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Amorphous silicon enables the fabrication of very high-efficiency crystalline-silicon-based solar cells due to its
combination of excellent passivation of the crystalline silicon surface and permeability to electrical charges.
Yet, amongst other limitations, the passivation it provides degrades upon high-temperature processes, limiting
possible post-deposition fabrication possibilities (e.g. forcing the use of low-temperature silver pastes). We
investigate the potential use of intrinsic amorphous silicon carbide passivating layers to sidestep this issue. The
passivation obtained using device-relevant stacks of intrinsic amorphous silicon carbide with various carbon
contents and doped amorphous silicon are evaluated, and their stability upon annealing assessed, amorphous
silicon carbide being shown to surpass amorphous silicon for temperatures above 300°C. We demonstrate
open-circuit voltage values over 700 mV for complete cells, showing an improved temperature stability for the
open-circuit voltage. Transport of electrons and holes across the hetero-interface is studied with complete
cells having amorphous silicon carbide either on the hole-extracting side or on the electron-extracting side,
evidencing a better transport of holes than of electrons. Also, due to slightly improved transparency, complete
solar cells with slightly better performances even prior to annealing than obtained with a standard amorphous
silicon layer are demonstrated using an amorphous silicon carbide passivation layer on the hole-collecting side.

I. INTRODUCTION

Very efficient crystalline silicon (¢-Si) solar cells can
be obtained when thin intrinsic and doped hydrogenated
amorphous silicon (a-Si:H) layers are used for passiva-
tion and carrier selectivity’2. A well known loss mecha-
nism of such a-Si:-H / ¢-Si heterojunction devices is par-
asitic absorption of blue light in the a-Si:H layers on the
light-entering side® 6. Several strategies are being fol-
lowed to side-step this problem including thinner layers,
wider- or indirect-bandgap materials, or interdigitated
back-contact design as used in the recent world record
device* ?.

Another less reported limitation is the observed degra-
dation of the passivation quality provided by the a-
Si:H layers after heating the device at elevated temper-
atures. This degradation typically limits all the process
steps following a-Si:H deposition to temperatures below
250 °C. Whereas the ability to make good cells with low-
temperature processing is an advantage of this technol-
ogy, the inability to use higher temperatures prevents
the use of high-temperature, low-resistivity silver pastes
(typically requiring annealing at over 400 °C'?), and of
silicon-nitride passivating and anti-reflecting coatings,
which could be of interest for back-contacted devices!®.
Also, higher-temperature steps could be required in fab-
ricating tandem devices using a heterojunction bottom
cell since the process flow to fabricate most top cell can-
didates require high temperature steps (typically above
400°C)'2°15. The temperature-induced degradation of
a-Si:H is especially drastic for layers with a Fermi level
close to the valence band, whether because of doping (p-
type layers) or the presence of an electric field (intrinsic
layers adjacent to a high-work-function material). It was
notably shown that, in the case of a stack of intrinsic and

p-type a-Si:H (i/p stack), passivation starts to degrade
at lower temperatures than for an intrinsic a-Si:H layer
only!®. This effect was attributed to the fact that the
nominally intrinsic layer of the i/p stack has its Fermi
level shifted towards the valence band due to the pres-
ence of the p-type layer, decreasing the energy for defect
creation due to bond breaking in this layer. Improving
the temperature stability of the chemical passivation of
such an i/p stack would thus require a modification of the
intrinsic a-Si:H layer on which the passivation relies, since
any good hole-collecting layer will shift the Fermi level
in the intrinsic a-Si:H layer towards the valence band.

