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Insights into the Si—H Bonding Configuration at the
Amorphous/Crystalline Silicon Interface of Silicon
Heterojunction Solar Cells by Raman and FTIR Spectroscopy

Benedikt Fischer,* Andreas Lambertz, Maurice Nuys, Wolfhard Beyer, Weiyuan Duan,

Karsten Bittkau, Kaining Ding, and Uwe Rau

In silicon heterojunction solar cell technology, thin layers of hydrogenated
amorphous silicon (a-Si:H) are applied as passivating contacts to the
crystalline silicon (c-Si) wafer. Thus, the properties of the a-Si:H is crucial for
the performance of the solar cells. One important property of a-Si:H is its
microstructure which can be characterized by the microstructure parameter R
based on Si—H bond stretching vibrations. A common method to determine R
is Fourier transform infrared (FTIR) absorption measurement which, however,
is difficult to perform on solar cells for various reasons like the use of textured
Si wafers and the presence of conducting oxide contact layers. Here, it is
demonstrated that Raman spectroscopy is suitable to determine the
microstructure of bulk a-Si:H layers of 10 nm or less on textured c-Si
underneath indium tin oxide as conducting oxide. A detailed comparison of
FTIR and Raman spectra is performed and significant differences in the
microstructure parameter are obtained by both methods with decreasing

a-Si:H film thickness.

1. Introduction

In light of the current political, ecological, and environmental dy-
namics, there is a pressing need to expand the production of solar
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cells. Such an expansion demands a tech-
nology that is not only suitable for large-
scale industrial implementation but also ex-
cels in terms of solar cell efficiency. The Sili-
con Heterojunction (SHJ) solar cell technol-
ogy stands out as a prime candidate, boast-
ing a remarkable combination of minimal
processing steps and an impressive track
record of efficiency. Notably, it has achieved
a published efficiency record of 26.81% for
silicon-based solar cells.[!! To mass produce
solar cells with efficiencies in this range,
a precise understanding of the interdepen-
dence between deposition conditions, the
properties of the layers, and the solar cell
performance is required.’l Most concepts
of highly efficient SHJ solar cells use in-
trinsic hydrogenated amorphous silicon (a-
Si:H) films, which are also used in other de-
vices such as diodes, thin film transistors, or
batteries.[>] In SHJ solar cells, aSi:H films
with very low thicknesses act as passivating contact layers to the
crystalline silicon (c-Si) wafer.[®®! In the future, silicon wafers will
become thinner requiring higher passivation quality compared
to current solar cells, because interface recombination will be
more limiting compared to bulk recombination. Therefore, the
microstructure of the a-Si-H layer and especially the microstruc-
ture close to the interface is highly important for the performance
of the solar cell.*-12l The Si—H bond configuration provides in-
formation about the microstructure (i.e., giving information if
the a-Si:H has a dense or void-rich structure).'*!*] Hydrogen
plays a decisive role since free bonds are saturated and defec-
tive ones are passivated. Thus, the Si—H bond configuration is
of great interest and is usually analyzed by Fourier transform in-
frared (FTIR) spectroscopy on thicker films than used for SHJ so-
lar cells.[>101516] T FTIR spectra, absorption peaks of Si—-H wag-
ging modes occur at 640 cm™!, Si—H bending modes at 840 to
890 cm™! and Si—H stretching modes at 2000 to 2100 cm~!.17]
While any H in a-Si:H is assumed to contribute to the wagging
and stretching modes, bending modes are only visible for Si—H,
(and maybe Si—H,) bonding configurations.[***17-1%] Dye to the
amorphous structure of a-Si:H, in principle all these modes are
also Raman active.["®! Nevertheless, the relative signal strength
of two vibrational modes within one spectrum can vary between
both methods, FTIR and Raman spectroscopy, due to the dif-
ferent detection principles via photon absorption and Raman
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Figure 1. a) A typical spectrum of the vibrational modes of Si—H bonds in a-Si:H measured by FTIR spectroscopy. The corresponding Raman spectrum
is similar. b) Schematic of the Raman laser beam entering the SH) solar cell and Raman scattering at the a-Si:H layers.

