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ABSTRACT: Silicon carbide (SiC) is an established material for
photovoltaics and other semiconductor devices due to its wide
band gap and high thermal stability. Traditional deposition systems
for thin, doped SiC layers are often costly and complex. This study
investigates the use of 1,4-disilabutane as a low-cost liquid
precursor with a rather low decomposition temperature for the
deposition of hydrogenated amorphous silicon carbide (a-SiC:H)
films at atmospheric pressure. Nitrogen doping was achieved using
1,1,3,3-tetramethyldisilazane. The films were characterized by
Fourier-transform infrared spectroscopy, Raman spectroscopy,
secondary ion mass spectrometry, and conductivity measurements.
Optimizing the deposition temperature maximized the Si−C bond
density. Crystallization was induced by annealing at temperatures
between 800 and 1100 °C, resulting in a three-order-of-magnitude increase in conductivity. The highest conductivity achieved was
0.03 S cm−1 for crystalline, N-doped SiC films. This cost-effective method for producing highly conductive, crystalline SiC films
offers significant potential for industrial applications.
KEYWORDS: amorphous silicon carbide, disilabutane, pyrolysis, crystallization, doping, atmospheric pressure deposition, conductivity

■ INTRODUCTION
Silicon carbide (SiC) distinguishes itself with a wide band gap
and exceptional chemical and thermal stability, setting it apart
from silicon. These characteristics allow SiC to function
efficiently under extreme conditions like high temperatures and
voltages, making it a prime choice for next-generation
electronic and photovoltaic devices.1−3 In the photovoltaic
industry, high-efficiency silicon solar cells, such as TOPCon
(Tunnel Oxide Passivated Contact) and all-silicon tandem
solar cells, benefit significantly from materials like SiC that
offer high electrical conductivity, hereafter referred to as
conductivity, excellent passivation and robust thermal
stability.4−7 Traditional methods for fabricating thin, doped
SiC layers involve systems like plasma enhanced chemical
vapor deposition, hot wire chemical vapor deposition,
magnetron sputtering or molecular beam epitaxy that usually
operate under high vacuum conditions.4,6,8,9 While effective,
these vacuum-based processes are often cost-prohibitive and
challenging to scale for industrial applications. Therefore, there
is a critical need for more cost-effective, fast and scalable
methods to deposit thin, doped SiC layers at low temperatures
and atmospheric pressure. This study aims to address these
challenges by employing atmospheric pressure CVD
(APCVD) combined with liquid precursors. Specifically, we
utilize low-cost 1,4-disilabutane (DB) as the primary precursor

for the deposition of hydrogenated amorphous silicon carbide
(a-SiC:H) films at atmospheric pressure. Beside an improved
handling, DB promises a lower temperature for thermal
decomposition (∼500 °C) in contrast to gaseous precursors
like methylsilane (∼750 °C).10,11 Nitrogen (N) doping is
achieved by adding 1,1,3,3-tetramethyldisilazane (TMD). The
primary objectives are to show the feasibility of the doped SiC
film deposition leveraging APCVD without the need of an
ultrahigh vacuum and using low-cost liquid precursors to
address key limitations of traditional vacuum-based methods.
Compared to existing techniques, the proposed method is
significantly more cost-effective and scalable, making it viable
for large-scale industrial applications. The use of low-cost 1,4-
disilabutane (DB) enables deposition at lower temperatures
(∼500 °C) than conventional gaseous precursors like
methylsilane, reducing energy requirements and broadening
material compatibility. While the method can be used to
achieve a range of Si:C ratios, we optimize the deposition and
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annealing temperature Td and Ta to maximize the density of
crystalline Si−C bonds. In order to ensure direct applicability
of the films in electrical devices such as TOPCon solar cells or
microelectronic-mechanical systems, the electrical properties of
the films are being investigated and enhanced through the
introduction of nitrogen doping and crystallization, resulting in
conductivity improvements of up to 3 orders of magnitude.
In this study, we begin by presenting the successful

deposition of a-SiC:H films at temperatures between 500
and 600 °C and the optimization of the deposition
temperature to maximize the carbon concentration cC. Next,
we investigate the crystallization process induced by annealing
at temperatures ranging from 800 to 1100 °C. We then discuss
the effects of N doping on the conductivity of the films,
demonstrating a three-order-of-magnitude increase in con-
ductivity and achieving a maximum value of 0.03 S cm−1 for
crystalline, N-doped SiC films. Finally, we compare our
findings with existing literature and underscores the potential
applications of these conductive, crystalline SiC films in nano
electronics and photovoltaics.