Amorphous silicon carbide (a-SiCy:H) is an excellent
candidate to improve temperature stability according to
the studies from Beyer et al.'”'®: Upon carbon incor-
poration into an a-Si:H film, the hydrogen incorporation
increases, the diffusion coefficient of hydrogen decreases,
and the temperatures of both hydrogen effusion peaks
increase. All these effects, linked to the stronger bond-
ing of hydrogen to carbon than to silicon, would tend to
reduce the formation of dangling bonds through hydro-
gen effusion upon annealing. Also, incorporating carbon
in the a-Si:H matrix widens the bandgap, reducing para-
sitic absorption of short-wavelength light for a given layer
thickness. The expected challenges when using intrinsic
a-SiCy:H in lieu of a-Si:H are maintaining sufficient passi-
vation since the density of dangling bonds increases with
the carbon incorporation, and good collection of carriers
despite the larger band offsets resulting from the wider
bandgap.

Though passivation of ¢-Si with a-SiC,:H layers has
been demonstrated by several groups in the last 15
years'® 23 the passivation quality reported has not
reached that obtained with a-Si:H?2%25. Also, in most
studies, Substantially thicker layers than typically used



in devices were used to enable efficient passivation,
and the few reported results on complete silicon het-
erojunction solar cells showed moderate efficiencies and
did not investigate improved transparency and thermal
stability?2:23:26,27

We investigate in this article the passivation perfor-
mance of device-relevant stacks of intrinsic a-SiCy:H and
doped a-Si:H, evidencing strong annealing effects. We
show that silicon-rich a-SiCx:H can be used as a passi-
vating layer in high-efficiency ¢-Si heterojunction devices
with open-circuit voltages (V,.) up to 730 mV. We find a
slight improvement in transparency with no loss in elec-
trical performance when using an a-SiCy:H layer of ap-
propriate thickness as a passivating layer below an a-Si:H
p-type hole-collecting layer. These devices also exhibit
improved stability upon post-fabrication annealing steps
up to 350°C.

Il. EXPERIMENTAL DETAILS

We investigate intrinsic a-SiCy:H layers deposited by
plasma-enhanced chemical vapor deposition (PECVD) at
a temperature of 250 °C and a pressure of 4.3 mbar from a
mixture of silane, methane and hydrogen (SiH,, CH4 and
H;). The CHy to CHy + SiHy ratio (Rep, ), defined as
the mass flow rate of CH, divided by the sum of CH4 and
SiH, mass flow rates, was varied from 0% to 75%, and
the flow of Hy was kept at 400 sccm except when specif-
ically mentioned. 50-nm-thick layers were used for ellip-
sometry characterization and some specific lifetime mea-
surements, and 4-nm- to 10-nm-thick layers were used
in cells. Except for ellipsometry measurements which
were performed on a single-side-polished wafer, layers
were deposited on 170-pm-thick pyramidally textured n-
type wafers with resistivities of 1Q.cm to 10 Q.cm that
were cleaned prior to deposition with piranha, RCA-B
and buffered oxide etch (BOE).

For complete silicon heterojunction cells, boron-doped
and phosphorous-doped PECVD a-Si:H layers with a
nominal thickness of 10nm were used as p- and n-type
contacts. The front electrode consisted of a 75-nm-thick
sputtered indium tin oxide (ITO) layer followed by a sil-
ver grid with a nominal thickness of 500 nm sputtered
through a shadow-mask; the back electrode consisted of a
150-nm-thick ITO layer followed by a 250-nm-thick, full-
area sputtered silver layer. Whereas this metalization
enables reasonably low series resistances for the 4-cm?
and 1-cm? devices used here, the front-grid shadows ap-
proximately 15% of the area with 10% variability between
samples. Active-area short-circuit current densities (Js.)
are therefore reported and were calculated by integrating
the product of the external quantum efficiencies and the
AM1.5G spectral irradiance. Lifetimes were measured
with a Sinton lifetime tester on the samples with no ITO
or silver, from which implied current-voltage (IV) param-
eters were extracted; a continuous-illumination Newport
sun simulator was used to acquire actual IV curves. Note

that except when otherwise stated, IV measurements are
reported after annealing at of the metallization at 200 °C
for 20 minutes, occasionally causing V,. values to exceed
the corresponding implied V,. values. Ellipsometry mea-
surements of a-SiCy:H layers were made with a Woolam
M2000 system and a Cody-Lorentz model was used in
the analysis, similarly to reference?®. A better fit of the
data was obtained than with a Tauc-Lorentz model, es-
pecially for high R, probably due to the large band
tails in this material which are better reproduced with a
Cody-Lorentz model.