scattering, respectively.'8! Here we focus on the Si—H stretch-
ing modes, of which a typical FTIR spectrum for aSi:H in the
2050 cm™! range is shown in Figure 1a). The spectrum can
be decomposed into two Gaussian peaks centered at wavenum-
bers of #2000 and 2100 cm™'. In dense material, only the peak
at 2000 cm™! is observed whereas in void-rich/porous material
Si—H bonds occur more at internal surfaces which manifests in
the peak at 2100 cm™1.117:2] Tt is worth noting that the peak cen-
ters are only representatively called 2000 and 2100 cm™~!. Due to
varying electrical screening occurring from differences in the di-
electric film properties surrounding the Si—H bonds, the peak
centers can be shifted.[?!] Therefore, besides the peak area and
width also the peak center was defined as a fit-parameter of the
least-square fit. We found Gaussian peaks centered in the range
from 1990 to 2020 cm™' and from 2070 to 2100 cm™! respec-
tively. The robustness of the fits was demonstrated by varying
the initial parameters. The ratio of the 2100 cm™ integrated ab-
sorption I,,,, to the integrated absorption of both peaks is called
the microstructure parameter R = I,;00/(L100 + Ly00)-2>%>) Us-
ing the FTIR absorption coefficient « and the wavenumber w,
the integrated absorptionis I = [ o la(w) dw .['**7] It has been
reported that the microstructure parameter of very thin a-Si:H
films can be significantly higher compared to thicker a-Si:H.[2%]
This has been attributed to nucleation effects. In addition, re-
cently, Zhao et al.*! reported significant changes of the spectra-
shape in the 640 cm™ range with varying film thicknesses
(14-162 nm). To get further insights into these effects, we investi-
gate a-Si:H films (2-60 nm) not only with FTIR but also with Ra-
man spectroscopy, analyze the difference in the spectra of both
characterization techniques, and use it as a tool. By comparing
the spectra of FTIR and Raman spectroscopy and calculating the
microstructure parameter R for both methods, we investigate the
microstructure of nucleation layers in more detail.['®! For the cal-
culation of R from Raman spectra we used the peak intensities
Loo and Lo, defined as the areas below two Gaussian functions
fitted to the Raman intensity.[?’] The thickness of a-Si:H nucle-
ation layers is at the same scale as the total thickness (d ~ 2-3 nm)
of the intrinsic a-Si:H layers (il-layers) used in SHJ solar cells
to passivate the ¢-Si surface.[1®?8] Additionally, subsequent pro-
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cesses like annealing or post-hydrogenation (e.g., in a hydrogen
plasma) can change the microstructure of the a-Si:H films.[2>-31]
Therefore, it is of great interest to measure the microstructure
parameter of the a-Si:H thin films directly on a finished device
like a SHJ solar cell. Scattering of the IR-light on textured sur-
faces of ¢-Si wafers, free carrier absorption in transparent con-
ducting oxide (TCO) contact layers (like indium tin oxide (ITO)),
and the fact that aSi:H layers may be on both sides of an (SHJ)
solar cell make FTIR spectroscopy measurements in transmis-
sion mode and its evaluation difficult. In this work, we use the
method of Raman spectroscopy using a laser with a wavelength
of 532 nm so that the light can pass the ITO-layer but not the c-Si
wafer, making an independent investigation of the a-Si:H layer
on both sides, the p-side and the n-side possible, as depicted in
Figure 1b).3233] The concept is tested on samples with various
a-Si:H layer thicknesses and microstructures. A detailed compar-
ison of FTIR and Raman spectroscopy is performed to properly
evaluate and classify Raman spectroscopy spectra measured on
a-Si:H films on solar cells.

2. Results

In the baseline SHJ solar cells investigated at Jiilich, the thick-
nesses of the (i/n, i/p) a-Si:H layer stacks are ~6 nm on the
n-side and 15 nm on the p-side.[** Raman and FTIR spectra were
measured on layers on HF-etched c-Si wafers prepared by using
the same recipes as used for the underdense il layer and the
more dense i2 layer in solar cells.[2283+3°] The deposition power
of the underdense layers was set to 100, 200, 300, and 400 W to
vary the microstructure of the layers and so the Si—H stretching
mode signals in Raman and FTIR spectra. In this series of films,
the deposition time and the film thickness were varied too.
Figure 2a,b shows the corresponding spectra of the layers
deposited at P, = 300 W at different thicknesses. The Ra-
man measurements were scaled with the corresponding film
thickness and a constant factor for all films for better visual com-
parability with the FTIR measurements. In comparison with the
Raman spectra, FTIR spectra show a more pronounced peak at
2100 cm™! for all thicknesses. FTIR spectra reveal a strong
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Figure 2. a) FTIR absorption spectra and b) corresponding Raman intensity
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spectra normalized by the layer thickness of intrinsic a-Si:H layers of various

thicknesses deposited at Pp = 300 W versus the wavenumber ¥, and the Raman shift Vg, respectively. The sample thicknesses are indicated on the right

side of the graphs. The dashed lines show the double Gaussian function fits

for the film of 5.7 nm thickness. Layer thickness dependency of R determined

by ) FTIR and d) Raman spectroscopy spectra of intrinsic a-Si:H layers with thicknesses of 2.3-60.8 nm of four i1-layers (with indicated plasma powers)
and an i2-layer (dense). For the deposition at 300 W, in addition to films on polished wafers (filled squares), films on textured wafers (hollow squares)

are measured using Raman spectroscopy. The lines are guides to the eye.

