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Liquid silanes can be used for low-cost, fast deposition of hydrogenated amorphous silicon (a-Si:H) as an
alternative to state-of-the-art deposition processes such as plasma enhanced chemical vapor deposition
or electron beam evaporation. However, liquid silane deposition techniques are still in their infancy. In this
paper, we present a new version of the atmospheric pressure chemical vapor deposition technique
designed to improve the reproducibility of a-Si:H deposition. With this new tool, we explore ways to
improve the quality of the material. The films can be prepared using pure trisilane as a precursor;
frequently, however, trisilane is diluted with cyclooctane for better handling and process control. Currently,
the influence of this dilution on the film quality is not well understood. In our work, we investigate and
compare both precursor strategies. This paper presents a comprehensive analysis of the effects of
cyclooctane dilution, deposition temperature, process duration, and precursor amount on the structure
stoichiometry and electronic properties of the resulting films. The analysis was performed using a range of
techniques, including Fourier transform infrared spectroscopy, electronic spin resonance spectroscopy,
Raman spectroscopy, ellipsometry, secondary ion mass spectrometry, and conductivity measurements. For
films deposited with pure silane, we found a low oxygen (O) and carbon (C) impurity incorporation and an
adjustable H content up to 10%, resulting in a photosensitivity of up to 10%. Dependent on the dilution and

deposition temperature, the films deposited with cyclooctane dilution showed various amounts of C
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Accepted 18th October 2024 incorporation, culminating in an a-Si:H/a-SiC:H structure for high temperatures and dilutions. High purity

a-Si:H films as a-Si:C:H films are promising for application in solar cells and transistors either as an
DOI: 10.1039/d4se01308e amorphous functional layer or as a precursor for recrystallization processes, e.g., in TOPCon solar cell

rsc.li/sustainable-energy technology.

Introduction

Hydrogenated amorphous silicon thin films used in transistors,
batteries and solar cells are usually prepared with relatively
expensive processes such as plasma enhanced chemical vapor
deposition (PECVD), hot wire chemical vapor deposition
(HWCVD) or electron beam evaporation.'™ Therefore, investiga-
tions on low-cost deposition processes were made in the past.>*™*°
One concept is to use liquid precursors such as trisilane (TS) or
cyclopentasilane (CPS) and deposit it via low-cost deposition
processes such as spin-coating or atmospheric pressure chemical
vapor deposition (APCVD).>”** In contrast to gaseous precursors,
liquid precursors have the advantage of a wide applicability in
solution and also in vapor-processes. They do not need high
pressure gas canisters or carrier tubes for storage because of their
liquid state.*** In addition, liquid precursors can be used for local
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deposition processes or other specialized processes such as Si
deposition in nanopores.” Original experiments on APCVD
deposition were successful in proof of principle; however, they
had reproducibility and process control issues." In this work, we
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present a new version of the APCVD apparatus designed to
improve the reproducibility of the deposition and capability of
using untreated trisilane and cyclooctane-diluted trisilane as
precursors. With this new tool, we explore a large process
parameter space, seeking to improve the quality of the deposited
thin film Si films.

A number of studies have been carried out on the deposition
of a-Si:H using liquid precursors such as trisilane often diluted
using the solvent cyclooctane for better handling.>*" Cyclo-
octane was used as a suitable widely available solvent with
a stable carbon ring, which is important to avoid carbon
contamination of amorphous Si films. However, to the best of
our knowledge, there is little to no data on the actual influence
of cyclooctane on the carbon content or film structure. There-
fore, in our study, we investigate the effect of cyclooctane dilu-
tion on the a-Si:H film properties by changing the dilution ratio
from 0 to 99% in the deposition process. The entire deposition
parameter space comprises four dimensions: cyclooctane dilu-
tion, deposition temperature, deposition time, and precursor
amount. To elucidate the influence of multiple process
parameters on film properties, we employ a set of character-
ization techniques: spectroscopic ellipsometry for thickness;
electron spin resonance (ESR) spectroscopy for paramagnetic
states and defects; secondary ion mass spectrometry (SIMS) for
atomic composition; a custom-built setup for electrical
conductivity; Raman spectroscopy for structural analysis; and
Fourier transform infrared (FTIR) spectroscopy for the H
content cy, the Si-H bonding configuration and the incorpo-
ration of carbon.

The study is organized and presented as follows. First, the
effects of deposition temperature, deposition time, and precursor
amount are examined in films prepared with pure trisilane as
a precursor. A comparison to a reference intrinsic a-Si:H film
deposited by PECVD allows us to explore the potential a-Si:H
material quality achievable through the new deposition method.
In the second part of the paper, we analyze the effects of cyclo-
octane dilution, with particular emphasis on the potential incor-
poration of carbon and the resulting impact on the quality of the
deposited material. For undiluted trisilane there are regions of
parameters delivering intrinsic films with high photosensitivity
potentially applicable as passivation layers in solar cells and other
regions yielding films with low H content suitable for blistering-
free crystallization processes. For the diluted precursor, we can
see incorporation of carbon, which strongly depends on substrate
temperature. At temperatures below 495 °C, only minor contami-
nation is detected, negligible for the electronic film properties,
whereas at higher temperatures, the carbon content increases
significantly reaching up to 10**> atoms per cm® at 580 °C which
puts the resulting films into the category of silicon carbide alloys.
In this case, the technique can find its applications for atmo-
spheric pressure preparation of SiC.