I1l. PROPERTIES OF a-SIC:H LAYERS ON c-SI
A. Carbon content and optical properties

Secondary ion mass spectrometry (SIMS) analysis re-
vealed that very little carbon is incorporated in the layer:
The layer with a Rcp, of 50% had an atomic ratio
C/(C + Si) of only 4%, and it dropped to 2% for the
film with a Ropy, of 25%. This poor carbon incorpora-
tion is usual for a-SiCy:H films, and has been attributed
mostly to the higher sticking coefficient of silicon radicals
compared to carbon radicals!”. Diluting the plasma with
Hs was shown to further reduce the carbon incorporation
in the film by further lowering the sticking coefficient of
the precursors, making the divergence between the gas
stoichiometry and film stoichiometry larger. A stronger
deviation in stoichiometry was also reported in earlier pa-
pers when increasing the deposition temperature, though
no strong influence was seen in more recent work for tem-
peratures between 130°C and 300°C?229. Since we did
not perform SIMS analysis on all samples, Ro g, (gas flow
ratios) are reported instead of actual carbon content in
the film throughout this paper.

Fig. 1a shows the refractive index n and the extinction
coefficient k obtained from ellipsometry measurements of
50-nm-thick layers grown on polished wafers with differ-
ent Ropm,. Despite the aforementioned poor carbon in-
corporation, a significant decrease in n is seen for higher
Rcm,, linked with a slight decrease in k. The bandgap
obtained from fitting the Cody-Lorentz model to the data
increased accordingly from 1.7eV to 2.3eV similarly to
previous reports'8:19-29:30,

B. Passivation

Fig. 2a shows the effective lifetime of textured wafers
with both sides passivated with identical 50-nm-thick in-
trinsic a-SiCx:H layers for successive 20-minute annealing
steps in a furnace in ambient air. Increasing the Rcm,
degrades the initial (non-annealed) lifetime by up to two
orders of magnitude. We attribute this to a lower-quality
chemical passivation of the ¢-Si surface due to an increase
in the mid-gap defect density in the carbon-richer a-
SiCy:H layers'™'®, Upon annealing, whereas the lifetime
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Figure 1. n and k values as a function of the wavelength for
a-SiCyx:H layers with a) different CHy to SiHy ratios (Hz flow
of 400 sccm) and b) different Hy flows (Rem, of 75%).

of wafers passivated with pure a-Si:H changes little below
300 °C and then decreases, an improvement is seen up to
300 °C followed by a drop when using carbon-containing
layers. Changes in lifetime upon annealing are usu-
ally linked to hydrogen redistribution in the network'®,
so that initial improvements suggest that the initially
present dangling bonds get passivated by hydrogen. The
high-temperature degradation can on the other hand be
attributed to hydrogen effusion'®, with a lower relative
degradation for higher carbon content because of stronger
hydrogen bonding!”. Modifying the atmosphere during
annealing is expected to influence these results, and an-
nealing under forming gas atmosphere was shown to en-
able a stable lifetime for carbon contents similar to the
ones investigated here for higher temperatures?!.