■ EXPERIMENTAL DETAILS
The a-SiC:H films were deposited using an in-house made APCVD
system set up in a glovebox with a N2 atmosphere and an O2
concentration of 1−5 ppm, as described in detail in ref 12. The system
consists of a cooled inlet block and a heated deposition chamber. The
inlet block has a precursor reservoir into which the required amount
of precursor is dosed just prior to deposition using an Eppendorf
pipet. To start the deposition process, the precursor is flushed into the
deposition chamber with N2 and sprays onto a buffer plate where it
evaporates due to the elevated temperature in the deposition
chamber. The vaporized precursor is then distributed within the
deposition chamber and approaches the substrate, which rests on a
quartz plate heated to temperatures between 500 and 600 °C. At the
hot substrate surface, the precursor decomposes and reacts with the
surface atoms of the substrate. The deposition process ends when the
chamber is opened, and the substrates are removed from the quartz
plate.

For the deposition series in this work, the films were grown for 10
min. We employed 1,4-DB as precursor for the a-SiC:H deposition
and 1,1,3,3- TMD for the N-doping. Both precursors were sourced
from Gelest with a purity of 99 and 97%, respectively. For the
deposition of undoped a-SiC:H films, 15 μL of pure DB was used. For
the doped films, we prepared a solution of 20% TMD dissolved in DB.
To achieve the desired doping precursor content, we added a suitable
mixture of this solution and pure DB to the precursor reservoir using
an Eppendorf pipet, resulting in a total precursor amount of 15−20
μL. Due to the high volatility of the precursor, rapid injection of the

precursor into the precursor reservoir is required, although this was
kept at temperatures below 35 °C by a Peltier element.

The films were deposited on polished p-type high resistivity c-Si
(100) float-zone wafers (525 μm, 20 Ω cm) with native oxide for
Fourier-transform infrared (FTIR) spectroscopy and secondary ion
mass spectrometry (SIMS) and on 1 mm quartz glass for Raman
spectroscopy and conductivity measurements. Annealing of the films
was conducted in a quartz-furnace with a heating rate of 6.67 °C/min
and a dwell time of 120 min at the highest temperature. Prior to
annealing, the furnace was flushed with N2 under ambient conditions.
Due to the absence of vacuum purging, a significant amount of
residual oxygen (O2) could have remained in the furnace during the
annealing process. To remove resulting surface oxide, some samples
were etched in a 1% diluted hydrofluoric (HF) acid solution for 10
min after the annealing step.

The bonding structure of the film material was analyzed using
FTIR measurements in transmission mode with a Nicolet 5700
system from Thermo Electron Corporation. The bond density of Si−
C, Si−H and C−H bonds were determined from corresponding
stretching vibration peaks in the FTIR spectra.13 The SiC bonding
vibration at about 780−800 cm−1 is decomposed into the sum of a
Lorentzian and Gaussian shape representing contributions from
crystalline and amorphous SiC, respectively. The peaks were fitted as
described in ref 14. The FTIR system gives a spectrum showing the
absorbance A vs the wavenumber as output. The absorption
coefficient α can be calculated by α = A × ln(10)/d. The film
thickness d was measured by spectroscopic ellipsometry using a T-
Solar/M2000 from J.A. Woollam. To calculate α of the crystalline
films we used the film thickness of the amorphous film, since the fit of
the ellipsometry data of the crystallized films was less robust. This can
lead to an underestimation of α due to shrinking effects of the film
during annealing, e.g., Heera et al.15 found a density difference
between amorphous and crystalline SiC of 12%. To investigate the
elemental in-depth distribution, SIMS depth profiles were measured
using 1 kV Cs ions for sputtering (300 × 300 μm2) and 30 kV Bi ions
for analysis (40 × 40 μm2). Measurements were performed on a ToF-
SIMS5.ncs instrument (IONTOF GmbH, Muenster, Germany).
Raman spectroscopy was performed in a backscattering configuration
using a Renishaw inVia Raman spectrometer equipped with a 532 nm
excitation laser. This setup was utilized to investigate the potential
formation of silicon clusters within the film. The inverse sheet
resistance, herein called conductivity (σ) of the film, was measured
using a custom-built system, with a mercury lamp calibrated to an
intensity of one sun as light source.