thickness dependency of the overall contribution of the
2100 cm™' peak. The thinner the film, the larger the contri-
bution from the 2100 cm™ peak. In agreement with that, a
similar pronounced peak at 2100 cm™! for thinner films was
also found by infrared attenuated total reflection spectroscopy
measurements from Fujiwara et al.[?*! but in that case, the sub-
strate was not HF etched c-Si (as the substrate of the samples in
Figure 2) but c-Si with 30 A native SiO,. Nevertheless, our results
are comparable to the measurements of Fujiwara et al.,|**l as we
found for our underdense films that the initial growth process
is similar for Hf-etched substrates and substrates with native
Si0,.11 In contrast to FTIR, the Raman spectrum between 1900
and 2200 cm™! turns out to be nearly thickness-independent,
except for a slightly more pronounced peak at 2100 cm™' for
the 5.7 nm film. These trends are clearly visible in Figure 2¢,d
that show microstructure parameters Rz and Ry of the spectra
in Figure 2a,b and other spectra of films deposited with differ-
ent plasma powers and deposition times. The microstructure
parameters were determined by fitting the FTIR and Raman
spectra with Gaussians and are plotted as a function of the layer
thickness in Figure 2c determined with FTIR spectra (R;y) and d)
determined with Raman spectra (Ry).I'! From Maurer et al.,[’]
based on work by Volodin and Koshelev,*®! it is known that
spectra measured by both methods for thick layers (>500 nm)
result in a similar R. However, for the thin samples used in
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this work, R determined from FTIR spectra is higher than R
determined from Raman spectra for all deposition powers and
thicknesses. Additionally, R determined from the FTIR spectra
decreases asymptotic with increasing layer thickness, in contrast
to R determined by Raman spectra, which is almost constant for
a-Si:H layers with d > 10 nm. For very thin layers lower than
10 nm R measured by Raman increases with decreasing layer
thickness. This increase can be seen especially for the 200 W
il-layer and the i2-layer because of low film thicknesses down to
2.3 and 3.8 nm, respectively. For thicker layers, the R measured
using FTIR spectroscopy approaches the R measured using
Raman spectroscopy as can be seen for the 300 W deposition
series, which is measured over a wide thickness range up to
60 nm. R measured on textured samples (hollow squares) follows
a similar trend as measured on polished samples (filled squares).
For both FTIR and Raman spectroscopy, the microstructure
parameter decreases with increasing deposition power and the
microstructure parameter of the i2-layer is the lowest. Raman
spectroscopy measurements by Macco et al.’’! showed similar
Si—H stretching signals for various samples of 10 nm thick-
ness deposited at temperatures of 10 to 50 °C. Despite the low
temperature and sample thickness, they also found a relatively
low microstructure parameter of 0.3-0.4 in agreement with our
results for the underdense material. With regard to results ob-
tained by FTIR spectroscopy, data on a-Si:H films of thicknesses
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Figure 3. FTIR spectra and Raman spectra with an adjusted scale of two
polished p-type wafers with HF-dip directly before the measurement (red)
and without HF-dip (black).

near 10 nm have been published by various authors.***% For
example, by Wu et al.3® an FTIR microstructure parameter
R = 0.65 was reported for hot wire grown underdense a-Si:H
while for dense material a microstructure parameter of 0.25
was reported. Thus, our results in Figure 2c (R ~ 0.7 for 10 nm
thickness and P, = 300 W) are consistent with their underdense
a-Si:H. A high microstructure parameter can also be observed for
the underdense a-Si:H used by Liu et al.?®! for obtaining highly
efficient SHJ solar cells. Although the results of the Raman and
FTIR spectra each fit to corresponding literature, the reason for
the difference between both methods is still unclear but can
be of great relevance for the passivation and the resulting solar
cell performance. Therefore, we investigated the a-Si:H/c-Si
interface and the Si—H bonds located there in more detail as a
first approach to find the reasons for the difference in the spectra
of both methods.