Fig. 2b presents lifetime evolution upon annealing of
wafers having their back side passivated with a 50-nm-
thick a-Si:H layer and their front side passivated with
a stack of two 10-nm-thick layers, each one being ei-
ther a-Si:H or a-SiCy:H prepared with a Rop, of 75%.
a-Si:H/a-Si:H stacks and a-SiCy:H/a-SiCy:H stacks give
results similar to those in Fig. 2a. The a-Si:H-only and
the a-Si:H/a-SiCy:H stack give similar passivation for an-
nealing temperatures below 300 °C indicating that the
passivation of a given stack is determined by the first
10nm of material after the interface. Yet, starting at
an annealing temperature of about 300°C, passivation
from the stack drops more severely, indicating that a-
Si:H degrades more when capped by an a-SiCy:H layer
than when capped by an a-Si:H layer. We speculate that
such behavior can be understood from the strong de-
crease in the diffusion coefficient of hydrogen in a-SiCy:H
compared to a-Si:H (a drop by more than an order of
magnitude was reported when increasing the carbon con-
tent in the a-SiCy:H layer from 0% to 10%, which cor-
responds to the range of carbon concentration used in
this experiment!®3!): upon annealing, whereas an equal
quantity of hydrogen is diffusing out of the first 10-nm-
thick layer in both cases, it is partly compensated by hy-
drogen diffusing into it from the capping layer as sketched
in Fig. 2c. If this layer is made of a-Si:H with identical
hydrogen-bonding properties, this capping layer will con-
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Figure 2. Lifetimes after successive 20-minute annealing steps
at increasing temperatures for textured wafers with a) both
sides coated with 50-nm-thick a-SiCx:H films prepared with
various CHy ratios and b) the back side coated with a 50-
nm-thick a-Si:H film and the front side coated with two suc-
cessive 10-nm-thick intrinsic a-SiCx:H layers with a Rca,
of either 0% (pure a-Si:H) or 75% as sketched in c¢). c)
Sketches of the hydrogen motion in such stacks (left to right:
0%/0%, 0%/75%, 75%/0%, 75%/75%) during the first stages
of moderate-temperature annealing.

stitute a buffer preventing hydrogen loss from the inter-
face, whereas when a-SiCy:H is used as a capping layer,
much less hydrogen is coming in from the a-SiCy:H layer
which has stronger hydrogen-bonding properties, reduc-
ing its protecting effect. Testing these hypothesis would
require analyzing the hydrogen environment and hydro-
gen bonding in each case, which is delicate in view of
the thin layers and layer stacks at stake. Careful mea-
surements of dedicated samples with SIMS and Fourier-
transform infrared spectroscopy (FTIR) would though be
appropriate tools to probe these properties3?:33,

Similarly, a better lifetime is observed when the a-
SiCyx:H/a-Si:H stack is used compared to the pure a-
SiCy:H stack, with a much improved temperature sta-
bility. The capping a-Si:H layer acts in this case as
a source of hydrogen at annealing temperatures below
300 °C, reducing desorption from the a-SiCy:H layer. A
beneficial effect is thus seen upon annealing when us-
ing a-SiC,:H/a-Si:H stacks, similarly to recent reports®*
This phenomenon is already expected to happen during
the hydrogen-rich plasma deposition of the a-Si:H layer,
explaining the higher initial lifetime of an a-SiCyx:H/a-
Si:H stack compared to an a-SiCy:H only stack. This
particular case is to be kept in mind when considering
intrinsic a-SiCy:H/doped a-Si:H stacks in the following
discussion.

Fig. 3a show the lifetimes of textured wafers with both
sides coated with identical stacks of 10-nm-thick intrin-
sic a-SiCx:H and 10-nm-thick p-type a-Si:H (i/p stack);
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Figure 3. Lifetimes after successive 20-minute annealing steps
at increasing temperatures for textured wafers with both sides
coated with a stack of 10-nm-thick intrinsic a-SiCx:H pre-
pared with different CHy ratios and a) a 10-nm-thick p-type
a-Si:H layer or b) a 10-nm-thick n-type a-Si:H layer.

Fig. 3b shows the same results but when using identical
stacks of 10-nm-thick intrinsic a-SiCy:H and 10-nm-thick
n-type a-Si:-H (i/n stack). The Rcp, during the depo-
sition of the intrinsic a-SiCy:H layers was again varied
between 0% and 75% (the doped layer being pure a-Si:H
in all cases). For the pure a-Si:H i/p stack (Fig. 3a),
the lifetime degrades monotonically with increasing an-
nealing temperatures, dropping below 300 s for 300 °C.
When carbon is incorporated in the intrinsic layer, a
lower initial lifetime is observed but the drop upon an-
nealing is smaller (an increase is even observed for a Ro,
of 75%), making the lifetime higher for higher carbon
content above 300°C. For the the pure a-Si:H i/n stack
(Fig. 3b), the lifetime improves upon annealing up to
250 °C, followed by a drop. For increased carbon content
in the intrinsic layer, though the initial lifetime decreases,
a stronger improvement is seen upon annealing, making
the lifetimes increase with increasing R g, above 300 °C.

