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Abstract—We analyze the recombination properties of passi-
vating electron selective contacts based on nanostructured silicon
oxide. Our contact design is based on an interfacial buffer oxide
capped with a bilayer structure of phosphorus-doped silicon oxide
and silicon which is annealed at 900 °C. We investigate in detail
the effects of the initial dopant concentration in the bilayer and of
the anneal dwell time on dopant in-diffusion, contact formation,
and interface recombination. Our investigation addresses also the
hydrogenation of interface defects and the effect of indium-tin-
oxide (ITO) sputtering, allowing us to separate the interplay be-
tween enhanced field-effect passivation, Auger recombination, and
interface recombination. After thermal annealing, the passivat-
ing electron selective contact presented here attains a saturation
current density (Jo) of 12.4 fA cm~2 for medium doping, which
improves further upon hydrogenation to J, = 8.1 fA cm~2. For
specific contact resistances <500 m§2 cm?, however, higher doping
concentrations are required. For those doping concentrations, the
saturation current density is 13.9 fA cm~2 and increases by 10%
upon sputter-deposition of an ITO layer on top of the electron
selective stack.

Index Terms—Chemical oxide, contact resistivity, EDNA 2,
indium-tin-oxide (ITO) sputtering, mixed-phase, passivating con-
tact, phosphorus diffusion, silicon, silicon solar cells, SiOx, surface
recombination velocity (SRV).
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1. INTRODUCTION

HE main limitation of industrial high-efficiency crystalline
T silicon (c-Si) solar cells with direct metal/silicon contacts
is a high charge carrier recombination rate at the metal interface
[1]. To overcome the ensuing voltage loss, novel passivation-
and contact-schemes are required. First, approaches to passi-
vate the silicon wafer by a thin silicon oxide layer capped with
doped poly-silicon were pioneered already in the 1980s [2]-[4].
Instead of using pure poly-Si layers, impressive passivation
was obtained with a variant of those approaches using semi-
insulating poly-Si (SIPOS), which were alloyed with oxygen,
but the films were too resistive for extraction of current from
solar cells [3]-[5]. Recently, impressive solar cell results were
demonstrated using a similar approach, mainly on the rear side
for both-sided contacted solar cells and interdigitated back con-
tacted (IBC) devices without alloying with oxygen [6]-[12], but
all these structures have in common that a highly doped surface
region is formed within the wafer by in-diffusion of dopants
from the deposited layer during a thermal annealing step. This
highly doped surface region supports the charge carrier selectiv-
ity of the contact [13]. Additionally, most structures benefit from
a hydrogenation step, which is usually explained with a reduc-
tion of the electronic defect density at the wafer/SiOx interface
or in the layer stack [14].

When such a passivating rear contact is employed, the re-
combination loss at the front side metallization becomes the ef-
ficiency limiting element [15]. To mitigate this loss, we recently
presented a novel full-area passivating electron contact which
targets enhanced transparency by replacing a part of the doped
Si-layer by SiOx [16]. This novel contact structure consists of
a thin SiOx layer grown chemically (chem-SiOx) on the c-Si
wafer surface, capped by a phosphorus-doped mixed-phase sili-
con oxide (mp-SiOx ) layer and a nanocrystalline silicon (nc-Si)
layer. Compared with the SIPOS structure, the mp-SiOx used
in this contribution has higher oxygen content, but it contains Si
filaments in the direction of growth that support transverse con-
ductivity. The filaments are a result of using appropriate growth
conditions during plasma-enhanced chemical vapor deposition
(PECVD) [17]. Analysis with transmission electron microscopy
reveals that those Si filaments, embedded in an SiOx matrix,
extend through the layer, with increasing Si concentration and
crystallinity toward its top interface in the “as-deposited” state
as well as after the annealing [16]. Moreover, the presence of
SiOx enhances the temperature stability of the passivation, re-
sulting in a broad thermal processing window. In a preceding
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publication [16], a high concentration of phosphorus at the in-
terface between the wafer and the chem-SiOx/mp-SiOx/nc-Si
layer stack was reported, causing Auger recombination and thus
imposing a lower limit of the emitter saturation current density
(Jo).