■ RESULTS
Intrinsic a-SiC:H. To evaluate the suitability of 1−4-DB for

producing an a-SiC:H layer, thin films were initially deposited
at temperatures ranging from 500 to 600 °C, and their
composition was analyzed using FTIR spectroscopy. FTIR

Figure 1. FTIR spectra of a-SiC:H films deposited at temperatures between 500 and 600 °C. (a) Si−H wagging, Si−C stretching, and Si−C−Hx
wagging modes; (b) Si−H stretching modes; (c) C−H stretching modes; and (d) density of Si−C, Si−H, and C−H bonds as a function of the
deposition temperature.
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spectra around the characteristic IR peaks of a-SiC:H are
shown in Figure 1.13,16,17 In Figure 1a, mainly three modes
contribute to the spectra: the Si−H wagging mode at 640
cm−1, the SiC stretching mode in the range between 720 and
780 cm−1 and the Si−C−Hx wagging modes around 980
cm−1.13,16−19 The Si−H mode at 640 cm−1 is strongly
overlapped by the dominant SiC mode. The Si−C−Hx
wagging modes may overlap with Si−Ox or Si−O−Si modes
located at a similar wavelengths.20,21 The broad SiC peak with
a peak maximum located clearly below 780 cm−1 indicates, that
the as deposited material is amorphous.13,16 Figure 1b shows
the Si−H stretching modes around 2100 cm−1, and Figure 1c
shows the C−H stretching modes at 2850 cm−1.13,18,22

The C−H stretching peak at 2850 cm−1 increases propor-
tionally with the peak at 980 cm−1. This suggests that the 980
cm−1 peak is more likely due to Si−C−Hx wagging modes
rather than Si−Ox and Si−O−Si modes. The ratio of the Si−
C−Hx wagging mode peak to the Si−C peak decreases as the
deposition temperature increases. This indicates a lower
amount of C−Hx bonds within the film. In agreement with
this, the ratio of the C−H stretching mode around 2850 cm−1

to the Si−H stretching mode around 2100 cm−1 decreases as
well.
This trend is also shown in Figure 1d, which displays the

densities of Si−C, Si−H, and C−H bonds in the films. Note
that in contrast to the spectra shown in Figure 1a−c, which
show the absorbance of the films, the calculation of the bond
density takes into account the thickness of the film. These
densities were calculated from their respective stretching
vibrations as described in reference.5 While the Si−C bond
density increases with temperature, the Si−H and C−H bond
densities decrease, with a steeper decrease for the C−H bond
density.
The increase of the Si−C bond density with temperature

indicates that cC of the films increases as well. The observation
is supported by the SIMS profiles in Figure 2. By comparing
with a reference implant sample with a known cC of 6 × 1019
cm−3 in the peak maximum, the average cC within the a-SiC:H
films was determined to 0.97 × 1022 cm−3 for Td = 530 °C,
1.29 × 1022 cm−3 for Td = 560 °C, 1.34 × 1022 cm−3 for Td =
585 °C and 1.33 × 1022 cm−3 for Td = 600 °C. The ionization
cross section in SIMS strongly depends on the material and its
structure. Due to the difference in cC between the implantation
standard and the samples, SIMS can only give a rough
estimation of the absolute cC.. However, the cC of ∼1.3 × 1022
cm−3 for Td = 585 and 600 °C roughly fits to a FTIR
determined Si−C bond density of ∼8 × 1022 cm−3 which