Figure 3 shows spectra of a p-type c-Si substrate measured by
FTIR and Raman directly after the HF-dip (red curves) and with-
out HF dip (black curves) for comparison. The y-axis of the Ra-
man spectra is scaled in the same way as in Figure 2b. The FTIR
spectrum of the sample with HF-dip shows a peak at 2100 cm™!
which is not present without HF dip. No peak near 2100 cm™ is
visible in the Raman spectra for both with and without HF dip. As
the FTIR peak at 2100 cm™' can be attributed to hydrogen bound
to the c-Si surface, #1431 the results demonstrate that our Ra-
man setup is not sensitive to hydrogen at the c-Si surface, which
is in agreement with observations by Spizziri et al.** Thus, the
difference between Figure 2¢,d can partly be explained by the
lacking contribution of hydrogen on the c-Si surface to the Ra-
man 2100 cm™! signal. However, the integrated FTIR absorbance
in Figure 3 of surface hydrogen is too low, to fully explain the dif-
ference between R and Ry.

In order to clarify the impact of ¢-Si surface Si—H bonds on
the overall FTIR spectrum, we calculated the FTIR microstruc-
ture parameter by a model that relies on an H-rich interface to
the ¢-Si where all the Si—H bonds contribute to the 2100 cm™!
peak in the FTIR spectrum. Within this model, the Si-H peak
intensity has three contributions. The intensities i) I,,,, and ii)
100 from the Si—H bonds in the homogeneous a-Si:H layer and
the intensity I,,, which occurs from Si—H bonds at the interface

int
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Figure 4. Layer thickness dependency of R determined by FTIR spec-
troscopy spectra [squares] of intrinsic a-Si:H layers and calculated R using
the model explained in the text [dashed lines].

contributing to the 2100 cm™! peak. Therefore, within this model
the calculated microstructure parameter R.is R. = (I 159 + L) /
(L2100 + Lgoo + Tint)-

By definition, I correspond to a volume density of bonds. By
multiplying an absorption strength constant A with I, an aver-
age for the number density n of H atoms can be calculated by
n = A X I. Inserting a plane with an area density of n’ into a film
with a volume density of n = 0 and a thickness of d leads to an
average number density of n = n’/d.

Therefore, assuming a surface hydrogen absorption strength
constant A, ,, the intensity I, , of Si—H bonds at the interface can
Dbe estimated by

n (H) - #'y, (H)
I = int — int 1
int A dA,‘m ( )

int

Dividing the area number density n';,(H) by the film thickness
d gives the H volume density n,,,(H), to which the Si—H interfa-
cial bonds in the a-Si:H bulk would contribute. For an absorption
strength constant A = A,y = A, 7! the microstructure param-
eter R, expected for FTIR spectroscopy can be calculated knowing

the microstructure parameter R,_; of the a-Si:H bulk layer and

the hydrogen density n,_g;(H) in the bulk layer by
H_s;(H) i (H) " (H)
2 Ros==— + 2 RysiMasi (H) + =25 2
4 = / = /
1y_si(H) My (H) My (H)
A d Ay Nasi (H) + dp

where f is the ratio of the absorption strengths constant A, , to
A. From FTIR, we determined the hydrogen contents ¢(H) to
20-30% for the films from Figure 2 using an absorption strength
constant of A =1 x 10% cm~2.['7) The hydrogen density can then
be calculated by n(H) = ¢(H) x n(Si).

Figure 4 shows the measured and calculated thickness de-
pendencies of R determined using FTIR spectra. For R, g we
used the value observed by Raman spectroscopy of the films
with d > 10 nm. Using § as a fit parameter, we aligned our
calculated curves to the measurements as shown in Figure 4.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

95U9D17 SUOWILLIOD SAITE81D 3|t [dde ay) Ag peusenob ake sajoile O ‘8sn Jo sa|ni Jo} Aeiqiauluo A3[1A UO (SUOTIPUOD-pUe-SWLIB)/LI0D" A8 1M Aleig1 PU1[UO//:SANY) SUONIPUOD PUe SWiB 1 8y} 89S *[£202/2T/80] U0 ARiqiauluo AS|IM Jelued Yoessay HOWD YdIine winnuszsbunyasiod Aq TSE90EZ02 BWPR/Z00T OT/I0p/Wod A8 |im Aleiq 1 jeuljuo//sdny wolj pspeojumod ‘2t ‘€202 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

010'\i T T T
o . B
— <
S gl g ° ]
g . \\\\ \\ m \\::::\\ 100 W 0.05
© \ m " . .\::::::::““—-—

06F ' wa ™  aw e
i IR ~eo 200 W 0.07

S N |

g \\\ \\\- ‘~‘§§\_‘_~._~_-
g 04 e 300W 0137
= TWeel | TTTeeea
» T--m__ 400W 0.25
8 0.2} -l e
o dense 0.5
=

0.0 1 1 1

20 40 60

Thickness d [nm]

Figure 5. FTIR absorbance spectra of the intrinsic a-Si:H layers from 2 a)
and a wafer only with HF-dip (Figure 3) versus the wavenumber V5. The
Si—H vibrational modes corresponding to the peaks in the spectrum are
labeled within the graph.

