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Phosphorous Catalytic-Doping of Silicon Alloys for the Use
in Silicon Heterojunction Solar Cells

Yong Liu, Manuel Pomaska, Weiyuan Duan, Do Yun Kim, Malte Kohler, Uwe Breuer,

and Kaining Ding*

Herein, the effectiveness of post-deposition catalytic-doping (cat-doping) on
various doped silicon alloys, i.e., microcrystalline silicon (pc-Si:H), nanocrys-
talline silicon oxide (nc-SiOx:H), and microcrystalline silicon carbide (pc-SiC:H),
for the use in silicon heterojunction solar cells is investigated. Phosphorous (P)
profiles by secondary ion mass spectrometry (SIMS) reveal the P distribution and
its difference in these three silicon alloy films. Conductivity and effective charge
carrier lifetime of different samples are found to increase to different extents
after cat-doping process. Coexistence of thermal annealing, hydrogenation, and
phosphorus doping is confirmed by using different gases during the cat-doping

process.

1. Introduction

Among many innovative solar cell techniques, silicon hetero-
junction (SHJ) solar cells are one of the most promising candi-
dates for the next-generation high-efficiency mainstream
photovoltaic technology due to their high efficiencies and simple
production sequences.!! In a SHJ solar cell, an intrinsic hydro-
genated amorphous silicon (a-Si:H(i)) thin film is usually used to
achieve an excellent surface passivation quality. Doped a-Si:H
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layers are used as emitter or surface field
layer.'™ SHJ solar cell efficiency over
23% has been achieved for mass produc-
tion.”) However, there is still optical loss
from the parasitic absorption in the solar
spectrum range due to the use of doped
a-Si:H layers at the front side!"® as well
as loss from the lower conductive a-Si:H
layers. Silicon alloy thin-films, such as
microcrystalline silicon (pc-Si:H), nano-
crystalline silicon oxide (nc-SiO,:H), and
microcrystalline silicon carbide (uc-SiC:H),”™
are very promising alternatives to be used
in a SHJ solar cell to reduce the contact
resistance and parasitic absorption due to
their higher conductivity and lower absorption coefficient in
short wavelength range.

In addition to the implementation of silicon alloys, catalytic-
doping (cat-doping) has the potential to further improve electrical
properties of the films and the interfaces. Cat-doping is a cheap,
simple, and up-scalable post-deposition treatment, which is
based on the hot-wire chemical vapor deposition (HWCVD) tech-
nique. During a cat-doping process, the gas molecules decom-
pose at the hot surface of the catalyzing wires, then the
decomposed radicals diffuse radially toward the sample and
penetrate into the surface of the silicon films forming a shallow
depth doping layer with a thickness of 5-15 nm."*'!) With cat-
doping, material properties, e.g., conductivity and doping con-
centration, can be tuned beyond the level which is achievable
for as-grown films.""'? Especially for materials, where the con-
ductivity is limited upward due to restrictions from process bound-
ary conditions during film depositions or from trade-off with other
device relevant material properties, the cat-doping process might
be beneficial to overcome the limit or find better trade-off regime.

So far, cat-doping has been studied mainly on crystalline sili-
con, amorphous silicon, and microcrystalline silicon.****1%4]
Former studies have shown that cat-doping can improve the
conductivity of a-Si:H and pc-Si:H films. Cat-doping can also
improve the passivation quality of the passivated samples with
symmetric structures of pc-Si:H(n)/a-Si:H(i)/c-Si/a-Si:H(i)/
pc-Si:H(n) and a-Si:H(n)/a-Si:H(i)/c-Si/a-Si:H(i)/a-Si:H(n) in
which the interfaces of pc-Si:H(n) and c-Si are cat-doped,
respectively.['%14716]

In this work, we investigate the phosphorus cat-doping on
pc-Si:H(n), nc-SiO,:H(n), and pc-SiC:H(n) for the use in SHJ
solar cells. The phosphorus distribution profiles of three silicon
alloy films after cat-doping process were obtained by secondary
ion mass spectrometry (SIMS).The impact of cat-doping on

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


mailto:k.ding@fz-juelich.de
https://doi.org/10.1002/adem.201900613
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.aem-journal.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadem.201900613&domain=pdf&date_stamp=2019-09-25

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

electrical property of silicon alloy films was evaluated from con-
ductivity measurement. Symmetric passivated samples consisting
of the three aforementioned silicon alloys were fabricated for
comparison of the enhancement of passivation quality due to
application of cat-doping. Different gases were used to reveal
coexistence of three effects, i.e., thermal annealing, hydrogena-
tion, and phosphorus (P) doping, during the cat-doping process.