corresponds to a cC of 2 × 1022 cm−3 if fully bonded to silicon.
On a logarithmic scale, the SIMS profiles indicate homoge-
neous film growth with minor changes in C, H, O and Si
concentrations throughout the film thickness. Near the
interface with the c-Si wafer as well as at the film surface,
Figure 2 shows peaks in O intensity. The peak at the interface
likely occurs due to native oxide on the c-Si substrate that was
not removed prior to deposition. Oxygen at the film surface
probably results from a native oxide layer often emerging when
a-SiC:H films are exposed to ambient air.23,24 However, on a
linear scale, the cC near the surface is higher than near the c-Si
interface, possibly due to a gradual shift in the C radical to Si
radical ratio within the deposition chamber atmosphere. The
shift during deposition may occur due to a preferred Si than C
incorporation, leading to a higher consumption of Si. This
leads to cC differences along the film thickness of ±25%
compared to the average, disregarding surface or interface
effects. The minimum and maximum values of cC are given in
Table 1.

The SIMS spectra in Figure 2 show that the O content is
decreased with increasing deposition temperature. When
compared with hydrogenated amorphous silicon (a-Si:H)
deposited in the same system, as shown in Figure S3, all
films exhibit relatively high O concentration, maybe caused by
solvents within the precursor, or due to higher oxidation
probability of C containing Si films.23,24 A detailed analysis of
the a-Si:H film shown in Figure S3 is presented in a separate
report.12 In the FTIR spectra in Figure 1, oxygen could not be
distinctly detected, due to the overlap of Si−Ox and Si−O−Si
modes with the Si−C−Hx modes. O is considered as an
impurity within the a-SiC:H film, and its concentration within
our films will be further addressed in the next chapter.
Crystallization of a-SiC:H. Crystallizing amorphous SiC

films through annealing is a common step in the fabrication of
solar cell devices such as TOPCon solar cells and all-silicon
tandem solar cells.5,25 To determine the optimal crystallization
process, we used a-SiC:H films deposited at Td = 585 °C and

Figure 2. SIMS profile of a-SiC:H thin films deposited at (a) 530 °C, (b) 560 °C, (c) 585 °C, and (d) 600 °C. On the left y axis, the ion intensities
of SIMS counts for H, Si, and O are given; the right y axis corresponds to the C concentration.

Table 1. Minimum, Average, and Maximum Carbon
Concentration cC According to the SIMS Profiles

Td
[°C]

minimum
cC [1022 cm−3]

average
cC [1022 cm−3]

maximum
cC [1022 cm−3]

530 0.69 0.97 1.12
560 1.09 1.29 1.41
585 1.16 1.34 1.52
600 1.09 1.33 1.63
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varied the annealing temperature Ta between 900 and 1100 °C.
All of the annealed films were blistering-free. Figure 3 shows
that already at Ta = 900 °C the SiC peak increases and shifts to
higher wavenumbers, indicating a higher fraction of crystalline
SiC within the film. Further increasing the temperature to
1000 °C significantly increases the peak height and shifts the
peak maximum to wavenumbers above 800 cm−1. This shift
might be caused due to an overstoichiometric Si concentration
within the film, as also observed by Weiss et al.14 At 1100 °C,
the absorption coefficient maximum further increases slightly
to a value three times higher than that of the as-deposited film.
Crystallinity can be measured by the ratio of the Lorentzian

to Gaussian peak contributions to the SiC stretching mode,
shown in Figure 3b.14 Similar to the peak height, the
crystallinity increases with higher annealing temperatures,
reaching a maximum of 60% at Ta = 1100 °C. A crystallinity
below 100% for nonstoichiometric Si−C aligns with findings in
ref 14 and may also be influenced by the relatively high O
intensity within the films, as indicated by the SIMS
measurements in Figure 2. For all annealing temperatures, H
was completely effused from the films, as indicated by the
disappearance of the 2100 cm−1 mode in the FTIR spectra
(not shown). Besides changes in the Si−C peak, a new peak
emerges around 1050 cm−1, while the peak around 980 cm−1

vanishes. If the 980 cm−1 was due to Si−Ox and Si−O−Si
vibrations, its reduction could be explained by a shift to higher
wavelengths due to the reordering of the Si−Ox and Si−O−Si
bonds.26 These bonds would then contribute to the 1050 cm−1