For n';,(H) we assumed 1 monolayer of hydrogen, that is,
o (H) = n'(Si) = (ng(Si))2? = 1.35 x 108 cm™2. With de-
creasing deposition power, the ratio f of the absorption strength
constants also decreases. For a plasma power of 100 W, the cal-
culated R fits well for p = 0.05, that is, the absorption strength
constant for the Si—H bonds in the bulk a-Si:H is twenty times
higher than at the interface. The absorption strength constant
on c-Si might be lower than in the bulk, for example, due to
the variation in the dielectric properties of the material.[1#184]
However, a 20-fold increase in the absorption strength constant
may not be realistically feasible. On the other hand, assuming
an A,,, ~ A, the fitted ratio f can represent different amounts of
Si—H bonds, maybe not only at the c-Si surface but also in the
island-like grown nucleation region of the a-Si:H layer.[?**¢] For
the film deposited at 100 W this would correspond to a H con-
tent of 50% within the first 10 nm of the layer, which is close to
the maximum theoretical limit.[*’] Films with such high H con-
tent can have a polysilane-like structure.['8] Therefore, within the
nucleation region, the amount of Si—H, and Si—H; bindings can
be increased and mostly contribute to the 2100 cm™~! peak.[1#1824]
Fujiwara et al.[?*] observed a shift of the 2100 cm™! peak within
the nucleation layer caused by Si—H, ; modes, which was also
observed for our films <5 nm by both methods, FTIR and Ra-
man spectroscopy. In addition to the stretching modes, bending
modes at the wavenumber range from 840 to 890 cm™! are ob-
served for Si—H, ; bonds.["*!*) Figure 5 shows FTIR absorption
spectra of the Si—H, ; bending modes (840-890 cm™) and wag-
ging and rolling modes (640 cm™") which are observed for any H
bonded to Si.l'”] The spectra are of the same films investigated in
Figure 2a. The peak at 640 cm™! increases with increasing film
thickness due to the higher amount of Si—H bonds. In contrast,
the peaks at 840 and 890 cm™! remain constant. Additionally, the
bending peaks are not visible for the spectra of the H-covered
wafer (HF-Dip). Thus, the nucleation layer of our films indeed
incorporates a high amount of Si—H, ; bonds leading (besides H
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on the c-Si surface) to an increased 2100 cm™! peak and therefore
an increase of the R with decreasing film thickness.

The Si—H, ; stretching modes contributing to the 2100 cm™
peak can have different Raman activities in comparison with the
Si—H stretching modes maybe contributing to the difference be-
tween Ry and R;.l'*18] This result fits also to our assumption of
an increased H amount contributing to the 2100 cm~! peak near
the interface for the R_ calculation in Figure 4. The possibly de-
creased Raman activity of Si—H, ; modes is interesting for future
investigations and opens more insight into the Si—H bonding
structure near the interface.l'¥]

Knowing the limitations of the Si—H Bond detection and the
difference to FTIR spectroscopy, we use Raman spectroscopy to
investigate the R of the a-Si:H layers in solar cells. Therefore, we
studied the influence of an ITO layer on top of intrinsic a-Si:H
layers for various microstructures caused by varying the plasma-
enhanced chemical vapor deposition (PECVD) plasma power P,
from 100 to 400 W. Figure 6a shows the Raman spectra normal-
ized to its maximum. The Si—H spectra after ITO deposition have
the same shape as the spectra before ITO deposition except for a
slight difference between the two spectra of the layer deposited at
P, =100 W. Figure 6b shows the microstructure parameter R, ;1o
measured after ITO deposition dependent on the microstructure
parameter R, ro measured before ITO deposition. R,y de-
pends linearly on R, , ro. Therefore, Raman spectroscopy can be
applied to finished solar cells to investigate the microstructure of
the a-Si:H films.[*] Note that the absolute intensity of the Raman
signal was higher because of the higher in-coupling of light due
to the ITO coating.[*®]

1

3. Discussion

The deposition parameters of the a-Si:H layers investigated in
this paper are also used for the underdense i1 layer in the SHJ
solar cell fabrication.[>16283435] This layer is intended to improve
the passivation of the c-Si surface by avoiding epitaxial growth
using a fast (>1 nm s7!) and disordered growth instead. For un-
derdense a-Si:H a relatively high microstructure parameter is
expected, as also found for our FTIR measurements shown in
Figure 2122834 The differences in R occurring due to the plasma
power P, variation can be explained by an increased ion bom-
bardment of the a-Si:H film with increasing P;. Increasing Pp
increases the growth rate of the film up to a certain power.[*”) In
the power range we used, an increase of P}, increases the self-
bias and thus the bombardment by H+ ions and therefore can
lead to an ion-etching effect reducing the hydrogen content in
the a-Si film and the microstructure parameter.’*>! This change
is clearly detected by both FTIR and Raman spectroscopy.