2. Results

First, SIMS was used to investigate the distribution of P atoms
after cat-doping process in three silicon alloy films (phosphorus-
doped n-type pc-Si:H and nc-SiO,:H and nitrogen-doped n-type
pc-SiC:H). For comparison, reference samples without cat-
doping were also included. The SIMS results for samples with
and without cat-doping are shown in Figure 1. Sketches of the
SIMS samples with three silicon alloys are also illustrated in
Figure 1 where the color gradient indicates that the cat-doping
was done at the interface of silicon alloy films and capping layer.
For pc-Si:H(n) with cat-doping, as shown in Figure 1a, there is an
increase in the P atoms concentration from 3-10%° to 6-10*° cm 3
at the interface of a-Si:H (i) capping layer and the pc-Si:H(n) layer.
The penetration depth of P atoms from cat-doping is ~5nm
from the interface into the pc-Si:H(n) layer. For nc-SiO,:H(n)
in Figure 1b, there is also an increase in P atoms concentration
from 2:10%° to 3.5-10%° cm ™ throughout the 20 nm nc-SiO,:H(n)
film. For pc-SiC:H(n) in Figure 1c, there is barely any increase of
P atoms concentration in the film and the P atoms seem to attach
only to the surface of pc-SiC:H(n) film with a concentration of
6 x 10" cm >, It should be noted that the pc-SiC:H(n) thin film
is initially nitrogen doped, so no P atoms exist in the reference
sample. SIMS measurements of multiple samples are included
as dash lines in Figure 1 to confirm the difference in P atoms
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Figure 2. Amount of P atoms and increase after cat-doping for three
silicon alloys.

concentration, and the black curve in Figure 1c indicates the
detect limit of SIMS.

The amount of P atoms per unit area (cm?) is derived by
integrating throughout the cat-doped films and the increase of
P atoms per unit area after cat-doping is then calculated for com-
parison. As shown in Figure 2, the amount of P atoms in the
silicon alloy films all increased after cat-doping, but with differ-
ent numbers. The increase of P atoms for pc-Si:H(n) and
nc-SiOx:H(n) after cat-doping is 1 x 10'* and 2.7 x 10" cm ™2,
respectively. For pc-SiC:H(n), the increase of P atoms is 2 orders
of magnitude less, only 1.6 x 10" cm™2

The impact of the cat-doping on the electrical properties of sili-
con alloy films is evaluated by measuring the conductivity of the
three different silicon alloy samples before and after the P cat-
doping process on the same samples. The results are shown in
Figure 3. Since the conductivity changes for pc-Si:H(n) and
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Figure 1. Sketches of SIMS samples with three silicon alloys and P atoms distribution in three silicon alloys with and without cat-doping by SIMS. P
profiles for pc-Si:H(n), nc-SiOx:H(n) and pc-SiC:H(n) are shown in (a), (b) and (c), respectively. In graph (a), (b) and (c), the black curves represent P
profiles for reference samples without cat-doping; the colored curves represent P profiles for samples with cat-doping and the colored dash curves
represent P profiles from repetition of each material.
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Figure 3. Electrical conductivity of silicon alloy films before and after P
cat-doping.

pc-SiC:H(n) are within the measurement error, multiple samples
were measured to confirm the increase in conductivity. The aver-
age conductivity of all three silicon alloys increased after the same
P cat-doping process—however to different extents. For pc-Si:
H(n), the average conductivity increases from 12 to 19Scm™".
In comparison, the average conductivity of the pc-SiC:H(n) sam-
ples just increases slightly from 3-1077 to 4107 S cm™*. The aver-
age conductivity of the nc-SiO,:H(n) samples increased largely by
2 orders of magnitude from 4 x 10 % t0 2 x 107 Scm ™.