peak shown in Figure 3a. However, we mainly attribute the
980 cm−1 peak to Si−C−Hx vibrations due to its correlation
with the C−H peak, as can be seen in Figure 1. Therefore,
assuming the 980 cm−1 peak is attributed to Si−C−Hx
vibrations, an alternative explanation for the disappearance of
the 980 cm−1 peak might be due to the restructuring of carbon
within the crystals formed during the annealing and the
effusion of H from the film. The appearance of the 1050 cm−1

peak might be not directly linked to the 980 cm−1 peak but
rather results from the annealing process, as suggested by the
SIMS profile of a sample annealed at 1100 °C, shown in Figure
S1b. The profile reveals that most of the oxygen is
concentrated on the surface of the film. This suggests that
oxygen is incorporated during annealing from the surrounding
atmosphere, which, although purged with nitrogen (N2), is not
fully evacuated before the process begins. As shown in Figure
S2, most of this oxygen can be removed with an HF dip

without etching any SiC. We therefore attribute the 980 cm−1

peak to Si−C−Hx bonds and the 1050 cm−1 peak to Si−Ox
bonds. The absence of a significant Si−Ox peak within the
FTIR spectrum after the HF dip indicates that the oxygen
content within the bulk of the film is less than 1%.
Since the FTIR and SIMS measurements on the amorphous

material indicated an under stoichiometric silicon rich material,
we used the Raman spectra, shown in Figure 4, to investigate

the formation of Si clusters within the films. A peak around
160 cm−1 probably resulting from transversal acoustic (TA)
Si−Si modes, indicate the existence of a-Si within the film.27

This is supported by a peak around 480 cm−1 occurring from
transversal optical TO modes of a-Si. Note that the TO mode
overlaps with Si−O modes from the substrate, which influence
the peak height of the peak at 480 cm−1.28 The broad, weak
signal between 700 and 1000 cm−1 can be assigned to Si−C
vibrations.7,29 In the same region second-order longitudinal
optical (2LO) and second order TO modes of Si occur, which
might overlap with the Si−C modes, which makes a clear
classification difficult.30 At a Ta of 1000 °C, a small peak at 520
cm−1 emerges, which gets stronger for Ta = 1100 °C. This
clearly shows the formation of c-Si clusters within the SiC film.
The fact, that this peak occurs only for Ta ≥ 1000 °C, indicates
a substantial C concentration since the Si crystallization
temperature increases with increasing C content.29,31 Song et
al.29 found similar spectra for nonstoichiometric SiC.

Figure 3. (a) FTIR spectra of SiC films as deposited and after annealing at 900, 1000, and 1100 °C. (b) Absorption coefficient maximum (left) and
Lorentzian to Gaussian peak proportion ratio (right) of the Si−C stretching peak versus the SiC peak position. The increasing peak position with
increasing annealing temperature is indicated with an arrow.

Figure 4. Raman spectra of SiC films as deposited and after annealing
at 900, 1000, and 1100 °C. The corresponding bonding vibrations of
the major peaks are indicated.
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Comparing the formation temperature of c-Si within the
material of our films with the films in Song et al., yield a C
concentration between 24 and 39%, in good agreement with
the concentrations we found using FTIR spectroscopy.
Doped c-SiC. Knowing from Figure 3 that annealing at Ta

= 1100 °C leads to the high crystallinity in the SiC samples, we
used this temperature to crystallize doped SiC films. N is often
used for doping in SiC.6,32,33 To incorporate N into the films,
we used liquid TMD mixed with DB as a precursor. Figure 5a
shows the conductivity of the films after annealing at 1100 °C
as a function of the TMD content within the precursor. By
varying the TMD content, the conductivity can be adjusted
over 3 orders of magnitude. Below 1% TMD content, no
doping effect is observed in the SiC film. Between 1 and 5%
TMD content, the conductivity sharply increases, indicating
sufficient N is incorporation to dope the material. For higher
TMD contents, the conductivity saturates at values up to 0.03
S cm−1. This conductivity is within the typical range for
crystalline, solar grade SiC doped with N.34−36 Anwar et al.37

reviewed several series of SiC samples with conductivities
ranging from 10−9 to 102 S cm−1. The conductivities observed
in the work presented here align well with this range and,
spanning 5 orders of magnitude, cover a broader conductivity
range than most other standalone material series. Besides
nitrogen, oxygen is a typical additive to dope SiC films.37,38 In
Figure S4, we compare SIMS spectra of crystallized SiC films
with (10% TMD) and without doping to investigate the
changes in the nitrogen and oxygen content after doping. As a
measure for the nitrogen content within the film, the SIMS-
counts of 16CN− ions are given. Both spectra show a
significant, but similar amount of oxygen. In contrast, the
doped film shows 2 orders of magnitude increased SIMS-
counts of 16CN− ions, indicating that the incorporation of
nitrogen is the main reason for the increased conductivity of
the films.