The microstructure parameter R in Figure 2 determined by
FTIR spectroscopy is higher for all samples than determined
by Raman spectroscopy. However, R,z measured by FTIR ap-
proaches R measured by Raman spectroscopy for thicker lay-
ers. In contrast to Ry Ry is constant for films with d > 10 nm.
The differences between Rj; and Ry regarding the dependence
on the a-Si:H thickness can partly occur due to the insensitivity
of Raman spectroscopy (under our conditions) for Si—H bonds at
the ¢-Si/a-Si:H interface. This assumption is consistent with the
measurement in Figure 3 where Raman spectroscopy does not
detect the hydrogen bonds on the c-Si surface, also in agreement
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Figure 6. a) Raman intensity spectra of intrinsic a-Si:H layers versus the Raman shift V5. All spectra are normalized by their maximum for better compa-
rability. The plasma power was varied and is indicated on the right side of the graph. The layer thickness d is indicated on the left side of the graph. The
solid lines show the spectra of the samples before, and the dashed lines show the spectra of the samples after ITO deposition. b) The microstructure
parameter R, 1o measured after ITO deposition as a function of the microstructure parameter R, ;, 7o measured before ITO deposition. The layer
thickness is indicated above the FTIR measurements. The purple line indicates a 1:1 correlation.

with results by Spizzirri et al.[*/l Therefore, the Raman spectra
of our setup apparently provide information on the microstruc-
ture of the bulk a-Si:H and not on the Si—H bonds at the c-Si sur-
face. This also holds for more dense a-Si:H as shown with a mate-
rial also used in the i2-layer of SHJ solar cells.[** Note that Si—H
bonds at c-Si surfaces were detected also via Raman spectroscopy
by Hines et al.,[’?] but these measurements were made using
polarized Raman spectroscopy under certain angles and the ra-
tio of the Raman scattering intensity to the laser power was low
compared to the ratio obtained by our measurements on a-Si:H
films. FTIR spectroscopy, in contrast, is sensitive to the hydrogen
bond configuration at the c-Si surface. These hydrogen bonds at
the surface/interface contribute to the peak at 2100 cm™! of the
FTIR spectrum and therefore increase the microstructure param-
eter, especially for very thin layers.[32*] However, the absorption
at 2100 cm™! within the spectrum of the Hf-dip in Figure 3 is
not strong enough to fully explain the difference between FTIR
and Raman microstructure factor. During the transport of the Hf-
dipped wafer to the FTIR spectroscope, a loss of Si—H bond on
the surface might occur, leading to a lower absorption signal. We
used a simple model to calculate the possible influence of a fully
H-covered c-Si surface on the FTIR absorption spectra. To cal-
culate the thickness dependence of the FTIR microstructure pa-
rameter, the model combines a homogeneous a-Si:H layer with
a single layer of hydrogen at the interface bonded to the c-Si sur-
face, neglecting the existence of a nucleation layer. The calcula-
tion agrees with the measurement by fitting the ratio g of the
absorption strength constants at the a-Si:H bulk and at the in-
terface. Within this model, the absorption strength constant A
within a-Si:H is up to 20 times higher than at the c-Si surface. The
absorption strength at the surface can vary because of a different
refractive index or dynamic charge.['*! However, an increase of a
factor 20 is unlikely and not reported in the literature, indicating
that H on the ¢-Si surface is not the only reason for the thickness
dependence of the FTIR microstructure parameter. The interface
hydrogen model can also be fitted to the measurements by using
a higher amount of hydrogen n,, at the interface while using a
constant absorption strength constant A (i.e., § = 1) for interface
and a-Si:H bulk hydrogen. This would require more hydrogen