Experimental details
Preparation technique

In an APCVD process, thin films of a-Si:H are deposited onto
a heated substrate under atmospheric pressure by means of
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pyrolysis out of the gas phase. The technical drawing and
a schematic of our novel dedicated APCVD system are shown in
Fig. 1. For impurity protection and to prevent a reaction
between trisilane and O,, the system is built up in a glove box
from MBraun filled with nitrogen (O,, H,O <1 ppm). The glove
box located in an air-conditioned room makes the process
independent of ambient temperature and humidity. Only the
ambient pressure has a little influence on the deposition pres-
sure, since the glove box pressure approximately corresponds to
the ambient pressure plus 3 mbar. Since the changes in the
ambient pressure due to different weather conditions are small
compared to the absolute pressure, their influence is not
considered here. As a heat source, we used an Isotemp hot plate
from Fisherbrand. The hot plate heats a (6 x 6) cm” stainless
steel block and a (10 x 10) cm® quartz glass plate with 1 mm
thickness on top of the steel block. The glass prevents
contamination of the (1.5 x 1.5) cm” sample substrates (c-Si
wafer or glass) by diffusion of atoms from the steel block to
the substrate. The steel block is used to conduct the heat on to
an area of (6 x 6) cm” on the glass plate because the precursor
only reacts at the hot surface areas with T > 400 °C. Thermo-
couples are used to monitor the temperature of the steel block
and precursor inlet block. The temperature of the steel block is
used as “deposition temperature” T within this work. On top of
the hot plate, a height adjustable head lowered to the hotplate
during the process creates a closed deposition chamber. No
special sealing was included, since no vacuum is needed. The
precursor is pumped into a tube on top of the chamber-head
using a dosage pump with at least 5 pl dosage strokes and
then flushed out into the chamber by opening a magnetic valve
for 0.1-1 s. In the chamber, the precursor sprays onto a baffle
plate and evaporates, as indicated in Fig. 1b. Within the gas
phase, the precursor is distributed in the chamber, decomposes
at the hot substrate surface, and deposits as a thin a-Si:H film
on the substrate. To ensure that the precursor is in the liquid
phase during pumping/flushing, the inlet block including the
precursor reservoir is cooled using a Peltier element to
temperatures below 30 °C, well below the boiling point of tri-
silane of 53 °C (at 1013 hPa).** To produce our precursor solu-
tions, we used trisilane from Voltaix LLC (Silcore®, 99.99%
purity) and cyclooctane from Sigma-Aldrich (99.0% purity). For
the samples deposited with the 2% trisilane (98% cyclooctane)
solution, the insertion via the dosage pump was very repro-
ducible. For the pure trisilane depositions and dilution series,
the dosage of the precursor via the dosage pump was not
possible due to the small precursor volume. Therefore, the
precursor was dosed per Eppendorf pipette and then by opening
the dosage pump, the precursor was flushed into the chamber
with nitrogen for 1 second. The magnetic valve, shown in
Fig. 1b, was closed during flushing. This procedure leads to
higher fluctuation of the actual amount of the precursor within
the deposition chamber and, therefore, to a higher fluctuation
of the film thicknesses. After waiting for a certain time herein
called “deposition time” to grow the film, the deposition
process is finished by lifting the deposition chamber and
removing the samples from the hot plate.

Sustainable Energy Fuels, 2024, 8, 5568-5580 | 5569
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Fig. 1 (a) Technical drawing and (b) schematic of the APCVD system.

Table 1 Deposition parameters of the here analyzed sample series.
The parameter which was varied is shown in bold. The proportion of
trisilane in the precursor (TS content) is given in percent by volume. In
addition, the deposition temperature and time are given, as well as the
total precursor amount including trisilane and solvent (amount)

Series TS content [%] Temperature [°C] Time [min] Amount [pl]
Templ 100 410-580 10 10

Timel 100 440, 555 10, 20,50 20
Amountl 100 440, 555 10 10, 20, 50
ESR 100 440, 495, 555 10, 20 10, 20

SIMS 100 440, 495, 555 10, 20 10, 20
Dilution 1-100 440, 495, 555 10 10-1000
Temp2 2 410-580 10 400

Time2 2 470 1-50 400
Amount2 2 470 10 200-1000

Using this setup, nine sample series have been prepared. As
summarized in Table 1 the sets of samples are separated into two
major groups for materials prepared with pure trisilane and diluted
trisilane. In both cases, we aimed to test a wide range of deposition
parameters. The primary investigated parameter in each group of
samples is shown in bold. For pure trisilane the series “Temp1”,
“Time1”, and “Amount1” a variation of one deposition parameter
(deposition temperature, time or precursor amount respectively) is
investigated. The samples were characterized mainly by FTIR
spectroscopy, ellipsometry and conductivity measurements. For the
ESR and SIMS measurements, two extra series called “ESR” and
“SIMS” were prepared. In the sixth series “Dilution” the trisilane
content diluted in cyclooctane used as the precursor was changed
from 1 to 100% at three different temperatures. The last three series,
“Temp2”, “Time2”, and “Amount2” again focus on the variation of
deposition temperature, time or precursor amount respectively, but
using 2% trisilane diluted in cyclooctane as the precursor.