In this paper, we investigate further the interplay between
enhanced screening of minority carriers, Auger recombination,
and interface recombination, which all increase monotonically
with surface concentration [18]-[20]. Whereas a higher doping
concentration leads to an increase in Auger recombination [21],
it also increases the density of majority carriers (electrons) and
consequently decreases the density of minority carriers (holes)
at the interface [22]. On the other hand, dopant diffusion through
the SiOx into the wafer can also cause electrical defects at the
wafer/chemical SiOx interface as reported for boron diffusion
[23]. These can be partially passivated by an additional hydro-
genation step [14].

By varying the annealing time and initial doping concentra-
tions of the deposited stacks, the junction properties are analyzed
and the influence of the individual effects are separated by inves-
tigations before and after hydrogen passivation in a forming gas
anneal (FGA). Additionally, we apply an electrode of sputtered
indium-tin-oxide (ITO) in order to finalize a solar cell structure
and to study possible effects on passivation quality for samples
dominated by the different recombination behavior.

II. EXPERIMENTAL

The passivating electron selective contact was investigated
on planar symmetrical test structures based on 200 pm thick
4-inch <100>-oriented 10 €2 cm phosphorus-doped n-type FZ
silicon wafers. After standard wet chemical cleaning, a ~1.2 nm
thin SiOx layer was grown by wet chemical oxidation in an
azeotropic HNOj solution [24], [25], referred to as “chemical
SiOx” (chem-SiOx hereafter). Subsequently, both sides were
covered with the mp-SiOx/nc-Si bilayer structure, using thick-
nesses of ~12 and ~17 nm, respectively. The films were de-
posited by PECVD using SiHy, Hs, CO, as reported in more
detail in [16], and PH3 was added for in situ phosphorus-doping.
In the following, PECVD-deposited layers are referred to as
mp-SiOx and nc-Si in order to distinguish them from the chem-
SiOx. The initial doping concentrations of both layers were
varied during this experiment, using four different phosphine
(PH3) flow rates. The samples were then annealed in nitrogen
(N3) at 900 °C for four different dwell times, namely 15, 30,
60, and 90 min, resulting in different surface concentrations
and doping profiles. The annealing was followed by a 30 min
forming gas anneal (FGA, 4% Hs in Ny) at 500 °C to passivate
electronic defects at the c-Si/chem-SiOx interface. The sam-
ples were dipped in a diluted hydrofluoric acid (HF) solution
(1 vol.-%) until the surfaces became hydrophobic prior to sput-
tering ITO on both sides. The samples were subsequently cured
at 210 °C for 30 min. The effective minority carrier lifetime
was measured by photo-conductance decay (PCD) applying the
method of Kimmerle [26] to extract the emitter saturation cur-
rent density Jy at an excess carrier density corresponding to
ten times the base doping. The error in this Jy measurement
including inhomogeneity over the wafer area is smaller than
10%. The spatial homogeneity of the passivation was analyzed
using photoluminescence imaging. The electrically active phos-
phorus doping profile diffused into the c-Si was measured by
electrochemical-capacitance-voltage (ECV) measurements us-
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Fig. 1.  Sketch of the layer stack employed in the proof-of-concept solar cell.

ing 0.1 molar ammonium hydrogen difluoride (NH,HF>) solu-
tion after stripping the whole layer stack by prolonged etching
in a 20 vol.-% HF solution. The software EDNA 2 [27] was
used to simulate the saturation current density for the measured
doping profiles as a function of the surface recombination ve-
locity (SRV) at the wafer/layer stack interface. We used the
inverse function SRV (.Jy) to determine the SRV value for the
corresponding Jy value determined by PCD. The contact resis-
tivity was measured by the transfer length method (TLM) on
coplanar contact pads deposited on the mp-SiOx/nc-Si layer
stack after the FGA. We used two types of contact, either
evaporated aluminum (Al) or sputtered ITO covered by sil-
ver paste, and the layer stack was not etched back between
the contact pads since the influence of the layer on the con-
tact resistivity is negligible for this contact structure as reported
in [16].