Adv. Mater. 2023, 35, 2306351 2306351 (6 of 9)

than one monolayer. Besides the monolayer at the a-Si/c-Si in-
terface, hydrogen can also be located at the a-Si:H surface on the
front side of the film and at the cSi surface on the rear side of
the substrate. However, these additional monolayers would re-
sult in a maximum total of 3 monolayers instead of 20 which are
needed to explain the increase in R for thinner layers in Figure 4.
Additional hydrogen contributing only to the 2100 cm™" peak
might be located at the nucleation region of the a-Si-H film.[**!
The presence of a nucleation layer of ~10 nm or less has also
been modeled by Li et al.’3] The FTIR spectra indeed indicate
an increased amount of Si—H, ; bonds. The characteristic bend-
ing modes of those bonds are located between 840 and 900 cm™!
and have the same intensity for all films shown in Figure 5 inde-
pendent of the film thickness. The stretching modes of Si—H, ;
bonds are assumed to contribute to the 2100 cm™! peak since
the bending modes could not be detected accompanied only by
2000 cm™! stretching modes so far.[!>1418] Cardonal'*! found that
for Si—H, ; stretching vibrations, all modes are in principle IR
and Raman active, but for polarizability reasons, some modes ac-
tually show no Raman activity. In agreement with this, Zdetsis>*!
found by ab initio calculations that embedded silicon fullerenes
have three significant modes arising from Si—H stretching vi-
brations in infrared spectra, in contrast to only one dominant
mode in Raman spectra. Fewer modes with significant Raman
activity indicate that Si—H, ; bonds have less contribution to the
2100 cm™! peak in comparison with the Si—H single bonds for
Raman spectroscopy than for FTIR spectroscopy, which can be
the second reason for the different thickness dependence of R
in both methods. However, in general, a (less pronounced) sig-
nal from the Si—H, ; stretching modes should contribute to the
Raman spectra as well, fitting to an increase in the Raman mi-
crostructure parameter for films >10 nm. In agreement with this,
for our layers a decrease in the thickness normalized Raman in-
tensities for layers with d < 5 nm was observed, and the shift
of the 2100 cm™" peak associated with the presence of Si—H, ;
bonds could be observed in both Raman and FTIR spectra for
our films with d < 5 nm (data not shown).[**]

Besides the eventual difference of Raman and FTIR spectra
due to different Si—H, ; stretching mode activities, additional
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effects can lower the signal of the Si—H bonds within the nucle-
ation layer. The most obvious effect is that the laser intensity and
therefore Raman scattering intensity decreases with higher pen-
etration depths into the film. Therefore, the weight of the scat-
tering intensity within the nucleation layer to the total scattering
intensity decreases exponentially with increasing film thickness.
Nevertheless, we found no significant influence of this effect for
our rather thin films, since a linear increase of the Raman scatter-
ing intensity with the film thickness was observed (see Figure 2b).
Further possible effects are for instance interference enhanced
Raman scattering!>! effects or different dielectric properties of
the nucleation region and so polarizability of the Si-H modes
leading to lower Raman scattering intensities.?! In addition, a
high amount of hydrogen in the nucleation layer can extend the
band gap of the aSi:H.5¢! This is detrimental to the absorption
of the 532 nm laser and therefore to the resonance Raman effect
maybe occurring at the a-Si:H bulk material.>’]

Detected with FTIR, three components contribute to the mi-
crostructure parameter, namely the H at the ¢-Si surface, the H
in the nucleation layer and the H in the bulk layer, while for the
Raman microstructure parameter of our samples, the first com-
ponent is missing and the H in the nucleation layer seems to be
only weakly detected, leading to a constant R for layers with d >
10 nm.

The R measured using Raman spectroscopy on textured wafers
(hollow squares) in Figure 2d shows a similar trend as the R mea-
sured on polished wafers (filled squares), showing the ability to
measure the microstructure direct on textured wafers.

Figure 6 shows that using Raman spectroscopy R of a-Si:H lay-
ers can be measured even covered by ITO and that at least in the
range from R = 0.2 to R = 0.5 the microstructure is apparently
not affected by our ITO sputtering process. The slight difference
between the two spectra of the layer deposited at P, = 100 W
might occur by different measurement locations on the sample
and is not necessarily caused by the ITO deposition. The fact
that R for a-Si:H layers underneath ITO equals R for layers with-
out ITO and that measurements on textured silicon substrates
equals measurements on polished silicon substrates provides ev-
idence that microstructure measurements on finished solar cells
are possible and comparable to measurements on polished sub-
strates. This enables a direct measurement of the microstructure
of a-Si:H layers on finished solar cells and allows the investigation
of the changes after further post-processing steps like annealing,
light-soaking, or applying a hydrogen plasma.

4, Conclusion

The present paper demonstrates investigations of the microstruc-
ture parameter of a-Si:H thin films with a thickness of a few
nanometers covered by ITO on polished c-Si substrates and on
textured c-Si substrates using Raman spectroscopy in the back-
scattering regime. The method allows the investigation of R of
a-Si:H layer stacks directly in a TCO-covered textured silicon so-
lar cell on each side independently.

Our results show that for the comparison of the Raman and
FTIR microstructure parameters three components are to con-
sider, namely the H at the c-Si surface, the H in the nucleation
layer, and the H in the a-Si:H bulk layer. Using our setup, Ra-
man spectroscopy does not detect Si—H bonds at the ¢-Si surface.