Increasing N concentration within the SiC films alters the
chemical and electrical properties of the material, potentially
shifting of the Si−C vibrational modes.39,40 Figure 5c shows
the normalized FTIR spectra of selected films from Figure 5a
made with TMD contents between 1 and 20%, along with a
spectrum of an as-deposited sample. With increasing TMD
content in the precursor, the SiC peak broadens. The
broadening to lower wavelengths might be caused by changes
in the electrostatic environment of the Si−C bonds due to N
inclusion or a higher amorphous SiC fraction resulting from N
incorporation.32 The broadening between 850 and 950 cm−1 of
the peak is likely caused by emerging Si−N peaks located in
this wavelength-regime, fitting to an increased N incorporation
with higher TMD content.32

Figure 5b shows the dependence of the conductivity on Ta
for undoped samples and samples doped with a precursor
containing 20% TMD. The samples were deposited at a
temperature of 585 °C, which is why the Ta of the as-deposited
samples is set to 585 °C. As deposited, the doped and undoped
samples exhibits similar conductivity of ∼2 × 10−7 S cm−1,
indicating that the introduced N is not active as a dopant.
Annealing increases the conductivity of both undoped and
doped SiC to almost 10−4 S cm−1. This increase might be due
to an increase in dangling bonds from H effusion or other
restructuring of the SiC configuration, as indicated by a change
in the FTIR peak position shown in Figure 5d. Further
increasing the Ta does not change the conductivity of the
undoped sample, even though a structural change from
amorphous to crystalline SiC occurs, as shown in Figure 3
and the content of silicon nanocrystals (nc-Si) increases as
shown in Figure 4. However, in contrast to the undoped
samples, the transition from the amorphous to the crystalline
phase in doped samples is accompanied by a significant
increase in the conductivity up to 3 × 10−2 S cm−1. This

Figure 5. (a) Conductivity at Ta = 1100 °C crystallized SiC films vs the content of TMD diluted in DB used as a precursor. (b) Conductivity of
undoped (red) and doped (gray) crystallized SiC films vs annealing temperature Ta. For the doped films, a precursor with 20% TMD was used. (c)
FTIR spectra of Si−C modes within selected films of panel (a). (d) FTIR spectra of Si−C modes within the doped films also shown in panel (b).
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increase is most likely due to the activation of the N dopants
within the crystalline SiC structure.

■ DISCUSSION
The study showed that liquid precursors, specifically 1,4-DB
and 1,1,3,3-TMD, can be effectively used for SiC film
deposition, including doping, at atmospheric pressure, offering
a cost-effective and scalable alternative to traditional vacuum-
based CVD methods. By using TMD we could achieve a
significant incorporation of N into the films at deposition
temperatures below 600 °C, which is lower than typical doping
temperatures above 1000 °C when using N2 or NH3.

41,42 The
FTIR spectra shown in Figure 1 show a dominant SiC
stretching mode peak and a significant Si−C−Hx wagging
modes peak typical for amorphous SiC and also found for a-
SiC:H films made by PECVD.13,23 The Si−C bonding density
up to 8 × 1022 cm−3 and a H concentrations between 0.8 and
1.7 × 1022 cm−3 found in Figure 1 aligns perfectly with the
density of a-SiC:H films reported by Kaneko et al.,13