For the proof-of-concept solar cells, we prepared first the pas-
sivating electron contact on the front side of a planar <100>-
oriented 1 {2 cm phosphorus-doped 200 pm thick n-type silicon
wafer. Then, we applied a silicon heterojunction (SHJ) hole
selective contact to the rear side applying subsequently thin in-
trinsic amorphous silicon (a-Si:H) and boron-doped a-Si:H(p)
layers. After an HF dip, ITO was sputtered on front and rear
through2.2 x 2.2 cm? shadow masks that were aligned to cover
the same area. Different from lifetime samples, thicknesses of
80 and 130 nm were used for front and rear side of the solar
cells, respectively. The solar cells were then finished by sputter-
ing a silver reflector on the rear side and screen printing an Ag
grid on the front side, followed by curing for 30 min at 210 °C
in a belt furnace. A sketch of the final layer stack of our device
is illustrated in Fig. 1 and more detailed information about the
fabrication process for the hybrid cells can be found elsewhere
[28]. Current voltage (I-V) characteristics of the cells were
measured at 25 °C with a source meter (Keithley, 2601A), usin%
an AAA solar simulator (Wacom) calibrated to 100 mW cm™
with a c-Si reference cell. Suns — V5 measurements were car-
ried out on the individual cells at 25 °C using the Suns — V¢
unit of a WCT-100 photoconductance tool by Sinton Consulting
Inc. The external quantum efficiency (EQE) was measured be-
tween the metal fingers by an in-house build system calibrated
with a certified SHJ cell. Together with the reflectance (R) mea-
sured in a Perkin-Elmer Lambda 950 spectrometer, the internal
quantum efficiency (IQE) was calculated.
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Fig. 2. Emitter saturation current density Jy as a function of the relative
PH3 flow used during PECVD deposition for four different anneal dwell times
directly after the anneal (dashed lines, open symbols) and after a hydrogenation
by FGA (lines, filled symbols).

III. RESULTS AND DISCUSSION

A. Surface Passivation

Fig. 2 shows the measured emitter saturation current den-
sity (Jp) as a function of relative PH3 flow during deposition
(maximal used PH3 flow is set to 1) after applying four differ-
ent anneal dwell times at 900 °C. The .J is measured directly
after the annealing process and then again after the FGA. The
open symbols show that even without the FGA, remarkably
good passivation with J, values below 20 fA cm ™2 can be at-
tained for the higher PH3 flows. For short dwell times of 15
and 30 min, a relative flow of 0.77 during deposition leads to
best passivation. For longer dwell times, on the other hand, a
relative flow of 0.56 shows the best behavior, leading to a value
of Jo = 124 fAcm .

Full symbols show that the FGA is especially effective to im-
prove Jy of samples with low phosphine flow, suggesting that
their behavior is dominated by defects at the chem-SiOx /wafer
interface. With FGA, the optimum is reached for a relative
PH; flow of 0.56 and a dwell time of 30 min, resulting in
Jo = 6.4 fAcm™>.

Samples with high phosphine flows are insensitive to FGA,
suggesting that the overall recombination rate is dominated by
the in-diffused region which is little affected by hydrogenation.
The increase of Jy for relative flows higher than 0.56 (after
FGA) can be explained with an increasing contribution from
Auger recombination.

These results show different pathways to improve surface
passivation, either by low initial doping concentrations com-
bined with long annealing and hydrogenation or high initial
doping concentrations, for which a short annealing dwell time
is sufficient and an FGA is not necessary.

B. Electrical Characterization

The specific contact resistivity pc for this sample series is
shown in Fig. 3 as a function of relative PH3; flow and for the
four different anneal dwell times at 900 °C before metallization.
Error bars denote the average over three TLM samples prepared
for each condition. For both contact types, high doping is needed
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Fig. 3. Specific contact resistivity p. as a function of the relative PH3 flow

used during PECVD deposition for four different anneal dwell times extracted
from TLM measurements using ITO/Ag (red filled symbols) or aluminum (blue
open symbols) as metallization. The data points are moved slightly in the hori-
zontal direction for better readability.

for low contact resistivity, but evaporated aluminum (blue open
symbols) yields lower values than sputtered ITO with silver
paste (ITO/Ag, red filled symbols).

