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Properties and device applications of hydrogenated amorphous silicon 
carbide films 
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Microelectronics Laboratory, Santa Clara University, Santa Clara, California 95053 
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Department of Computer Science and Electronics, Kyushu Institute of Technology, Jizuka, 
Fukuoka 820, Japan 

W. F. Stickle 
Perkin-Elmer, Physical Electronics Laboratory, Eden Prairie, Minnesota 55344 

(Received 11 September 1989; accepted for publication 9 February 1990) 

Hydrogenated amorphous silicon carbide (a-SiC:H) films were deposited with a radio
frequency plasma-enhanced chemical vapor deposition system which utilizes a de electric field 
applied independently of the inductively coupled rf field. The source gases were SiH4 and 
CH4 . It was found that application of an electric field directed out of the substrate surface 
enhances the growth rate and yields some improvements in photoconductivity. The 
compositions of the films were evaluated by x-ray photoelectron spectroscopy for a range of 
s~urce gas mixtures. In order to assess the applicability of a-SiC:H thin films, heterojunction a
S1C:H/crystalline Si (c-Si) diodes were fabricated and their electrical characteristics evaluated. 
The diode capacitance-voltage results confirmed a step junction, which was consistent with the 
abruptness_ofth~ int~rface demonstrated by high-resolution transmission electron microscopy. 
The heteroJunct10n diodes also showed good rectifying properties, suggesting promise for 
a-SiC:H in device applications. 

I. INTRODUCTION 

The study of hydrogenated amorphous silicon carbide 
(a-SiC:H) is motivated by its potential in applications such 
as emitter material in heterojunction bipolar transistors 
( HBT), thin-film solar cells, image sensors, photoreceptors, 
near-visible electroluminescence devices, phototransistors, 
color sensors, and light-emitting diodes in the visible 
range. 1-

10 Its optical band gap can be continuously con
trolled by changing the alloy composition. 11

-
13 Low-resistiv

ity a-SiC:H film is a good candidate as the emitter in high
frequency, high-speed Si HBT because of low processing 
temperature and expected lower interface state density at the 
heterojunction than crystalline materials. 14-

16 

Amorphous SiC:H layers deposited in CH4 /SiH4 mix
tures incorporate carbon mostly in the form of CH 

11- 21 s· h . 
3 

groups. mce t ese groups do not contnbute to the 
bridging network, the deterioration of electronic properties 
with increasing concentration ofCH3 groups is caused by an 
increase in local voids and the formation of polysilane chains 
and dangling bonds. 22 In view of this inhomogeneous nature 
of a-SiC:H, the mobilities of carriers are considerably less 
than those in crystalline SiC. 

It has been shown that the mobility band gap of a-SiC:H 
is to a large extent determined by the carbon incorporated in 
the Si~CH3 configuratio?. 23 CHx and SiHY bonding con
figurations may cause an mhomogeneous modulated band
edge structure, resulting in low carrier mobility and low dop
ing efficiency. Therefore, to enhance film quality, it is 

•> Current address: Hitachi Research Laboratory, Hitachi, Ltd., 4026 Kuji
cho, Hitachi, Ibaraki 319-12, Japan. 

essential to incorporate carbon atoms in the form of a Si-C 
network, minimizing the band-edge modulation. 

Since in the plasma a C-H bond ( ~4.5 eV) is less 
likely broken than a Si-H ( ~4 eV) or Si-C bond ( ~3.7 
e V), one approach to reduce the fraction of CH3 groups in 
the film is to use disily !methane (DSM). 24 However, DSM
produced films only show higher photoconductivity for opti
cal band gaps larger than 2 e V. 