demonstrating the applicability of this process for the
deposition of a-SiC:H films, which can be directly used as
passivation layer in solar cells.43 A further enhancement of the
hydrogen content could potentially be achieved by increasing
the growth rate.12 However, the hydrogen content is inherently
limited by the significant hydrogen effusion rates that occur at
the elevated deposition temperatures required for the
decomposition of DB. Figure 1d shows that especially for
low deposition temperatures, there are more C−H than Si−H
bonds within the a-SiC:H films. The higher ratio of C−H to
Si−H vibrations for low deposition temperatures might be due
to lower thermal energy, leading to less C−C bond breaking
within the deposition process. The SIMS profiles in Figure 2
show an increase in C incorporation into the film with
increasing growth duration. This might result from fewer Si
atoms remaining in the precursor gas, leading to a higher
amount of C radicals compared to Si radicals. This indicates
that the Si to C ratio within the film can be adjusted by adding
additional precursors containing only C−H complexes to
increase the cC within the film or only Si−H complexes to
increase the Si concentration. The maximum average cC of 1.34
× 1022 cm−3 (cf. Table 1) and a cC of ∼2 × 1022 cm−3

according to FTIR, indicates that the SiC is substoichiometric
regarding the C content. However, since the reference sample
had a cC 3 orders of magnitude lower and since the density of
the a-SiC:H films is unknown, estimating the absolute C to Si
ratio is challenging. Annealing of the a-SiC:H films at 1000 and
1100 °C results in the formation of c-SiC as well as nc-Si
clusters within the material, as shown in Figures 3 and 4. This
aligns with existing literature and confirms the feasibility of the
annealing process in enhancing the properties of the
material.1,5,32,44,45 The increase in conductivity from 2 ×
10−5 to 0.03 S cm−1, shown in Figure 5 for the films deposited
using a mixture of >5% TMD in DB demonstrates the
effectiveness of a liquid precursor for the incorporation of
active dopants. This makes the resulting films suitable for
electronic applications that require efficient charge carrier
transport. The observed increase in conductivity is likely
attributable to the formation of doped SiC or Si crystals. The
most significant enhancement in conductivity occurred
between annealing temperatures of 900 and 1000 °C, a
range that coincides with substantial c-SiC formation as shown
in Figure 3 and only minimal c-Si formation which increases
for Ta = 1100 °C, as shown in Figure 4. This suggests that the

doped c-SiC phase is the primary contributor to the observed
conductivity improvements. This is supported by the fact that
the N incorporation leads to a significant broadening of the
SiC mode within the FTIR spectrum indicating N incorpo-
ration into the SiC matrix. Therefore, an optimization of the c-
SiC content by using stoichiometric Si:C mixtures might be
beneficial to further improve the conductivity for other
semiconductor applications like transistors.44,46

A system allowing for higher deposition temperatures might
enable higher cC within the film. However, the current system
is already at its limit, when operating at 600 °C. The use of
other, carbon-rich precursors can also lead to higher C
incorporation, but these precursors must match the decom-
position temperature of DB. Further investigation is needed to
find suitable precursors and their optimal mixing ratios with
DB. Optimizing the N doping process could yield even higher
conductivities, and exploring other dopants like aluminum may
further enhance the properties of the film.47 Additionally, a
post-treatment for the incorporation of H might further
increase the conductivity, making the film feasible for an
application as a passivation layer in TOPCon solar cells.5,48

The FTIR spectrum after the HF dip in Figure S2, shows
almost no Si−O peak, indicating an oxygen content of less
than 1%. However, SIMS measurements, shown in Figure S3,
reveal that a significant amount of oxygen is present in the
films compared to a-Si films deposited in the same system. We
attribute the higher oxygen content within the a-SiC:H films to
three reasons: (i) The decomposition temperature of trisilane
is lower than for disilabutane, which is why the ratio of the
precursor radicals to oxygen impurity radicals is higher. This
leads to fewer impurities within the film. (ii) In contrast to
disilabutane, trisilane highly reacts with oxygen, forming solid
silicon-oxide. This leads to self-purification of the process by
reducing the O2 content not only within the deposition
chamber but within the whole glovebox. (iii) The purity of the
trisilane precursor (>99.9%) is higher than for the disilabutane
(99%). The lower purity might lead to a higher amount of O
containing solvents, which are incorporated into the material
during film growth. However, the exact composition of the
remaining 1% of the precursor is not specified in the certificate
of analysis document.
Regardless of its offspring, the unintentional incorporation