For low doping of 0.33 relative PH3 flow, the samples were
hardly measurable giving pc values of above 5 Q cm?. For a
relative PH3 flow of 0.56, pc is decreasing with longer anneal
dwell time and only for 90 min anneal and contacting with alu-
minum p¢ gets below 500 m¢2 cm?. For a relative PHj; flow of
0.77, pc is not following a trend with anneal dwell time, only a
clear beneficial behavior of aluminum over ITO/Ag is observed
leading to pc of ~200 mQ cm?. For comparison, the contact
resistivity of a-Si(i)/a-Si(n) SHJ contacts (see the dashed line in
Fig. 3) is reported to be ca. 300 m§2 cm? [29]. For a higher rel-
ative PH3 flow of 1.00, pc with ITO is also below 500 mf2 cm?
for some conditions. Using aluminum, p¢ is lower for shorter
anneal dwell time with an optimum at 15 min, leading to an av-
erage pc of 26 mQ cm?. An explanation for the lower pc for Al
compared with ITO could be a difference in their work function.
For ITO, the work function varies with stoichiometry, organic
contamination, and oxidation type [30], [31]. A higher effective
barrier for ITO would broaden the depletion region and lead to a
decrease in tunnel probability, which is the dominant term in our
Schottky contact due to the high doping concentration in silicon
[32]. On the other hand, due to Fermi level pinning, the exact
effect of the work function is hard to predict [33]. Additionally,
the presence of oxygen during the ITO sputtering could lead to
a thin SiOx layer between the silicon and the ITO, acting as
additional barrier.

As can be seen from the error bars, the samples with ITO
should be treated with caution and are reported here to give a
more complete picture and to show that a charge carrier transport
with low pc is possible through this mixed-phase SiOx layer
stack, but only by using higher doping concentrations. Since a J
value < 10 fA cm~2 should be sufficient for most applications
in high-efficiency solar cells, these higher PH; flows needed for
a good electrical transport can be applied.
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Fig. 4. Phosphorus doping profiles measured by ECV in the c-Si wafer after
etching off the deposited layer stacks.

C. Doping Profiles

The doping profiles of our sample set after FGA are shown in
Fig. 4. There are roughly three groups which are distinguished
primarily by low, medium, and high PH3 flow. The dwell times
give rise to only minor differences within the groups. A relative
flow of 0.33 results in a comparatively shallow profile for all
anneal dwell times, whereas a relative flow of 0.56 already
increases the surface concentration by more than one order of
magnitude. For 0.77 and 1.00 relative PH; flow, the doping
profiles are on a similar level, but it should be noted that the
profiles were measured by ECV which only detects electrically
active dopant atoms.

D. EDNA 2 Simulations

The doping profiles shown in Fig. 4 were used to simulate
Jo as a function of SRV at the wafer/layer stack interface using
EDNA 2 [27]. This SRV thus lumps all recombination processes
occurring at the interface between the wafer and the deposited
layer stack and within the layer stack, independently of their
exact mechanism. Fig. 5 resolves the individual contributions
illustrated for the doping profile (inset) of the sample with 0.77
relative PH3 flow and an anneal of 60 min at 900 °C. Radiative
recombination (purple) is taken into account according to the
model of Trupke [34], Auger recombination (green) is treated
with the model described by Richter in [35, Table II], giving a
lower threshold for J, at low SRV, and surface recombination
(blue) is determined by Uy, = SRV - An, with the recombina-
tion rate Uy, and the excess carrier concentration An. Based
on the experimentally determined J, of 10.9 fA cm ™2 after FGA,
an SRV of 1050 cm ™" is read off the characteristic.

