at
this interface may arise from the formation of a thin TiSi which
can contribute to the reduced p,. after annealing [17]. The EDS
line scans in Fig. 3(e) and (f) confirm that the Ti has diffused
both into the Ag and the Si with annealing.

In order to study the elemental bonding at the Ti/Si and Ag/Ti
interfaces, a Ti/Ag stack comprising of 50 nm Ti and 50 nm Ag
was sputtered on a p* Si substrate. The compositional depth pro-
files of Ti, Ag, O, and Si before and after annealing are shown in
Fig. 4(a) and (b), respectively. Annealing resulted in the atomic
% of O in the Ti layer being reduced from ~6.3% to 2.9%, and
the formation of an O peak at the interface of the Ti and Ag,
with the atomic % of O in this region increasing from 10% to
40%. In Fig. 4(d), the Ti 2p3/2 core level also increased at the
Ti/Ag interface after annealing (453.93-454.13 eV), providing
further evidence for the formation of TiO,_, at the interface.
The XPS results suggest that at least one source of the O for
the interfacial TiO,_, is O that may be incorporated in the Ti
during sputtering.

Fig. 4(e) and (f) provides further evidence for the formation
of a TiSi at the Ti and Si interface. The binding energy of the Ti
2p3/2 core level increases slightly at the Si interface indicating
some binding of Ti and Si. There is also a slightly reduced
O signal [see Fig. 4(b)] which may contribute to the reduced
contact resistance with annealing. Titanium is known to have a
high affinity to O and has been reported to reduce native oxides
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Fig. 5. Front-surface reflectance of Ti/Ag metal stack with novolac resin
before and after annealing in different ambients.

on Si during subsequent annealing steps and reacts with Si to
form Ti silicides resulting in low contact resistance [17], [26].

To investigate the role of annealing ambient in the above-
mentioned interface changes, the front-surface reflectance was
measured after hot-plate annealing in air, rapid thermal process-
ing annealing in an N, ambient, and annealing in a sputtering
chamber with high vacuum (10~ Torr) for 10 min [see Fig. 5].
While there was only minimal change in the reflectance at
1200 nm for both N, and vacuum annealing, a larger increase
(69.5%—74.5%) was observed for hot-plate annealing in air. This
suggests that O, incorporation during annealing is contributing
to the improved optical performance of the Ti/Ag stack layer. It
is proposed that O, from the air diffused along Ag grain bound-
aries during annealing to react with Ti and form transparent
TiO,_, [27]. The partial diffusion of the Ti into the Ag layer
and formation of TiO,_, near the Ag grain boundaries could
reduce absorption in the rear metal reflector and thus improve
the optical properties of the metal contacting stack.

D. Optical Simulation Results

Following the procedure explained in Section III, the pyramid
angle and thickness of the front dielectric layer was determined
to be 53° and 87 nm, respectively. The Lambertian fraction
for the reflectance at the planar rear surface was estimated to
be 0.6, which gave best agreement between our simulations
and measurements and is in the range obtained in other reports
for alkaline-textured and then polished Si surfaces [28]. The
thickness of the rear SiN, — containing dielectric layer was de-
termined to be 120 nm by ellipsometry. Using these simulation
parameters and the measured optical constants of the novolac
resin and the metal layers, the front-surface reflectance was sim-
ulated for the with resin and without resin precursors and com-
pared with the experimentally measured reflectance values [see
Fig. 6]. Although good agreement between the simulated and
measured reflectance was achieved for the test structures with
only Ti and only Ag over the resin, the simulated reflectance for
the Ti/Ag stack was underestimated. This difference between
the simulations and measurement for the Ti/Ag stack may result
from the reactions that occur at the Ti and Ag interface with
annealing as discussed above.
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Fig. 6. Comparison of measured (after annealing) and simulated front-surface
reflectance for Ag, Ti, and Ti/Ag on IBC precursors with and without the novolac
resin interlayer.