Passivated samples (S1, S2, and S3) were also fabricated
for comparison of effective lifetime change before and after
P cat-doping. The P cat-doping process was carried out on both
sides of the samples on the surfaces of the silicon alloys. Effective
lifetimes of all the samples were measured before and after P
cat-doping, as shown in Figure 4. The ¢ of S1 increases from
3.4 to 4.6 ms after P cat-doping. The 7. of S2 and S3 before
cat-doping are 1.1 and 2.1ms, respectively. After cat-doping,
the 7 of S2 and S3 remain unchanged.

Three effects may coexist during the cat-doping process: ther-
mal annealing effect, hydrogenation, and phosphorous doping.
The significance of three aforementioned effects was distin-
guished by using three different gases, i.e., Ar, H,, and PHj3, dur-
ing the cat-doping process. Samples with the same structure as
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Figure 5. Increase in effective lifetime with different cat-doping process
gases.

S1 were used. The increase in z.g is shown in Figure 5. The 7o
increases by 0.4 and 0.9 ms, respectively, when Ar and H, were
used. The largest z.¢ increase of 1.2 ms was achieved when PH;
was used.

3. Discussion

First of all, the SIMS results are shown in Figure 1, the profiles
of the P concentration arising by cat-doping are different in the
three silicon alloy films. The P atoms penetrate into pc-Si:H(n)
films for ~5nm from the interface of capping layer and pc-Si:
H(n) layer, and for nc-SiO,:H(n), the P atoms were incorporated
throughout the 20 nm film. However, for pc-SiC:H, there is only
small amount of P atoms that was detected at the surface of the
film. The SIMS results show that the incorporation of P atoms
into films is different in the three silicon alloy films. In the work
of Matsumura et al.,’*'" it was already shown that from cat-
doping, P atoms have larger doping depth in a-Si:H than that
in ¢-Si. The different profiles of three silicon alloys might also
come from the different microstructures and compositions of
these three silicon alloys. However, the correlation between effec-
tiveness of cat-doping and microstructure of the material is yet
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Figure 4. Sketch of passivated samples with silicon alloys and effective lifetime before and after P cat-doping.
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not clear. Figure 2 shows the amount of P atoms in all the films
evaluated by integrating P profiles with the film thickness. The
increase of P atoms after cat-doping is also calculated. For pc-Si:
H(n) and nc-SiOx:H(n), a similar increase of P atoms in the order
of 10" cm™2 is derived, but for pc-SiC:H(n), the increase of P
atoms is two orders of magnitude less, just 1.6 x 10'*cm™2.

As P atoms are known dopant for all three types of silicon
alloys,®17""! the electrical conductivity is likely to be increased
due to the increase of P atoms concentration. Thus, the electrical
conductivity of these films was measured before and after the
cat-doping process and the results are shown in Figure 3.
The results show that the average conductivity for all sample
pieces with different silicon alloy films increased after cat-doping
due to incorporation of P atoms, but to a different extent.
The pc-Si:H(n) film samples have the largest increase in average
conductivity in absolute numbers, in the order of 10’ Scm ™.
For the nc-SiO,:H(n) samples, the conductivity increased almost
by two orders of magnitude, from 10° to 1077 S cm ™. Also for
pc-SiC:H(n), the conductivity only increases slightly by
1x 1077 Scm™". The reason for the increase in conductivity
could be due to the decrease of defect and the increase of mobility
and dopants’ activation ratio of silicon alloys when the samples
are annealed by the hot wires during the cat-doping treatment,
which then leads to increase in conductivity.”**"! Another reason
is attributed to the increase in phosphorous donors. However, for
pc-Si:H(n) and nc-SiO,:H(n), the amounts of P atoms incorpo-
rated into the films are within the same order of 10" cm 2,
the absolute increase in conductivity is much lower for
nc-Si0,:H(n) indicating a much lower doping efficiency of incor-
porated P atoms. The crystalline volume fraction of pc-Si:H(n)
and nc-SiO:H(n) was derived from Raman spectrum to be
~60% and ~9%, respectively. The lower doping efficiency is
partially attributed to a lower crystalline volume fraction as lower
doping efficiency has been reported for materials with lower
crystalline volume fraction.?>?*! However, the determination
of the fraction between active and inactive cat-doped P atoms
is still under investigation. For pc-SiC:H(n), the effect of the P
atoms at the film surface remains unclear, as not only the doping
is very small and superficial but also because the average increase
in conductivity of 1 x 1077 Scm ™' is within the error range of
the measurement. To increase the conductivity significantly in
future, the cat-doping process needs to be adapted to implement
more P atoms into pc-SiC:H(n) films that in addition also diffuse
deeper into the bulk.