For simplicity, we assume zero surface charge and no
Shockley—Read—Hall (SRH) recombination in the bulk of the
emitter because the material used was of high quality and the
measured P concentrations are more than one order of magnitude
lower than the solubility limit given by Solmi [36]. Note that
this assumption leads to an upper limit for the SRV derived on
the basis of the measured .Jy. To further justify our assumption,
we projected a worst-case scenario in Fig. 5 using the assump-
tions 7,0 = 5000 pus, 7,0 = lpus and By — E; = 0.3 eV
to illustrate the effect of SRH recombination in the emitter
(violet), leading to a different total Jy (orange). This would
result in an SRV of 657 cm s~ (intersection with orange curve)
instead of SRV 1050 cm s~ (intersection with red curve).
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the example of a relative PH3 flow of 0.77 and an anneal dwell time of 60 min
(doping profile shown as inset). The contribution of radiative (purple), Auger
(green), and surface (blue) recombination to the total Jy (red) are indicated.
The effect of SRH in the emitter (violet) leads to a different total .Jo (orange).
In dotted black lines the measured .Jy after FGA and the corresponding SRV is
marked.

The simulations for the ECV doping profiles of all 16 samples
are summarized in Fig. 6. The symbols overlaid on the curves
refer to the experimentally determined values of J after FGA.
For low phosphorus concentrations (relative PH; flow of 0.33)
the dependence of .Jy on SRV (straight line in the log—log plot) is
approximately described by a power-law over almost the whole
SRV range. This trend indicates that on one hand it is possible
to reach very low J values for very low SRV, but on the other
hand, the contact is very sensitive to the amount of interface
recombination.

By increasing the doping to a relative PH; flow of 0.56, the
lowest reachable Jy values extend into a similar range, but they
are less sensitive to SRV values between 1 and 50 cms™'. Fig. 4
showed that this condition yields a deeper in-diffused region,
resulting in reduction of the minority hole concentration close
to the interface between chem-SiOx and wafer and thus a lower
recombination rate at this interface.

For even higher relative PHz flows of 0.77 and 1.00, the
minimal attainable Jy for low SRV is clearly increased up to
values between 1 and 4 fA cm 2 due to Auger recombination,
but at the same time, Jy is more robust against variation of
SRV. As Fig. 6 depicts, Jy stays almost constant until around
1000 cm ™! before the monomial behavior arises.

For SRV in the range between 10° and 10 cm s~!, in which
all curves show monomial behavior, higher doping concen-
trations result in lower Jy values. All lie in the range of
100-1000 cm s~ !, giving the possibility to use higher doping
concentrations without being limited by Auger recombination.

E. Surface Recombination

We determined the SRV of all of our structures from the sim-
ulated Jy(SRV) dependence and the experimentally determined
Jo values. Additionally, we measured .Jy after sputtering of ITO
electrodes and once more after curing. Fig. 7 depicts the ex-
tracted SRV values as a function of the phosphorus concentration
at the wafer surface (/Vy,), ). Note that even with arelative error of
10% in Jy, almost all error bars for the resulting SRV are smaller
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than the symbol size, so they are not plotted. Before FGA (red
open symbols) the SRV for low Ng,p, 5 - 101 — 2107 cm~3,
and high Ny,p, 1 —4- 10" cm™, lie between 400 (low Ny, )
and 3700 cm s~ (high Ngop ). After FGA (red filled symbols),
the SRV of those with low Vy,,, improve by a factor of up to 20
to values as low as 20 cm s~ !, whereas for high Nqop the SRV
improve only by a factor of 1-1.5.

In Fig. 7, we have also replotted literature data for SiO,
and SiOx/SiNy passivation layers [19], [20], [37]-[40]. Note
that these layers were dielectric layers, and did not work as
charge carrier extraction layers. Fig. 7 shows that the SRV of
our passivating electron contact follows a very similar depen-
dence on Ng,,. Following [40] we describe the dependence of
SRV on the interface phosphorus concentration by the following
equation [40]:

_ Ndop n Ndop T
SRV - Spl (101901’113) + SpZ 1019()1’1’173 (1)

using the fit parameters )1, Sp2, v1, and 2. Due to the lack of
data at high Ng,,, the second term is rather uncertain and -y, is
therefore set to 4 as used by [40] to parametrize the data of [39].
The found parametrizations for the mp-SiOx/nc-Si layer stack
after anneal and after FGA are summarized in Table I and com-
pared with the parametrizations reported for a dielectric thermal
silicon oxide before and after an FGA [39], [40]. Whereas the
exponent 7 is clearly lower for the chem-SiOx /mp-SiOx /nc-Si
samples without FGA compared with the reported samples with
bare oxide, this fit parameter v, is very similar when comparing
after the FGA.