Characterization

For the analysis, each film was co-deposited simultaneously on
a (15 x 15) mm” polished p-type high resistivity c-Si (100) float-
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zone wafer (525 um, 20 Q cm) with native oxide and on a (15 x
15) mm” Corning glass type Eagle 2000.

The film thickness is measured by spectroscopic ellipsom-
etry using a T-Solar/M2000 from J.A. Woollam.

The Si bonding structure is analyzed using FTIR using
a Nicolet 5700 system from Thermo Electron Corporation.

To calculate the bond-density, we used the absorption
strengths by Beyer and Ghazala'® for the Si-H and by Kaneko
et al.V for the Si-C stretching vibrations. We calculated the
microstructure parameter R, which is often used to describe the
microstructure of a-Si:H films according to the method pub-
lished previously in ref. 18. R is the ratio of the integrated peak
areas of Si-H vibrations contributing to peaks near 2100 cm ™"
and 2000 cm ', corresponding to H bonded in void-rich and
dense materials, respectively.'®**' Adding carbon to a-Si:H
films can increase the peak near 2100 cm ™' and therefore the
R, since vibrations of Si-H bonds with a carbon back-bond on
the silicon atom are also located near the 2100 cm ™" peak.> We
used this fact together with the Si-C vibration peak located at
780 cm™ " and SIMS measurements to investigate the carbon
content in the a-Si:H films deposited with trisilane diluted in
cyclooctane.

To investigate the chemical composition, we performed
SIMS measurements using the time-to-flight setup ToF-
SIMS5.ncs from IONTOF GmbH with a cesium sputtering
beam and a sputtering energy of 1 keV on an area of (300 x 300)
um? We compare the SIMS measurement of the APCVD films
with an intrinsic a-Si:H reference film deposited by PECVD with
the recipe for the passivating i1-layer used in SHJ solar cells.”®
The dark and photoconductivity o4 and opp, respectively, of our
film is measured using a home-made system. The light source
was a mercury lamp calibrated to an intensity of one sun.

Electron spin resonance (ESR) measurements (a.k.a. electron
paramagnetic resonance - EPR) are made in conventional
continuous wave (CW) mode using a commercial X-band (v =
9.8 GHz) Bruker ELEXSYS E-500 system in an ER 4108 TMHS
resonator at room temperature. Two identical pieces of the thin
film on a Corning glass substrate cut in (5 x 5) mm? pieces were
fixed face-to-face with scotch tape on the tip of a 4 mm diameter

This journal is © The Royal Society of Chemistry 2024
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quartz sample tube and positioned in the center of an opaque
resonator cavity. To ensure that the substrate or holder does not
contribute to the detected signal, a reference measurement was
made on substrates without sample films, which showed
a negligible baseline compared to the signal detected from the
films under test. A calibrated sample of sputtered amorphous
silicon with a spin number of 2 x 10'° and g-value of 2.00565
was used as a reference secondary standard** for calibration of
the magnetic field and signal intensity for further g-value and
spin density evaluation in measured samples. The spectra were
measured at a microwave power of 0.1 mW, a sweep width of
100 G, a magnetic field modulation at a frequency of 100 kHz
and an amplitude of 3 G. It was confirmed that no saturation or
over modulation effects occur under these conditions.

Results
Material deposited using pure trisilane as the precursor

The APCVD films deposited using pure trisilane with a variation
of substrate temperature, deposition time and precursor
amount (series Temp1, Timel and Amountl1 outlined in Table
1) have been characterized with several spectroscopic tech-
niques such as FTIR, Raman and ESR spectroscopy. For all three
methods, we observed spectra/signatures typical for amorphous
silicon prepared by traditional techniques. e.g., the FTIR spectra
contain peaks at 640 cm ™" and 2000 cm ™ typical for a-Si:H and
overall, the spectra are typical for a-Si:H prepared with PECVD,
HWCVD, sputtering or APCVD techniques.”***>?¢ Therefore, we
identify the material as a-Si:H and use this notation throughout
the manuscript.

Dark and photoconductivity oq and oy, thickness d, H
content and microstructure parameter R of the pure silane
samples of series Temp1, Timel and Amountl are summarized
in Fig. 2.
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Fig. 2a shows the results for samples of series Temp1. The
film thickness of the a-Si:H films strongly increases with
increasing hot plate temperatures between 410 °C and 495 °C
due to a higher growth rate, in agreement with the literature.>”
At 495 °C, a plateau is reached, likely indicating the complete
deposition of the injected precursor. The thickness decreases
slightly for temperatures of 555 °C and 580 °C, which can be
attributed to two effects. (i) The major effect is a larger area that
is unintentionally heated up to temperatures allowing the
deposition of a-Si:H (e.g:, at the walls of the deposition
chamber). A larger deposition area at the same precursor
amount leads to thinner films on the substrate if the growth
process is limited by the precursor amount and not by deposi-
tion time. (ii) A minor effect is that ¢y decreases from 4% at T'=
440 °C to below 1% at T > 525 °C due to hydrogen effusion,
which can also lead to a small shrinking effect of the a-Si:H
films with higher temperature.***