of oxygen into the film can have significant effects on both the
electrical and structural properties of the material. The
acceptable amount of oxygen within the film depends on the
application. Avila et al.49 found significant structural changes of
the material for oxygen contents >15%. The mechanical
properties, however, can be changed significantly for lower O
contents already.50 For the application in electric devices, at
grain boundaries and surfaces, oxygen can lead to the
formation of SiO2, an insulating phase that can interrupt
conductive paths and thus reduce the overall conductivity of
the SiC films. However, in small amounts, oxygen can also act
as an (unintentional) dopant, influencing the charge carrier
concentration.37 While oxygen incorporation can potentially
enhance certain properties of SiC films, careful control of its
content is critical to maintaining the desired electrical and
structural characteristics for electronic and photovoltaic
applications. The SIMS analysis in Figure S4 used to detect
and quantify both nitrogen and oxygen in the films show that
after doping with TMD, the amount of O in the film is similar
as within the film without doping. The amount of nitrogen
however increased significantly, indicating that the increased
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conductivity indeed results from nitrogen doping instead of
unintentional oxygen doping.
To reduce the O concentration due to solvents, precursors

with a higher purity can be used, which might further enhance
the conductivity. Additionally, the crystallization in a furnace
with an evacuation system can increase the purity of the N2
atmosphere, further reducing the O concentration within the
film and preventing the formation of a SiOx layer at the surface.
Another possibility to reduce the O content is to increase Td as
indicated in Figure 2. The lower O content with increased Td
might result from higher amount of precursor radicals to
impurity radicals.
a-SiC:H films with lower cC than the films used for

crystallization in this work are also utilized in nanoelectronic
or optoelectronic devices. Reducing cC lowers the crystal-
lization temperature of nc-Si below that of SiC, potentially
resulting in conductive nc-Si embedded within an a-SiC:H
matrix, thereby enabling tunability of the optical bandg-
ap.1,3,7,31,45 This reduction in cC can be readily achieved by
decreasing the deposition temperature or by mixing 1,4-DB
with a silicon-rich precursor like trisilane, making the process
suitable for the deposition of films designed for the formation
of nc-Si within an a-SiC:H matrix.
The APCVD method for the SiC film deposition reduces

operational costs and simplifies the scaling process, making it
feasible for large-scale manufacturing. The structural integrity
and electrical properties of these films make them promising
candidates for applications requiring high thermal stability and
efficient charge transport, such as TOPCon solar cells and all-
silicon tandem solar cells.

■ CONCLUSIONS
This study highlights the potential of using liquid precursors
for SiC film deposition at atmospheric pressure, by successfully
depositing N containing a-SiC:H films with carbon contents of
1 × 1022−2 × 1022 cm−3 using liquid DB and TMD at
temperatures below 600 °C and subsequent crystallization and
dopant activation. We found a minimum temperature of 1000
°C for the formation of SiC crystals. Higher temperatures
increase the proportion of crystalline material. The phase
transition from undoped amorphous to crystalline material
itself leads to a conductivity increase from 2 × 10−7 S cm−1 to
almost 10−4 S cm−1. Crystallizing N containing a-SiC:H films
facilitate even higher improvements in electrical conductivity,
achieving values as high as 0.03 S cm−1. These enhancements
are attributed to the effective incorporation of nitrogen atoms
into the crystalline SiC matrix, which effectively tunes the
electronic structure and enhances charge carrier mobility.
This work thus provides a cost-effective, scalable, and high-

performance solution for advanced electronic and photovoltaic
applications. A significant challenge for scalability lies in
achieving a uniform temperature distribution across the
substrate and ensuring consistent precursor delivery. Incorpo-
rating Si-rich or C-rich precursors could help expand the range
of adjustable Si/C ratios, which in this study was primarily
controlled through variations in deposition temperature. To
achieve SiC films with high purity and exceptionally low
oxygen content (≪0.1%), it may be necessary to purify the
precursor and lower the oxygen concentration within the
glovebox to below 1 ppm. With further optimization and
research, the approach presented within this work could
significantly advance the manufacturing and application of a-
SiC:H, c-SiC, and nc-Si/a-SiC:H films in various high-tech

industries, especially with respect to the application in
TOPCon solar cells.
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Jülich GmbH, 52425 Jülich, Germany
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