The dielectric passivation layers [19], [20], [37]-[40] are elec-
trically insulating and thus do not allow the establishment of an
electrical contact for charge carrier extraction. The passivating
contact layer stack presented here shows a very similar depen-
dence of SRV over the studied surface phosphorus concentration
range and in addition, this layer stack also acts as electrical con-
tact to the silicon wafer, thanks to the silicon inclusions as was
shown in [16].

Fig. 8 shows Jy (left axis) at the different steps of contact
formation, grouped by the relative PH; flow. The crosshatched
area at the top of the bars represents the contribution of Auger
recombination, extracted from the EDNA 2 simulations as de-
scribed in Section III-D. Low PH3 flows and short anneal dwell
times result in shallow doping profiles and therefore low Auger
recombination. These conditions yield the lowest .Jy values after
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Fig. 7. Extracted SRV values from the combination of measured .Jy and the

simulations out of doping profiles plotted versus the phosphorus concentration
at the chem.SiOx /wafer interface. The values are compared with literature data
for dielectric passivation layers.

TABLE I
PARAMETERS IN (1) TO APPROXIMATE SRV VALUES SHOWN IN FIG. 7

Syilems™] 41 SpalemsT!] 4y
mp-SiOx /nc-Si (after anneal) 1165 0.18 19.0 4
mp-SiOx /nc-Si (FGA) 816 0.65 7.7 4
thermal SiOs [39], [40] 1400 0.5 4 4
thermal SiOy (FGA) [39], [40] 670 0.65 4 4

FGA. For longer dwell times and increasing doping levels, Jy
generally increases due to increasing Auger recombination. Ad-
ditionally, the diffusion of a larger amount of dopants through
the chemical oxide can also create defects and hence additional
recombination centers at the interface.

Sputtering of ITO increases Jy in all cases, but it is particularly
detrimental for the Jy of samples with low relative PH3 flows of
0.33 and 0.56. These conditions coincide with low surface phos-
phorus concentrations in the range of 10'°~10'7 cm~3. In Fig. 7,
the corresponding samples showed the largest improvements by
FGA (reduction of their SRVs by a factor of up to 20), but also
larger sensitivity to loss of interface passivation (increase of
SRV after ITO sputtering by a factor of ~3-5). Samples with
higher relative phosphorus flow of 0.77 and 1.00 are more re-
silient against ITO sputtering damage. Consequently, they are
more promising for device fabrication despite their higher con-
tribution of Auger recombination.

For heterojunction solar cells, it was reported that the detri-
mental losses of ITO sputtering can be regained by curing [41],
[42]. This effect is also visible for our passivating electron con-
tact, but the SRV shown in Fig. 7 is reduced only by a factor
of 1-1.5, and rather independently of the phosphorus surface
concentration as shown by the filled blue symbols in Fig. 7,
indicating that sputtering induced damage cannot be fully re-
covered. This leads to SRV values after curing between 50 and
150 cm s~ for Ny, of 10'°~10"7 cm™3. For Ny, in the range
of 10" cm™3 SRV ranges between 700 and 1200 cms~'. For
still higher Ngy,;,, an SRV in the range of 1500-4000 cm s7lis
extracted. The influence of the curing (after ITO deposition) is
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Fig. 8.

Emitter saturation current density Jy and its evolution after FGA (red), after ITO sputtering (blue striped) and its curing (blue filled) as a function of the

relative PH3 flow and the anneal dwell time. The contribution of Auger recombination to each .Jy is marked crosshatched. The i-FF (green stars, right axis) shows

the influence of the ITO deposition at maximal-power-point (mpp) conditions.

also shown in Fig. 8, and for most samples it is on a similar
level.