The lifetime behavior upon annealing for thick intrin-
sic, i/p and i/n a-Si:H stacks is similar to that detailed by
De Wolf and Kondo who observed an enhanced degrada-
tion for i/p stacks due to the position of the Fermi level
close to the valence band in the intrinsic a-Si:H layer'®
For a-SiCy:H i/a-Si:H p stacks, the observed behavior is
consistent with a superimposition of this Fermi-level ef-
fect with the influence of the carbon-content on the pas-
sivation of intrinsic a-SiCx:H/a-SiCy:H stacks detailed in
the previous section.

For i/p stacks, carbon incorporation helps somewhat to
maintain high lifetimes at high annealing temperatures—
an order of magnitude higher lifetime is observed for a
Recpy, of 75% than for pure a-Si:H after annealing at
400 °C—but all lifetimes dive below 1ms after anneal-
ing at temperatures higher than 200°C. As shown in
Fig. 4, different injection-dependance is yet observed for
different Rc g, upon annealing, especially apparent after
annealing at 300 °C: the pure a-Si:H case performs best
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Figure 4. Lifetimes as a function of injection level for textured
wafers with both sides coated with a stack of 10-nm-thick
intrinsic a-SiCx:H prepared with different CH4 ratios and a
10-nm-thick p-type a-Si:H layer after successive 20-minute an-
nealing steps at a) 200°C, b) 300 °C, ¢) 400°C.

upon high injection, whereas it shows the poorest lifetime
at low injection, possibly indicating that recombination
and passivation mechanisms are different. Further anal-
ysis on a wider injection range would be required to fully
analyze these behaviors®>. On the other hand, for i/n
stacks, an initial improvement in lifetime followed by a
drop is seen for all cases, with the peak value decreasing
from 5ms to 2ms when increasing the Rcpy, from 0% to
75%. The position of this peak also shifts from 250°C
to 350°C for increasing Rcop,. This temperature shift
is also present in Fig. 2 for i/i stacks, and we speculate
that this is caused by diffusion of hydrogen from a-Si:H to
a-SiCyx:H. Compared to i/p stacks, the carbon incorpora-
tion helps to a larger extent to maintain high lifetimes at
high annealing temperatures, with a value close to 2ms
after annealing at 400 °C for the Re g, of 75% (compared
to 0.2ms for pure a-Si:H). No strong difference in the in-
jection dependency (not shown) was observed for such
stacks contrarily to the i/p stacks case.

IV. CELL RESULTS

A. Hole collection versus electron collection

With the increased bandgap of a-SiCyx:H, and thus
the inevitable increase of the band offsets at the ¢-Si/a-
SiCy:H interface, transport of charges from the wafer to
the electrode might be impeded compared to a-Si:H. To
probe the collection of holes through the a-SiCy:H layer,
silicon heterojunction cells were made with a standard
a-Si:H i/n stack but an i/p stack consisting of an intrin-
sic a-SiCx:H layer with a Rep, of 0% to 75% followed
by a p-type a-Si:H layer. The reverse configuration was
also made to probe electron transport, with a standard
a-Si:H i/p stack but a-SiCx:H in the intrinsic layer of the
i/n stack. The V,. and FF (implied values and actual
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Figure 5. Implied and actual V,. and FF as obtained from
lifetime and IV measurements of silicon heterojunction cells
with an intrinsic a-SiCx:H layer deposited between a) the p-
type a-Si:H layer and the n-type c-Si wafer or b) the n-type
a-Si:H layer and the n-type c¢-Si wafer. The 10-nm-thick a-
SiCx:H layers were deposited with a Rcom, of 0% to 75% and
a Ho flow of 400 sccm. Each symbol represents the best value
out of three cells, and the bar indicates the average of the
three cells.

values from illuminated IV measurements) after anneal-
ing at 200°C for 20 min are shown in Fig. 5.