The conductivity measurement results in Fig. 2a show a split
of o, and g4 for temperatures 7' < 495 °C. In this range, the
logarithm of oy, qualitatively follows the curve of c¢y. For
temperatures above 495 °C, o4 increases to values nearly equal
to those of op,,,. At these higher temperatures, ¢y drops signifi-
cantly to below 1%. The conductivity continues to increase with
increasing deposition temperature, surpassing 10° S cm ™. This
increase may be attributed to a higher density of defects, which
could enhance hopping conductivity and might lead to the
formation of a conductive defect band. The ratio of oy, to g,
known as photosensitivity, is often used to assess the quality of
intrinsic a-Si for optoelectronic applications.**** The highest
photosensitivity, 2.5 x 10%, was observed at 470 °C in the Temp1
series shown in Fig. 2a. The microstructure parameter is below
0.1 for all films, except for the film deposited at 410 °C. The low
R for films deposited at 7> 410 °C can result from two different
material properties. (i) It can result from the dense material
with H bonded mainly within the Si-network.>*=* (ii) It can result
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Fig.2 Dark and photoconductivity o4 and o, thickness d, hydrogen content ¢y and microstructure parameter R of a-Si:H films deposited with
pure trisilane as a precursor as a function of (a) deposition temperature T, (b) deposition time t, and (c) precursor volume V. t and V were varied at
temperatures T = 440 °C (gray) and 555 °C (red). The lines are guides to the eye.
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from the void-rich material where H bonded in voids effused
during the deposition process, since the deposition tempera-
ture is above the effusion peak temperature at approximately
385 °C of H in voids, but below that of H within the Si network.3*
Because of the absence of the H in the voids which would
contribute to the 2100 cm™" peak, this could result in a low R
despite the presence of voids in the material. The increased R
for the film deposited at 410 °C might be a relic of the low film
thickness of d = 9 nm. For low a-Si:H film thicknesses, the
amount of H within the bulk a-Si:H can be in the same order of
magnitude as the amount of the H bonded at the interface
between a-Si:H and c-Si. The interface H can contribute signif-
icantly to the 2100 cm ™" peak, leading to a higher R.*®

The hydrogen effusion during deposition is examined in
more detail in the Timel series, where 20 ul of trisilane was
injected at 440 °C and 555 °C for durations of 10, 20, and 50
minutes. The results of this series are displayed in Fig. 2b. For
Tq = 440 °C, ¢y and R decrease with longer deposition times.
Specifically, ¢i; drops from 8% to 4%, and R decreases from 0.2
to 0.05. This suggests that hydrogen bonded in a more porous or
void-rich structure (associated with the 2100 cm ™" peak) indeed
effuses out of the film over time. As the deposition time
increases, o4 increases while oy, decreases. This trend is
consistent with a higher density of defects and a lower hydrogen
content, both of which contribute to a lower oy, and, conse-
quently, reduced photosensitivity.***® For Tq = 555 °C, cy falls
below 2%, and R is approximately 0, as the 2100 cm ™" peak is
near or below the detection limit. Both op, and o4 are almost
equal, and both increase with longer deposition times. These
observations suggest that the effusion of hydrogen and the
resulting changes in the film's microstructure and defect
density significantly influence the conductivity and photosen-
sitivity of the material.

The effect of the injected precursor amount has been
investigated by preparing the sample series Amountl, whose
measurement results are shown in Fig. 2c. For two deposition
temperatures, T = 440 °C and T = 555 °C, we used precursor
amounts of 10, 20 and 50 pl trisilane. Increasing the amount of
precursor results in increased film thickness, which is accom-
panied by noticeable scatter in the data, presumably due to
uncertainties in precursor injection.

For T = 440 °C, R and cy increase with increasing precursor
volume. The conductivity measurements show for all precursor
amounts a high photosensitivity up to 10*. The photoconduc-
tivity of the films deposited at T = 440 °C shows a slight
correlation with the H contents of the films, which could
already be seen in Fig. 2a and b for temperatures below 495 °C.
For the deposition at T = 555 °C, the growth rate is higher than
that for the deposition with T = 440 °C. However, the high
temperature probably leads to a high effusion rate, leading to
a low ¢y and low R for all film thicknesses. Accordingly, the
photosensitivity of all films deposited at T = 555 °C is ~1.