Adv. Mater. 2023, 35, 2306351 2306351 (7 of 9)

www.advmat.de

The H within the nucleation layer is only weakly detected, tenta-
tively because of the weak detection of Si—H, ; bonds, which are
present in greater amounts within the nucleation layer. Thus, us-
ing Raman spectroscopy the microstructure parameter of the a-
Si:H is measured, without the contribution of H at the c-Si/a-Si:H
interface leading to a constant R for layers with d > 10 nm. On
the other hand, measuring R using FTIR spectroscopy on rather
thin layers is strongly influenced by the hydrogen at the c-Si/a-
Si:H interface. Hence, for a-Si:H layers with similar microstruc-
ture but different thicknesses, FTIR spectroscopy will give dif-
ferent microstructure parameters as the contribution of H at the
c-Si wafer is measured as well. Using the difference between the
R measured using FTIR- and Raman spectroscopy as a tool pro-
vides deeper insight into the Si—H bonding structure and there-
fore into the surface passivation of SHJ solar cells.

5. Experimental Section

For a-Si:H sample preparation, an AK1000 PECVD system from Meyer
Burger with a plasma excitation frequency of 13.56 MHz, an electrode area
of (500 x 500) mm? and an electrode gap of ~17 mm was used. A sub-
strate temperature T =200 °C, a pressure p = 2.7 mbar, and a silane flow
of Qging = 145 scem without hydrogen dilution were applied to deposit
layers with thicknesses from 2 to 61 nm by varying the deposition time
and using plasma powers Pp of 100, 200, 300 and 400 W on one side of
the substrates. These deposition parameters were also used in the solar
cells to deposit a ~#2-3 nm thick layer of “underdense” a-Si:H on the c-Si
surface to avoid epitaxial growth (i1-layer).['®34] Therefore, the layers in-
vestigated in this work were supposed to grow highly disordered and had
relatively high microstructure parameters compared to dense high-quality
a-Si:H films with a low defect density.['”:3>] Additionally, for comparison, a
dense layer was prepared using similar deposition conditions as for the i2
layer in Duan et al.[>*] with a 1/6.2 silane to hydrogen ratio and a plasma
power P, of 50 W. The layers were prepared on polished p-type high resis-
tivity c-Si (100) float-zone wafers (525 um, 20 Qcm) etched in a 1% diluted
hydrofluoric (HF) acid solution. In addition, some layers were also pre-
pared on textured n-type Czochralski wafers from Longi (135 um, 1 Qcm).
The n-type c-Si wafers were textured using the SH| solar cell baseline pro-
cess as described by Duan et al.[3*] For the investigation of the microstruc-
ture underneath ITO, 4 layers were chosen on HF-etched polished c-Si with
similar thicknesses (17— 31 nm), each deposited at different plasma pow-
ers. After measuring the samples by FTIR and Raman spectroscopy, ITO
(70 nm) as used for SH) solar cells was deposited on these samples to
compare the microstructure before and after ITO deposition. The ITO lay-
ers were sputtered with a direct current mode from a 3% Sn-doped In, 05
target. The working pressure was set to 0.3 Pa with a partial oxygen pres-
sure of 0.016 Pa using a fixed total argon and oxygen flow rate of 95 sccm.
Further details could be found in Duan et al.34]

The thicknesses of the layers on the polished samples were determined
by spectroscopic ellipsometry using a T-Solar/M2000 from J.A. Woollam.
A Renishaw inVia Raman spectrometer with a 532 nm laser was used in
the back-scattering configuration without a polarization analyzer to inves-
tigate the Raman scattering of the samples. Photothermal deflection spec-
troscopy (PDS) measurement (on samples of ~100 nm for a higher sig-
nal) showed that the (dense i2-layer) a-Si:H had an absorption coefficient
of 20.01 nm~" for green light (532 nm), which meant that the laser inten-
sity was reduced to the fraction of 1/e in a penetration depths of 100 nm
in agreement with Beyer et al.l®8] The penetration depth of this under-
dense material could vary a little from that of the dense i2 layer but should
be within the same scale. The laser intensity was set to 2.5 mW using a
Gaussian-shaped circular beam with a diameter of 2-3 pum. Differences in
the microstructure of a-Si:H were unlikely caused by the Raman laser heat-
ing since results were obtained independent of the intensity of the laser,
indicating that the temperature was below the hydrogen effusion or silicon
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crystallization thresholds. The FTIR spectra of the samples on polished c-
Si substrates (without ITO) were measured using a Nicolet 5700 system
from Thermo Electron Corporation in the range from 400 to 4000 cm~".
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