The impact of cat-doping on passivation quality is shown in
Figure 4. The 7. for S1 increased by 1.2 ms after cat-doping pro-
cess, whereas the 7. stayed the same for S2 and S3. During the
cat-doping process, three effects may coexist. Thermal annealing
effect, hydrogenation, and phosphorous doping were already
introduced in a former work!*® to play an important role during
the cat-doping treatment.

Different cat-doping gases (Ar, H,, and PH;) were used to
compare the aforementioned three effects and the increase in
T is shown in Figure 5. Passivated samples with pc-Si:H(n)
were used because it is the only one which shows significant
improvement in 7. Using Ar atmosphere, we assume similar
heat convection inside the HWCVD chamber than during the
actual cat-doping treatment, but without the effects from hydro-
gen radicals and phosphorous dopants. Therefore, the increase of
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0.4 ms in 7. is attributed to the thermal impact of cat-doping
treatment and represents 33% of the total increase in zeg of
1.2ms. Using a H, atmosphere, the thermal effect and hydro-
genation effect are combined. Consequently, since the treatment
increases 7. by 0.9, 0.5 ms of the increase should arise from the
effect of hydrogenation. Using PH; atmosphere finally resulted in
the highest increase of 1.2 ms in 7.z where all three aforementioned
effects are combined. However, it is not possible to clearly derive the
portions of all three effects for the treatment with atmosphere of
2.25% PHj; in He. Annealing might have a major effect, increasing
T in the range of one-third, but the portions of hydrogenation,
arising from hydrogen radicals, and increased doping, arising from
phosphorous radicals, remain unknown. Nevertheless, the use of
PH; showed the highest improvement of 7. with an increase of
1.2 ms. This result confirmed that, with the use of PHj gas, all three
effects coexist and account for the improvement in z.g

4, Conclusions

Phosphorous cat-doping was applied to three different silicon
alloys. The results show that phosphorous atoms were incorpo-
rated into pc-Si:H(n), nc-SiO,:H(n), and pc-SiC:H(n) but with dif-
ferent significance in terms of doping depth and conductivity.
Thus, with cat-doping, electrical conductivity of pc-Si:H(n),
nc-Si0,:H(n), and pc-SiC:H(n) was increased. Applying different
cat-doping treatments on silicon wafers passivated by n-layer/
i-layer, strong indication for the convolution of thermal effect,
hydrogenation effect, and doping effect was confirmed. Cat-
doping might become more important to tune the properties
of interfaces for high-efficiency SHJ cells that cannot be
improved otherwise.

5. Experimental Section

The pc-Si:H(n) films were deposited by plasma-enhanced chemical
vapor deposition (PECVD) using a very high frequency (VHF, 81.36 MHz)
generator, the heater temperature was set to 220 °C, a gas mixture of SiH,,
H,, and PH; (diluted in SiH,) was used, the pressure was 100 Pa; the
distance from the 211 cm?® electrode to the substrate was set to
11 mm and the plasma power was 10W. More experimental details
can be found in previous study.!" The nc-SiO,:H (n) films were also depos-
ited by PECVD but with a radio frequency (RF, 13.56 MHz) generator, the
heater temperature was set to 200 °C, the pressure was 50 Pa using a gas
mixture of SiH,4, H,, CO,, and PH3, the distance from the electrode to the
substrate was 16 mm and the plasma power density was around
200 mWcm ™2, more details on deposition parameters can be found in
previous study.?*! The pc-SiC:H (n) films were deposited by HWCVD system
using H, diluted monomethylsilane (MMS), three curved rhenium filaments
were used at a temperature of 1800 °C, the heater temperature was set to
250°C and pressure was kept at 75 Pa, more details have been published in
previous study.®! It should be noticed that the pc-Si:H (n) and nc-SiO,:H(n)
thin films are initially phosphorus doped during PECVD process and the
pc-SiC:H(n) is initially nitrogen doped during HWCVD process.