The surface profile of the a-Si:H thin films is dependent on
the growth-temperature and thickness of the films. Regarding
the films from the series in Fig. 2a for 7= 410 °C and T = 440 °©
C, a flat surface without holes is obtained, as shown represen-
tatively for 7= 440 °C in Fig. 3a. No signs of blistering have been
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Fig. 3 Pictures made with a light microscope at five times magnifi-
cation of a-Si:H films deposited at a plate temperature of (a) 440 °C, (b)
495 °C and (c) 555 °C.

observed, maybe due to a combination of small film thickness
and a low H-diffusion rate. At T = 495 °C, shown in Fig. 3b, we
observed circular holes. These were found also for the deposi-
tions at T =470 and 525 °C. We attribute the formation of these
holes to blistering due to H, cumulated in voids within the film
or at the interface to the c-Si substrate.’” For T = 555 °C and
580 °C, the surface is flat again (shown in Fig. 3c). As a matter of
speculation, this might result from a loose film structure with
micropores in which the hydrogen can easily effuse without
accumulation and subsequent blistering. Also, it is possible
that at higher temperatures hydrogen is ejected from the
surface before it can incorporate into the bulk of the material.

Another possible explanation for smooth H effusion without
blistering is related to the growth of crystalline structures
within the material. These crystalline structures are expected to
reveal themselves in Raman spectra. However, the spectra
shown in Fig. 4 show a clear peak at 480 cm™" for all deposition
temperatures, indicating that the material is amorphous and
not crystalline.”**** For a deposition temperature of 525 °C, the
peak is slightly shifted to higher wavenumbers which can be
attributed to a more dense material or the onset of nano-
crystalline growth, which is often observed in this temperature
regime for longer annealing times.***

Paramagnetic electronic states in the APCVD a-Si:H films
were analyzed via ESR spectroscopy. The deposition parameters

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Raman spectra showing the typical peak of Si-Si vibrations in
amorphous silicon at 480 cm™ of a-Si:H films deposited at 440, 495
and 555 °C.

of these 3 samples are shown in Table 1 in the “ESR” row. It is
widely accepted that the ESR signal detected in the undoped
amorphous silicon originates from Si dangling bonds causing
defect states within the band gap.*>** The ESR spectra given in
ESI Fig. Slat show a pronounced featureless, slightly asym-
metric single line at a g-value of approx. 2.0055 - typical for
dangling bonds in amorphous silicon.**** Both the intensity of
the line and, indirectly, the g-value point to a material with
a high density of dangling bond defects.*® The density of
dangling bonds is crucial for the electronic quality of a-Si:H. It
has been shown by Astakhov et al.** that photoconductivity is
inversely dependent on the spin density in a-Si:H. At the same
time, hydrogen passivation can effectively reduce the density of
dangling bonds and improve the electronic quality of a-Si:H.
Fig. 5 shows the conductivity, H-content and ESR spin density
for the three a-Si:H samples with similar thicknesses (~130 nm)
as a function of the hot plate temperature. With increasing
temperature, ¢y measured by FTIR decreases. This is in line
with the increase in the density of dangling bonds detected as
an increase in the spin-density Ns measured by ESR.**** The
high amount of dangling bonds can lead to an increase of the o4
and can be responsible for the reduction of o}, in agreement
with the trends observed in a-Si:H prepared by the traditional
methods.?>*

Fig. 6 shows SIMS depth profiles of the a-Si:H films depos-
ited at 440, 495 and 555 °C and a reference intrinsic a-Si:H film,
deposited by PECVD. The samples have similar thicknesses
d between 130 and 180 nm. In comparison to the reference high
quality PECVD material, the APCVD material deposited at 440 °
C shows similar purity with comparable C and O contents to the
reference PECVD film. However, the H content in the APCVD
sample is lower and less homogeneously distributed over the
film thickness. The amount of H decreases near the surface as
well as near the interface of the c-Si substrate. Such kind of H
distribution was reported for PECVD a-Si:H films exposed to
post deposition annealing.*® Therefore, we attribute the inho-
mogeneous hydrogen distribution in the APCVD material to the
out diffusion at 440 °C. The SIMS profiles in APCVD films
prepared at higher temperatures confirm the decrease of the H
content with the temperature increase detected by the FTIR

This journal is © The Royal Society of Chemistry 2024
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measurements. Simultaneously, the increase in the deposition
temperature leads to an increase in C and O content within the
film. These impurities can contribute to the increase in the
number of defect states.*” The O and C counts increase near the
surface, especially for T'= 495 °C and T = 555 °C, indicating
a higher impurity incorporation with lower precursor content
within the deposition chamber.

Material deposited using various trisilane-cyclooctane
solutions

Cyclooctane is often used in APCVD as a solvent for easier
handling and growth rate control.>*'** To study the influence
of cyclooctane on the film properties, we deposited films with
trisilane concentrations in percentage by volume of 1 to 100%
diluted in cyclooctane at temperatures of 440, 495 and 555 °C.
Deposition parameters for the “Dilution” sample series are
summarized in Table 1. The film properties were investigated in
the same way as that for pure trisilane presented above. The
FTIR spectra of the “Dilution” series samples were additionally
analyzed for carbon related IR-vibrations. Fig. 7 shows
a comparison of the FTIR spectra of (a) a film deposited with
pure trisilane and (b) a film deposited with 2% trisilane diluted
in cyclooctane. As shown in Fig. 7a the most dominant peaks
arise from Si-H bending and stretching vibrations at 640 and
2100 cm ™~ ".*¢ Additionally, from 900 to 1100 cm ™" there are Si-O
vibrations, either because of impurities or because of the native
oxide on the surfaces of the c-Si substrates.”®*>° In the same
region, Si-C-H, wagging modes can be found.”** The sample in
Fig. 7b shows Si-C vibrations at 720-780 cm™ ' and C-H vibra-
tions at around 28502950 cm ", which clearly shows that the
sample contains carbon.”*** For the films with incorporated
carbon, the 2100 cm™' peak is more dominant than the
2000 cm ™' peak. This could either be caused by a material that
is very rich in voids or, more likely, by a higher amount of
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hydrogen bonded to silicon with a carbon back bond.******* In
addition, the peak at 900-1100 cm ™" shifts slightly to a lower
wavelength. The shift is likely due to a higher concentration of
Si-C-H, modes compared to Si-O, which are probably domi-
nant within the spectra of the purely deposited a-Si shown in
Fig. 7a. In the following, we use the Si-C peak at 720-780 cm ™"
to quantify the carbon content within our a-Si:H films.