When using intrinsic a-SiCx:H in the the i/p stack
(Fig. 5a), the V,. is remarkably insensitive to carbon
content and remains above 700mV. A FF above 70%
is also obtained in all cases. A slight V. loss is seen
for the highest Rcp,, especially for a ration of 50%,
and is attributed to the poorer passivation also seen in
Fig. 3. This reproducibly lowest lifetime and V,. for a
Recp, of 50% could be due to the competition between
increased defect density and improved field-effect passi-
vation when increasing the Rcp,, the latter taking over
for the Rop, of 75%'9. A more detailed study of the
injection-dependence of the lifetime curves would be re-
quired to analyze this effect36:37.

Turning to Fig. 5b, the implied and actual V. also ex-
ceed 700mV for low Rcp, in the intrinsic layer of the
i/n stack, but the actual V,. degrades to 500mV for a
Rcop, of 75%, the implied V. staying at 675 mV as an-
ticipated from the lifetime in Fig. 3. A degradation of
FF is also observed for increasing Rcp,, associated with
an S-shaped IV curve for Rop, of 50% and 75%. This
indicates impeded transport of electrons through the a-
SiCx:H intrinsic layer for high carbon contents, also caus-
ing the difference between the implied and actual V.
values for the Rop, of 75%. Since the FF drop when

increasing the Rcp, in the intrinsic layer was smaller
for the i/p stack than for the i/n stack, the increased
bandgap difference between c-Si and the a-SiCy:H layer
with increasing Rcp, appears to consist mostly of a
larger conduction-band offset. Different conduction-band
offset values are found in literature for the a-SiCy:H/c-Si
heterostructure depending on the study, with a strong
dependence on the hydrogen content (as is also observed
for a-Si:H/c-Si heterostructures)3%3843. The large band
tails and disorder of a-SiC,:H, which are due to its amor-
phous nature, complicate the band offset definition and
might also contribute to the asymmetry in performance
of the cells requiring electron and hole extraction through
the a-SiCy:H layer®445,

B. Influence of the hydrogen content

In an attempt to engineer the valence- and conduction-
band offsets between ¢-Si and a-SiC4:H to favor hole or
electron collection through intrinsic a-SiCy:H layers, we
varied the Hy dilution during the growth of the intrin-
sic a-SiCy:H layers; the electron affinity of a-Si:H films is
known to increase with their hydrogen content accompa-
nying the widening of the bandgap®®. Instead of a similar
bandgap increase, a slight decrease was actually observed
for a-SiC4:H layers, as indicated by a slight increase in
both n and k for 50-nm-thick intrinsic layers deposited
with a Repy, of 75% (Fig. 1b). This bandgap narrowing
is attributed to lower carbon incorporation when using a
higher Hy dilution, as previously reported?®. Compared
to the influence of the Rcp,, all layers deposited with
a Rop, of 75% and various Hy dilutions exhibit optical
properties that are between the ones of layers having a
ratio of 75% and 50% CH, in Fig. 1a. The improved elec-
trical performance when using larger Hy flows observed in
Fig. 6 can thus mostly be attributed to a slight bandgap
narrowing rather than to a change in electron affinity
only (without bandgap modification), since collection of
both electrons and holes (though to a lesser extent) is
improved. Thus, varying the Ho dilution seems to allow
little leverage in tuning the electron affinity compared to
the influence of the Ry, on the overall bandgap.

C. Thickness and carbon content parallel optimization

Fig. 7 shows the electrical parameters of ¢-Si hetero-
junction devices using a-Si:H for the p-type layer and
the i/n stack but an intrinsic a-SiCy:H passivating layer
in the i/p stack with a Rog, of 0%, 25% or 75%, and a
thickness of 4nm, 7nm or 10nm. The J,. values were ex-
tracted from EQE measurements between the front metal
grid fingers and do not include the 15% shadow loss from
the metal grid; the efficiencies reported in Fig. 7d were
calculated based on this current density as active-area
efficiencies.