For the P cat-doping process, phosphine (PHs, 2.25% diluted by
Helium) gas was used with a constant flow rate of 20 sccm. Three winded
tantalum filaments in parallel were used with a distance of 20 mm between
substrate and filaments. The filament temperature was set to 1000 °C and
the heater temperature was 200 °C; the pressure was 1 Pa and the process
time was 10 min.

P atoms concentration profiles were measured from the front side by
time of flight SIMS (ToF SIMS). For SIMS measurements, the samples are
illustrated in Figure 1 and have the following device relevant structures:

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

VANCED
ENGINEERING
RIALS

www.advancedsciencenews.com

15 nm a-Si:H(i)/10 nm pc-Si:H(n)/5 nm a-Si:H (i) /c-Si(n) for pc-Si:H(n),
15 nm a-Si:H(i)/20 nm nc-SiO,:H(n)/5 nm a-Si:H (i) /c-Si(n) for nc-SiOy:
H(n) and 15nm a-Si:H(i)/20nm pc-SiC:H(n)/1.5 nm SiO,/c-Si(n) for
pc-SiC:H(n). Cat-doping processes were carried out at the surface of
silicon alloy films. The 15nm a-Si:H (i) was deposited by PECVD after
cat-doping processes as capping layer on top of the silicon alloys films.
This capping layer acts as a diffusion barrier for sputter ions and buffer
layer when the etch sputter plasma is not stable yet at the beginning of
SIMS measurement.

Three different silicon alloys were prepared on glass substrates
(Corning EAGLE XG) for conductivity measurements. The conductivity
was measured using evaporated silver co-planar contacts in vacuum.
After the initial conductivity measurement, the as-grown samples were
then processed in a HWCVD chamber for P cat-doping. The conductivity
was measured again on the same samples after cat-doping process.

To check the impact of silicon alloys on passivation quality, three
different passivated samples were fabricated using n-type double side
polished (DSP) float zone wafers (n <111>, with resistivity of 3 Qcm
and thickness of 280 pm). The wafers are RCA (Radio Corporation of
America) cleaned before shipment. Before the deposition of pc-Si:H(n)
and nc-SiO,:H (n) films, hydrofluoric (HF) dip was performed to remove
native oxide. Then intrinsic amorphous silicon (a-Si:H(i)) layers were
deposited on both sides as passivation layers, followed by pc-Si:H(n)
and nc-SiO,:H(n) depositions, respectively. Therefore, they have struc-
tures of 10 nm pc-SitH(n)/5 nm a-Si:H (i) /c-Si(n)/5 nm a-Si:H(i)/10 nm
pc-SicH(n) and 20nm nc-SiO:H(n)/8 nm a-Si:H(i)/c-Si(n)/8 nm a-Si:
H(i)/20 nm nc-SiOy:H (n), hereafter referred to S1 and S2, respectively.
For pc-SiC:H(n), after HF dipped, the wafers were dipped into HNO;
at 23 °C for 10 min for the formation of a thin SiO, layer with a thickness
of ~1.5 nm, where the thin SiO, layer is used to passivate the c-Si sur-
face.”! The passivated samples for pc-SiC:H(n) have a structure of
23nm pc-SiC:H(n)/1.5nm  SiO,/c-Si(n)/1.5nm SiO,/23 nm  pc-SiC:
H(n), hereafter referred to S3. Cat-doping processes were performed
on both sides of S1, 52, and S3. For comparison of different effects during
cat-doping, argon (Ar), hydrogen (H,), and PH3 are used for cat-doping on
S1 samples. Minority carrier lifetimes were measured by a Sinton WTC-120
Photoconductance Lifetime Tester, where the effective lifetime (z.f) was
determined at an injection level of 1 x 10> cm™2.
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