It has also been shown that electron bombardment is 
effective in growing diamond films from CH4 • 

25 This sug
gests that C-H bonds can be effectively dissociated by elec
tron bombardment during the growth process. 

One objective of the present work was to study the 
growth mechanism and electrical and optical properties of 
device-quality a-SiC:H films fabricated with a SiH4 /CH4 

mixture, when a de field is applied as in the case of diamond 
films. This de field is expected to increase dissociation of 
source gases through enhanced electron bombardment of 
the surface, resulting in higher concentration ofSi-C bonds 
in the films. In order to apply this technique to the formation 
of a-SiC:H films, we have constructed an rf PECVD system 
in which a longitudinal de electric field is applied across the 
plasma, independent of the rf field. This configuration is 
similar to the so-called cross-field PECVD system26 with the 
rffield coupled inductively. In this report we show that the 
growth characteristics and properties of a-SiC:H films are 
indeed controlled to a large extent by the de field. 

In addition to acceptable film properties, the applica
tion of a-SiC:H to heterojunction devices requires suitable 
interface properties as well. A recent study revealed that the 
current gain in a Si HBT with an a-SiC:H emitter and low 
base dopant concentration was improved by hydrogen ter-
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minators at the interface. 14 In preparing our samples we 
have used source gases diluted to 1 %-5% in H2 to achieve 
similar effects. Other researchers have found that in amor
phous silicon (a-Si:H)/c-Si heterostructures produced by 
PECVD method, the deposited a-Si:H epitaxially crystal
lizes near the interface, although the film was deposited un
der conditions favorable for abrupt amorphous/crystalline 
junction formation. 27

•
28 The observed thickness of the epi

taxially crystallized region in the deposited a-Si:H films was 
at least 10 nm. Such epitaxial crystallization modifies the 
energy-band structure of the heterostructure and leads to 
complex electrical behavior.14 This phenomenon exhibited 
by a-Si:H films leads us to probe for similar behavior in 
a-SiC:H/c-Si. The high-resolution transmission electron mi
croscopy (HRTEM) study of such interfaces revealed 
abrupt junctions in contrast to the a-Si:H result. 

Finally, in order to assess the utility of a-SiC:H in device 
applications, a-SiC:H/c-Si heterojunction diodes were fabri
cated and their electrical characteristics evaluated. The ca
pacitance-voltage characteristics revealed a step junction, 
which was consistent with HRTEM results for the interface. 
The diodes also showed good rectifying properties suggest
ing promise as emitter-base junctions in HBTs. 

II. EXPERIMENT 

Figure 1 shows a diagram of the field-enhanced PECVD 
system used where the rfpower at 13.56 MHz is inductively 
coupled to the reactor. The quartz reactor contains two par
allel metal plates serving as de electrodes with one being the 
substrate holder. Source gases were SiH4 and CH4 , each 
diluted to 5% in H2 , supplied through mass-flow controllers 
which maintained a gas flow-rate ratio 
R = CH4 /(SiH4 + CH4 ) varied from 0% to 75% and a 
reactor pressure of about 0.5 Torr. Films were grown with 
substrate temperatures ranging from 200 °C-500 °C with the 
rf power fixed at 50 W. From the diameter of the cylindrical 
deposition chamber, d = 150 mm, the average power density 
in the deposition chamber is estimated to be 0.28 W /cm2 at 
50 W. The applied de voltage ranged from - 300 V ( electric 
field = - 60 V /cm) to + 250 V (electric field = + 50 
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FIG. I. Schematic of the field-enhanced PECVD system. 
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V /cm) with current densities of - 2 mA/cm2 and + 1.5 
mA/cm2

, respectively. Quartz and p-Si ( 111) substrates 
used for this experiment were cleaned in 
NH4 OH:H2 0 2 :H2 0 and HC1:H2 0 2 :H2 0 solutions. The 
substrates for XPS composition measurements were oxi
dized p-Si ( 111 ) wafers and quartz. 

Thicknesses of films grown on quartz substrates were 
measured by a spectrophotometer. Thicknesses of films 
grown on crystalline Si substrates were measured using an 
ellipsometer and a spectrophotometer. 