Conditions with higher relative PH; flows and longer anneal
times lead to several conditions with a J below 15 fA cm 2. The
optimum in our dataset is found at a relative PH; flow of 1.00
and a dwell time of 30 min, resulting in a Jy of 12.1 fA cm 2,
Therein, Auger recombination contributes 1.5 fA cm ™.

A closer look at the impact of ITO (including the curing)
on the passivation clearly shows a stronger impact on samples
with low interface concentrations for which chemical passiva-
tion plays a dominant role to reach high surface passivation.
It is remarkable that even though some of the conditions used
have rather high interface concentrations of 2.5- 10" ¢cm™3, the
resulting contribution of Auger recombination to .Jy was found
to be <3.6fAcm 2 and has therefore a lower impact on the
final performance than the ITO sputtering.

We also report the implied fill factor (i-FF) in Fig. 8 (green
stars, right axis) in order to show the influence of the ITO
deposition at maximal-power-point conditions. The same trend
as for .Jy is observed: The degradation is stronger (losses of up to
1.75% absolute) for low doping, and the i-FF does not recover
by curing, whereas for the best condition with a relative PH3
flow of 1.00 annealed for 30 min, the i-FF drops only by 0.25%
from 85.0% to 84.75%.

We assume that the doping profile and therefore the Auger
recombination is not affected by the ITO sputtering. Therefore,
this higher impact on samples with low interface concentrations
could be related to a degradation of the chemical passivation due
to sputtering and/or to the detrimental effect of band bending
induced by the work function of the ITO, effectively reducing
the electron concentration at the Si surface, an effect already
reported for heterojunction solar cells [43], [44].

F. Proof-of-Concept Solar Cells

As a proof-of-concept and to further investigate this mixed-
phase SiOx layer stack, a hybrid solar cell (SHJ rear side) was
fabricated on a planar 1 2 cm phosphorus-doped n-type wafer
having ITO/Ag as metallization. To this end, the condition giv-
ing the lowest pc with a relative PH; flow of 1.00 and anneal
dwell time of 15 min was chosen, no FGA was applied. Fig. 9

depicts the measured J-V curve under illumination (blue) to-
gether with the Suns — Vo measurement (dashed red). A fill
factor (FF) of 79.4% demonstrates efficient carrier transport
through the mixed-phase layer with a series resistance Rg of
0.19 © cm? extracted by the method of Wolf [45], [46]. The
short-circuit current density (Jsc) of 33.9mA cm ™2 is promis-
ing for a planar solar cell compared with an upper limit of
35.7 mA cm 2 simulated with Wafer ray tracer [47] for a planar
ideal device using nitride/wafer/nitride/Ag on a 200 pm wafer
including the same shading losses of 5%. The high Jgc shows
the potential of this contact as a front layer even though the
open-circuit voltage (Vo) of 691 mV is lower than expected.
We relate the low V. to several not optimized cell fabrication
steps, especially on wafer surface conditioning before the SHJ
rear side deposition, since the lifetime after the rear side de-
position is only improving slightly. We also assume this to be
the reason for the low pseudo FF (p-FF) of only 83.0%, since
on symmetrical samples with a-Si(i)/a-Si(p), using the same
fabrication method as for the proof-of-concept cell, an i-FF of
only 78.4% was observed before the ITO deposition. Neverthe-
less, the planar proof-of-concept device shown in Fig. 9 has a
conversion efficiency 7 of 18.6%.

In Fig. 10, the EQE of the planar proof-of-concept solar cell
is plotted together with the reflectance (R) and the calculated
IQE in comparison with a planar SHJ cell (dashed lines) in
rear emitter configuration (all EQEs are measured between the
contact fingers). Both cells have an a-Si(i)/a-Si(p) rear con-
tact, but the contacts were not codeposited, and the flat SHJ
cell was fabricated on a 270 pum thick n-type wafer, thus ex-
plaining the differences at long wavelengths. At short wave-
lengths, the differences visible in EQE and R are mainly de-
termined by the front layer, allowing a direct comparison of
our mp-SiOx (n)/nc-Si(n) layer stack (~12/~17 nm) with the
SHIJ a-Si(i)/a-Si(n) front (~4/~6 nm). Below 400 nm, the EQE
response of the proof-of-concept cell is lower than the SHJ.
This could be related to parasitic absorption which is lower for
a-Si than for nc-Si in this range. Between 400 and 550 nm,
the proof-of-concept cell shows a strong increase in EQE as
well as IQE which is associated to the low parasitic absorp-
tion in the front mp-SiOx (n)/nc-Si(n) layer stack as well as low
reflectance. Above 550 nm, the IQE of the proof-of-concept