Fig. 7Ta shows that passivation improves with a-SiCy:H
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Figure 6. Implied and actual V,. and FF as obtained from
lifetime and IV measurements of silicon heterojunction cells
with an intrinsic a-SiCx:H layer deposited between a) the p-
type a-Si:H layer and the n-type ¢-Si wafer or b) the n-type
a-Si:H layer and the n-type c-Si wafer. The 10-nm-thick a-
SiCy:H layers were deposited with a Hz flow of 200sccm to
1600 sccm, and a Rem, of 75% to 75%. Each symbol repre-
sents the best value out of three cells, and the bar indicates
the average of the three cells.

thickness for layers prepared with a Reop, of 0% or 25%
but is similar for all three thicknesses for the layer pre-
pared with a Rop, of 75%. From Fig. 7b, we can see
that the F'F is best for thinner layers when increasing the
Rcp,. For the layers deposited with a Rop, of 75%, this
is due to the apparition of a barrier to charge transport
arising for too thick layers, possibly due to a too small
conductivity of the layer, as seen for the 10-nm-thick lay-
ers in Fig. 5 and Fig. 6. This is confirmed by the high
pseudo-FF value, measured with a Sinton instrument*’,
as commonly observed®. We see here though that this
barrier to hole extraction disappears for thin enough lay-
ers, with a FF of 76% for the 4-nm-thick layer. For pure
a-Si:H, the 4-nm-thick layer appears to be too thin to en-
sure a high FF', at least partly due to an increase in sur-
face recombination as indicated by the V. loss (Fig. 7a).
Devices with a Rop, of 25% layer maintain high FF val-
ues above 76% for all thicknesses, with a highest value
of 78% for the 4-nm-thick layer. The slight drop for in-
creasing thicknesses is linked to a higher value of open-
circuit resistance, likely due to indicate impeded charge
extraction, similarly but less severely than observed for
the highest Ropy, due to the smaller bandgap.

The Jgs. values shown in Fig. 7c follow the expected
trend: higher current densities are obtained for thinner
intrinsic layers, this gain getting lower for the most trans-
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Figure 7. a) Ve, b) FF, ¢) Jsc and d) active area efficiency
of silicon heterojunction cells with an intrinsic a-SiCx:H layer
in the i/p stack. The Rcp, in this layer was varied from 0%
to 75%, a Hy flow of 400scem was used and for each ratio,
cells with 4-, 7- and 10-nm-thick layers are shown from left to
right. Implied and actual values are reported for V,. and FF,
and the pseudo-FF' is also included. Each symbol represents
the best value out of three cells, and the bar indicates the
average of the three cells.

parent layers with the Re gy, of 75%. For cells using a pas-
sivation layer with a Rop, of 75%, the reflection on most
of the spectrum was slightly altered ( by this layer due to
its lower refractive index (Fig. 1), which balances the gain
in the blue part of the spectrum due to improved trans-
parency. Larger J,. gains are to be expected when using a
more transparent p-type (or other hole-collecting) layer,
which was not investigated in this study, since most blue
light is absorbed in this layer. The efficiencies in Fig. 7d
mostly follow FF', and interestingly show an overall max-
imum for the 7-nm-thick a-SiCy:H layer with a Reom, of
25%. The optimum thickness decreases when increasing
the Rcp,, which can be explained by a combination of
more efficient passivation for thin layers and more severe
series resistance (eventually S-shape) for thick layers as
the a-SiCy:H bandgap widens. Whereas these results are
for room temperature, a better temperature coefficient is
expected for the higher Rcop, due to improved thermionic
emission which might make such layers more interesting
for field applications® %49,