Fig. 8a shows conductivity, thickness, hydrogen content,
microstructure parameter R and density of Si-C bonds as
a function of trisilane concentration in dilution samples
deposited at 440 °C. Both o4 and o, as well as ¢y are mostly
unaffected by cyclooctane dilution. In contrast, the micro-
structure parameter R increases with a decreasing trisilane
concentration for trisilane concentrations below 10%. In this
series, the effect on the carbon content was not detectable with
FTIR. However, SIMS measurements, shown in Fig. S2,}
revealed a 3-4 orders of magnitude increase in carbon content
compared to films made with pure silane. The H concentration

5574 | Sustainable Energy Fuels, 2024, 8, 5568-5580

varies only slightly between 6 and 8%. The scatter of the film
thickness within the Dilution series is probably due to the
manual precursor injection (¢f Experimental section).

Fig. 8b shows the material properties vs. the dilution ratio for
films deposited at 495 °C. The figure shows that ¢y and R
increase with an increasing cyclooctane concentration for films
made with less than 10% trisilane content. This trend might be
due to the incorporated carbon, which is supported by the
increasing Si-C vibrational peak located at 720-780 cm ™. The
increase in ¢y, up to 6%, might be one reason for the increased
photosensitivity observed in samples with trisilane concentra-
tions below 10%. The difference in photosensitivity between
10% and 100% trisilane content is likely due to fluctuations in
deposition conditions. A deposition temperature of 495 °C is
close to the critical point where the photo-/dark conductivity
splitting vanishes (as shown in Fig. 2a). Therefore, small
differences in temperature or precursor amounts can have
a significant impact on photosensitivity.

Fig. 8c shows the material properties vs. the dilution ratio for
films deposited at 555 °C. For trisilane concentrations above
10%, no hydrogen is detected. However, at concentrations
below 10%, a significant amount of hydrogen is present in the
film, likely bonded to silicon with carbon back-bonds (R = 1).
Despite this, the hydrogen does not seem to passivate defects,
as the conductivities (opn, and o4) remain similar across all
films, regardless of hydrogen content.

A Si-C peak was observed for all dilution ratios. Even in pure
trisilane deposition, enough carbon—likely from impurities in
the glove box—was incorporated into the film, resulting in
a noticeable peak in the FTIR spectrum. Reducing the trisilane
concentration leads to increased carbon incorporation, reaching
levels comparable to the silicon content (10** atoms per cm?®).

Material deposited using highly diluted trisilane

We used a trisilane concentration of 2% in cyclooctane to
investigate the influence of a high cyclooctane dilution on the a-
Si:H film properties in more detail. As for the deposition using
pure silane we made a temperature, deposition time and

This journal is © The Royal Society of Chemistry 2024
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a precursor volume (Temp2, Time2, Amount2) series using the
2% trisilane solution. The deposition parameters of all three
series are given in Table 1. The Time2 and Amount2 series were
made at 470 °C since, at this temperature, the films have an
appropriate balance between the high growth rate and high film
quality (high ¢y and photosensitivity). The measurement results
for the series are shown in Fig. 9.

Fig. 9a shows the results of the Temp?2 series. The thickness
of the films increases with increasing deposition temperature
for T'< 525 °C and remains almost constant for 7> 525 °C. For
all films, R is higher than 0.4. The microstructure parameter R
decreases with increasing temperature for 7 < 495 °C, prob-
ably due to a lower proportion of H at the interface (which
vibrates at a wavenumber of 2100 cm ™) relative to the overall
Si-H spectrum. In contrast, for T > 495 °C, R increases,
tentatively due to a carbon content increase leading to more
Si-H bonds with C back-bonds. This more stable bonded H
might also lead to a ¢y of 2% for layers deposited at 7> 495 °C,
instead of full H effusion. Beside the film deposited at T =
580 °C, all films show a photoresponse with a maximum at
470 °C, probably because of the higher cy (04 at 440 °C
probably an outlier).

In Fig. 9b the results of sample series Time2 are shown. The
photosensitivity varies with the deposition time with
a maximum for the 10 min deposition. Accordingly, ¢y strongly

This journal is © The Royal Society of Chemistry 2024

increases from 2% to 6% and R strongly decreases from 1 to 0.4
within the first 5 min. The film thickness data indicate that the
growth rate first is approximately constant and then, for depo-
sition times longer than 5 min, the growth rate decreases, due
to depletion of the precursor. In addition, a longer deposition
time leads to a higher incorporation of carbon and less inserted
H into the film.