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

STUCKELBERGER et al.: RECOMBINATION ANALY SIS OF PHOSPHORUS-DOPED NANOSTRUCTURED SILICON 7
— 40 T T T T T T T 10 T T --2=<-0 i P13 T
a
5
< 30 i N 0.8F .
e proof-of-concept cell:
~ V .= 691 mV S el EQE 1
= B 5 —_ / —— Reflectance
% 20r  [|U..=339mAcm? 1 = / IQE
c sc Ui
3 FF =79.4 % G 04 AN PN .
2 10F ||z =18.6% {1 o LA
o | Y | AN |
E SV 0.2 .
=] — =Suns-V,
O 0 oc
0 O 1 N I=-=== ri 1
' . . . ' 400 60 800 1000 1200
0 200 400 600 800
wavelength [nm]
Voltage [mV]
Fig. 10. EQE, reflectance, and IQE of the proof-of-concept solar cell in com-
Fig. 9. J-V characteristics of a planar hybrid cell with the mixed-phase SiOx  parison with a planar SHJ cell. Both cells are realized with an n-type wafer in

layer n-type stack at the front and an amorphous heterojunction p-type hole
collector at the rear.

cells remains below 97%, indicating recombination losses at the
front side.

An interesting additional feature of the proof-of-concept cell
is visible in R. For a broad wavelength (1) range of 450 nm <
A <950 nm, R is below 10% showing an antireflection behavior
of the mp-SiOx (n)/nc-Si(n) layer stack at the front, even though
the ITO thickness is not optimized yet. We, therefore, assume
that the effective refractive index of the mp-SiOx (n)/Si(n) stack
lies between the one of ITO and crystalline silicon, thus giving a
smoother index transition than a direct ITO/a-Si/c-Si interface.

IV. CONCLUSION

A passivating electron contact based on a buffer SiOx sup-
ported by a highly phosphorus-doped bilayer structure of silicon
phases embedded in a silicon oxide matrix has been analyzed.
The influence of doping concentration in the deposited layer
and the subsequent annealing dwell time at 900 °C was related
to the junction properties. The results indicate a tradeoff be-
tween reduction of the minority carriers, Auger recombination,
and defect creation in the interfacial oxide. Based on EDNA 2
simulations, we discussed the impact of the doping profile on
the relation between the emitter saturation current density Jy
and the SRV. The contact presented here exhibits a very sim-
ilar dependence of SRV on phosphorus surface concentration
as for passivation with dielectric layers reported in the litera-
ture. A deeper profile with a higher phosphorus concentration
is less sensitive to the SRV and relies therefore less on chem-
ical passivation of the interface. When using hydrogenation to
optimize surface passivation, it should be kept in mind that
the negative influence of the ITO sputtering (causing surface
passivation damage) may be stronger in case of a predominant
chemical passivation. For our sputtering conditions, we find a
Jo value of 12.1 fA cm 2 for higher doping levels and we note
that such P doping levels are also needed in our mixed-phase
SiOx contacts to ensure a sufficient carrier transport through
the layer. Finally, we presented a planar proof-of-concept solar
cell with an FF of 79.4%, a Jsc of 33.9 mA cm 2 and a V¢ of

rear emitter configuration.

691 mV leading to a conversion efficiency of 18.6%. This result
points out that using such high doping levels the current can be
extracted efficiently while the mixed-phase SiOx layer allows
at the same time for a comparatively high short-circuit current
density for flat cells due to a low level of parasitic absorption in
the mixed-phase front layer stack.
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