D. Improved temperature stability for i/p stacks

Fig. 8 shows the implied and actual V. of the com-
plete solar cells presented in Fig. 7 after successive 20-
minute annealing in ambient air at increasingly higher
temperatures. As anticipated from Fig. 3, V,. stability is
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Figure 8. Implied and actual V,. as a function of anneal-
ing temperature for heterojunction cells with an intrinsic a-
SiCx:H layer in the i/p stack. The a-SiCx:H layers were de-
posited with a Rcu, of 0% to 75% (variation across columns),
a thickness of 4nm to 10 nm (variation across rows), and a Ha
flow of 400 sccm. For the actual V,., each symbol represents
the best value out of three cells, and the bar indicates the
average of the three cells.

improved when increasing the Rc g, in the intrinsic layer
of the i/p stack. This is especially true for thin intrinsic
layers for which the observed degradation is much more
severe when no carbon is incorporated. A V,. of 700 mV
(680 mV) is maintained up to an annealing temperature
of 350 °C when using a 10-nm-thick (4-nm-thick) intrin-
sic a-SiCy:H layer with a Rop, of 75%, whereas devices
with a 10-nm-thick (4-nm-thick) a-Si:H intrinsic layer de-
graded to 640 mV (600mV). Though implied and pseudo
FF values did not change much upon annealing, the ac-
tual F'F degraded strongly, independently of the Rcm,,
which we attribute to degradation of the thin metaliza-
tion also visually observable.

Note that the same temperature study applied to cells
with the intrinsic a-SiCx:H layer on the i/n side (not
shown here) confirms the trend observed in the lifetime
study in Fig. 3: the initial implied V,. decreases with
increasing Rcp,, but all implied V,. values converge at
annealing temperatures between 250 °C and 300 °C. For
higher temperatures, passivation from the i/p stack be-
gins to degrade rapidly and limits the overall V..

V. CONCLUSION

In summary, we showed that low-carbon-content in-
trinsic a-SiCy:H layers can be used in high-efficiency ¢-Si-
based heterojunction cells. Lifetime obtained with using
as-deposited a-SiCy:H layers was shown to get lower with
increasing Rcp,, but increases upon annealing at 200 °C
to 400 °C were observed. When the passivating a-SiCy:H
layer was capped with an a-Si:H layer, a further increase
in lifetime was observed upon annealing, which we at-
tributed to hydrogen moving from the a-Si:H layer to the
a-SiCx:H layer. Passivation using device-relevant stacks
of intrinsic a-SiCy:H and doped a-Si:H are more resilient
to annealing at temperatures above 250 °C compared to
equivalent stacks using a-Si:H only. For complete cells,
poor carrier transport resulting in S-shaped IV curves
was observed when increasing the carbon content in the
intrinsic layer of the i/n stack. However, good FF values
were maintained when using intrinsic a-SiCy:H layers in
the i/p stack even for layers prepared with a Rcp, of
75%, provided a thin-enough layer was used. Because of
good passivation and improved transparency of the front
stack, cells employing a passivating layer prepared with
a Rop, of 25% reached slightly higher efficiencies than
those with pure a-Si:H. Also, better stability of V. after
annealing at elevated temperatures was shown for such
carbon-containing passivating layers.

As a-SiCy:H passivating layers can withstand higher
temperatures than a-Si:H layers—up to 350 °C—they
might allow a wider range of post-deposition cell fabrica-
tion processes. Whereas strong lifetime degradation was
still observed for 20-minute annealing in air at tempera-
tures above 400 °C, shorter exposures or different atmo-
spheres were not investigated and a-SiCy:H layers may be
beneficial in such cases. Further studies are required to
fully understand the passivation mechanism for ¢-Si / a-
SiCy:H structures and in particular the role of hydrogen,
as well as carrier transport across the hetero-interface. To
fully benefit from the improved transparency of intrinsic
a-SiCy:H layers, more transparent hole-extracting layers
would be required. Finally, a-SiCy:H passivating layers
may be further improved by using multilayers, by op-
timizing the deposition conditions, and by investigating
alternative post-deposition treatments such as annealing
under controlled atmosphere or exposure to a hydrogen
plasma.
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