Fig. 9c shows the results of the sample series Amount2. An
increased amount of precursor seems to increase the a-Si:H
growth rate. This leads to a (linear) increase in the film thick-
ness. The higher film growth is linked to an increase in
photosensitivity and c¢y. The higher growth rate is also accom-
panied by a lower carbon incorporation and lower R, probably
because of fewer carbon back-bonds of Si-H vibrations.

For one film deposited at T'= 580 °C using the solution with
2% trisilane, an ESR measurement was made, to analyze the g-
factor, which is influenced by the SiC stoichiometry.** As
shown in Fig. S1b,t the film with a thickness of 430 nm showed
a g-factor of 2.004 which is closer to that of amorphous silicon
carbide (a-SiC) (2.003) rather than a-Si (2.0055), in agreement
with the high carbon content in the films.** The spin density of
this sample was 1.35 x 10'® em >, which is slightly lower than
that of the sample deposited with pure trisilane at 7= 555 °C,
possibly because of the increased cy and related passivation of
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defects for films deposited wusing high cyclooctane In agreement with this, a clear correlation between the

concentrations. hydrogen concentration and the conductivity of the films was

observed, consistent with the findings of Beyer and Wagner*®

: : and Fritzsche.** They suggested that a decrease in cy can
Discussion y ouss .

The films deposited with pure trisilane have properties and
quality on par with a-Si:H films deposited with similar
methods found in the literature. The best photosensitivity of
10” found for films deposited at 440 or 470 °C is similar to or
higher than the values of other films without H treatment
investigated by Bedini et al.** and Masuda et al.*® The purity of
the low temperature a-Si:H films regarding oxygen and
carbon incorporation is comparable with the purity of PECVD
films, as shown in Fig. 6. Nevertheless, the lowest defect
density measured by ESR was 3 x 10'® em ™2 which is rather
high compared to standard PECVD films.** Masuda et al.*
found spin-densities between 10'” and 10'® em™ for films
deposited with cyclopentasilane at a temperature between
360 and 420 °C.

We found a ¢y of less than 10% and a low R in all films,
which aligns with the fact that even the lowest deposition
temperature used in this work is above the H effusion temper-
ature.*® The elevated temperatures result in a high hydrogen
effusion rate during the growth process, particularly for
hydrogen located in voids leading to a low R.>® This suggests
that the high defect density measured by ESR may stem from
insufficient passivation and structural imperfections.?

5576 | Sustainable Energy Fuels, 2024, 8, 5568-5580

cause an increase in defect densities, leading to a decrease
in O'Ph.35

The a-Si:H films produced by our process are characterized
by high purity, particularly in terms of low oxygen and carbon
incorporation. However, the relatively low hydrogen content
(cu) in the films presents a challenge for some specific appli-
cations. For example, passivating layers of a-Si:H in silicon
heterojunction (SHJ) solar cells are required to have higher
hydrogen content for effective passivation. To address this
issue, one potential solution is post-deposition hydrogenation.

For films deposited at high temperatures T = 555 °C, a small
amount of H found in the a-Si:H films renders them highly
suitable for various high-temperature processes, including
recrystallization, as it significantly diminishes the risk of blis-
tering. Therefore, this material shows strong potential for use as
a precursor for polycrystalline silicon in TopCon solar cells.

Alow cy (<2%) indicates that the deposition time of 10 min is
long enough to remove not only all H at internal surfaces
(2100 cm ™" peak) but also almost all H atoms within the silicon-
network.

In addition, the low ¢y and therefore high defect density
seem to create a conductive defect band, which increases the o4

This journal is © The Royal Society of Chemistry 2024
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while also speeding up the recombination of photogenerated
carriers, resulting in a photosensitivity of around 1.

The defect density increases one order of magnitude for
a deposition temperature increase from 7 = 440 °C to 555 °C,
probably as a result of less H incorporation into the film.*®

With increasing deposition temperature, the O and C
content increase as well, with an especially sharp increase near
the surface, as shown in Fig. 6. This can tentatively be attributed
to slower a-Si:H film deposition at the end of the deposition
process, due to the depletion of the trisilane concentration
during the growth process. This combined with the high
temperature leads to a higher ratio of impurity radicals to silane
radicals and therefore to a higher impurity incorporation.
Therefore, for films deposited at high temperatures, in addition
to a lack of H, oxygen impurities can lead to a higher amount of
defects within the material as well.*”** Kinoshita et al.>* showed
a decrease in the conductivity with increasing oxygen content.
However, they only found a minor reduction in the photosen-
sitivity for very high oxygen contents up to 10>" atoms per cm?,
indicating that the reduction of the photosensitivity for high
temperatures as shown in Fig. 2a is mainly a result of the low H
content available for passivation within the film.

The origin of the C and O atoms can be the rest of organic
solvents used for other film depositions within the chamber or
impurity gases within the glove box such as CO,, which is not
monitored. The very steep increase in C and O counts at the
surface of all samples, observed for sputter times >100 s in
Fig. 6, can be attributed to impurities on the sample surfaces
originating from the transportation of the samples in the
ambient atmosphere.