However, the simulations were not able to reproduce the low
measured reflectances of the different metal contacting layers
on the IBC precursors (i.e., no novolac resin interlayer). A pos-
sible reason for this discrepancy could be damage caused by
sputtering to the dielectric layer, possibly resulting in changed
optical constants for the dielectric layer, and also an increase
of the roughness at the metal-dielectric interface. While these
effects would also be expected to affect the metal-resin inter-
face, the impact on the reflectance would be reduced due to
the larger thickness of the resin layer compared with the di-
electric layer and thus the enhanced decoupling of the metal
from the rear surface. The mismatch between experiment and
simulation is largest for the Ti without resist sample, i.e., the
sample with highest parasitic absorption. It is therefore assumed
that the mismatch was not caused by improved light trapping
and thus improved band-to-band absorption in the Si wafer, but
due to parasitic absorption at the rear surface. This discrepancy
between simulation and measurements means that the actual
benefit of introducing the resin interlayer is underestimated by
our simulations.

A comparison of measured and simulated reflectance at
1100 nm is shown in Fig. 7, together with the simulated loss
in the photogenerated current density (Jge,) for the IBC solar
cell. The wavelength of 1100 nm was used because at this wave-
length, the absorptance of Si is so low that a significant fraction
of photons pass through the solar cell without being absorbed
and encounter the rear surface. From Fig. 7, it can be seen that
higher reflectivity is correlated with lower parasitic absorption
at the rear surface and thus a lower current loss for the de-
vice. The ray-tracing simulations suggest that the current loss
of a Ti metallized IBC with a 120-nm-thick dielectric layer cell
can be reduced by 0.61 mA/cm? by including a novolac resin
interlayer to optically decouple the metal from the solar cell.
However, considering the much lower measured than simulated
reflection of the Ti metallized cell precursor, this value can only
be regarded as lower limit and the actual loss is expected to be
larger. Replacing the Ti metal layer in the simulations by a Ti/Ag
metal stack with a 2-nm-thick Ti layer results in a reduction of
the current loss by 0.44 or 0.94 mA/cm?, for the case of IBC
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Fig. 7. Effect of an added novolac resin layer and different metal contacting

layers on the measured and simulated reflection at 1100 nm and the Jge, loss
for the IBC cell precursors. (Numerical values can be found in Table SII in the
Supplemental file).

cells with and without a resin layer, respectively. Again, these
values are only lower limits and the actual advantage in terms
of increased current is expected to be larger.

While it is well known that FCA in diffused regions at the
rear surface of a solar cell can reduce the photogenerated current
[29], Fig. 7 shows how significant this effect is compared with
parasitic absorption losses of the rear metal. This highlights
the importance of integrating FCA effects in the analysis of
reflectance or quantum efficiency measurements of solar cells,
especially in the cases of cells with diffused regions for metal
contacting.

V. CONCLUSION

The optical advantages of an IBC metallization method,
which employed an insulating novolac resin layer and a metal
electrode comprising a sputtered Ti/Ag metal stack and plated
Cu, were identified. The use of a 2 nm Ti/200 nm Ag sputtered
metal stack with post annealing at 160 °C for 10 min on hot plate
enabled p,. values below <1 mQ-cm? for both n* and p* Si sur-
faces. Furthermore, the 900—1200 nm front-surface reflectance
of the Ti/Ag stack was shown to be comparable to that of an Ag
reflector largely due to the formation of a transparent TiO,_,
layer between the Ti and Ag during annealing in air.

In addition to allowing greater electrode coverage on the rear
surface, the resin interlayer was able to reduce the optical losses
associated with parasitic absorption in the rear metal electrode.
For a lossy Ti contact metal layer, the addition of the resin
interlayer was predicted to enhance the photogenerated current
density by at least 0.61 mA/cm?®. By replacing the Ti contact
layer with a Ti/Ag stack, a further gain of 0.44 mA/cm? was
suggested by the ray-tracing simulations, which is very close to
the increment of 0.49 mA/cm? made possible through the use of
an Ag reflector. This demonstrates that the use of an annealed
Ti/Ag contact stack results in very similar optical performance
to that of an Ag reflector, while offering the additional benefit of

IEEE JOURNAL OF PHOTOVOLTAICS

low contact resistivities to both the n* and p* Si regions of the
diffused IBC cells. The rear-surface optical analysis presented
in this study highlighted the need to include FCA in analyses
of rear optical performance, especially for the case of diffused
junction solar cells.
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