By varying the deposition time and precursor volume, the
film properties can be varied as well. A higher amount of
precursor leads to a higher number of radicals that can interact
with the substrate surface. The increased growth rate due to
more radicals can lead to a higher incorporation of H and to
a more porous or void-rich film, resulting in a higher R.*
Increasing the deposition time in fact decreases the average
growth rate and can lead to annealing effects. Both, a decreased
growth rate and thermal annealing, reduce ¢y and R for films
deposited with pure trisilane.

The introduction of cyclooctane as a solvent for trisilane
leads to significant carbon incorporation in the films,
enhancing reproducibility by increasing the available precursor.
Films grown with the 2% trisilane solution exhibit greater
thickness, particularly at higher temperatures, due to more
efficient precursor utilization. Specifically, 400 pl of the 2%
trisilane solution (equivalent to 8 pl of trisilane) yields a thicker
film compared to the 10 pl of pure trisilane.

At lower temperatures and cyclooctane concentrations,
moderate carbon contamination has minimal impact on
conductivity and cy but increases R due to additional Si-H
bonds with carbon back-bonds. At deposition temperatures
above 495 °C and cyclooctane concentrations above 95%, key
differences in film properties emerge. A higher carbon incor-
poration is accompanied by increased hydrogen incorporation
and higher R, reflecting the bonding of H primarily to silicon
atoms with carbon back-bonds.'”?* Because of the effect of the

This journal is © The Royal Society of Chemistry 2024

View Article Online

Sustainable Energy & Fuels

added carbon on R, the R values of films with higher carbon
content cannot be directly compared to those of films made
with pure trisilane.

Effusion experiments of a-SiC:H show a higher temperature
stability of H in a-SiC:H than in a-Si:H,*®** in agreement with
the fact that a higher carbon content of the films also leads to
a higher H incorporation at high deposition temperatures.

Because of the higher H content, the carbon incorporation
can improve the photosensitivity of the films deposited at
temperatures between 495 °C and 555 °C. For films made of
pure silane, almost no o,,/04 splitting can be observed for this
temperature regime.

The high Si-C peak in FTIR spectra and a g-value of 2.004
observed for a sample deposited at T = 580 °C and with 2%
trisilane solved in cyclooctane as the precursor demonstrate
that for films deposited at high temperature and with high
cyclooctane concentrations the material configuration shifts
from carbon-polluted a-Si:H to an a-Si:H/a-SiC:H mixture. The
silicon-rich a-SiC:H matrix is a promising candidate as
a precursor for nano-crystalline silicon embedded in an a-SiC
matrix, which can be achieved through the process of anneal-
ing. This material has a wide applicability in optoelectronic
applications.>**°

These results show that the use of cyclooctane as a solvent
for silicon precursors can significantly influence the film
properties. Nevertheless, we also showed that deposition
temperatures and cyclooctane concentrations below 495 °C and
90%, as used for most liquid silane processes, are uncritical
regarding C incorporation.>®**

Conclusions

To progress in deposition of a-Si:H thin films using the liquid
precursor trisilane, we build up a new APCVD system to pave the
way for the industrial application of this process and to
demonstrate the potential for using the layers in solar cells and
other semiconductor components. The system is capable of
controllable and reproducible deposition of a-Si:H films with
a high quality compared to films made using similar systems.
ESR and FTIR spectroscopy confirm that the material is amor-
phous silicon.

The microstructure, defect density and conductivity of a-Si:H
change with the process parameters of the deposition system
such as deposition temperature, deposition time, and precursor
amount. Using pure trisilane, the hydrogen content and
microstructure parameter can be varied in the range of 0-10%
and 0-0.6, respectively. We found the lowest defect density of 3
x 10'® em ™ and a photosensitivity in the order of 10* for films
deposited at T = 440 °C. It is therefore necessary to further
improve the film quality with regard to hydrogen content and
defect density in order to make it suitable for use in SHJ solar
cells. However, for high temperatures such as T = 555 °C, the
low H-content of the films presented here makes them a suit-
able candidate for high-temperature processes such as recrys-
tallization, as the risk of blistering due to H accumulation is
significantly reduced.
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We investigated the influence of cyclooctane as solvent on
the film properties and found a critical trisilane concentration
of 10% diluted in cyclooctane and a critical deposition
temperature of 495 °C. For lower trisilane concentrations and
higher temperatures, we found a significant incorporation of
carbon, leading to changes in the film properties such as an
increased H content and a microstructure parameter increase
up to 1. This also results in macroscopic changes such as an
increase in the photoconductivity of the film, maybe allowing
the fabrication of a-Si:H films with a higher heat stability. From
FTIR spectra and ESR measurements, it can be concluded that
for the highest dilutions and temperatures, the material can be
regarded as a mixture of a-Si:H and a-SiC:H. SIMS measure-
ments have shown that when deposition temperatures are
below 495 °C and the trisilane content is 10% or higher, the
carbon content in the films slightly increases. However, this
carbon increase is not significant enough to affect the hydrogen
content or the conductivity of the films.
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