Atomic concentrations were computed from high-reso
lution XPS spectra taken after ion-etching 7 nm of material 
and are based on peak areas and elemental sensitivity fac
tors. The XPS data were acquired with a spectrometer using 
a monochromated Al x-ray source. All XPS data were taken 
with a sample angle of 45° with respect to the analyzer. 

For room-temperature dark conductivity measure
ments, 500-nm-thick aluminum electrode patterns were de
posited on top of the films. The current-voltage characteris
tics of the electrode pairs were measured with a 
semiconductor parameter analyzer. For photoconductivity 
measurements, an ultraviolet light source was used. The op

tical band gap was estimated using the ✓ ahv vs hv ( a = ab
sorption coefficient, hv = photon energy) relation derived 
from transmission spectra obtained with a spectrophotome
ter and following the analysis of Tauc29 and Davis and 
Mott. 30 

For HRTEM studies of the a-SiC:H/c-Si interface, sili
con ( 111) wafers were cleaned with organic solvents and 
NH4 OH:H2 0 2 :H2 0 and HC1:H2 0 2 :H2 0 solutions. The 
native oxide was removed in an HF dip immediately before 
sample loading. The a-SiC:H films were then deposited on 
the Si wafers at 300 °C with no de bias. Cross-sectional 
HRTEM samples were prepared through slicing, mechani
cal polishing, and Ar-ion milling processes. HRTEM obser
vations were carried out with a JEOL-200CX which had 
point-to-point resolution of about 0.21 nm. 

Heterojunction a-SiC:H/c-Si mesa diodes having cross
sectional areas of 0.02 cm2 were fabricated by depositing 
phosphorus-doped a-SiC:H films at zero de voltage on a 17 
fl cmp-Si ( 111) substrate. 1 % PH3 diluted in H 2 was added 
to SiH4 and CH4 gases to form the n + a-SiC:H layer. Alu
minum back contacts were then deposited. The native oxide 
was removed with an HF dip, followed by Al deposition 
through a dot-patterned hard mask to form the top elec
trode. The specimen was then subjected to CF 4 plasma etch
ing to form a mesa structure. Current-voltage and capaci
tance-voltage characteristics were measured using a 
semiconductor parameter analyzer and an impedance ana
lyzer, respectively. 

Ill. RESULTS AND DISCUSSION 

A. Growth characteristics 

Figure 2 shows Arrhenius plots of average growth rates 
for a-SiC:H films deposited under various de fields . The be
haviors for the two substrate temperature ranges, 200 °C-
300 °C and 300 °C-500 °C, are discussed separately. 

In the temperature range 200 °C-300 °C, for zero field 
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FIG. 2. Arrhenius plot ofaverage growth rate of a-SiC:H films for several de 
fields. 

the growth rate increases with increasing substrate tempera
ture. The activation energy obtained from this plot is 0.22 
eV. For a field of 60 V /cm directed out of the substrate (neg
ative field), the growth rate is enhanced and the activation 
energy is reduced to 0.17 e V. The results for negative field 
follow a pattern similar to that for zero field. On the other 
hand, for a positive field of 50 V /cm, the growth rate de
creases with increasing substrate temperature. 

The results in the 200 °C-300 °C temperature range in
dicate that while dissociation of molecules and/or radicals 
adsorbed to the substrate surface and subsequent growth are 
assisted by electron bombardment due to the negative field, 
dissociation and evaporation of these adsorbates are en
hanced by proton bombardment when the field direction is 
reversed. 31 The former phenomenon is illustrated in Fig. 3. 
The reduction in activation energy for negative field suggests 
that the electron bombardment associated with this field is 
able to assist to a greater extent the thermally activated pro
cesses involved in the film growth. The growth enhancement 
by either electron or proton bombardment is more signifi
cant at 200 °C substrate temperature since the thermal ener
gy is not sufficiently high to dissociate or desorb the ad
sorbed species. It has been shown that hydrogen ion 
bombardment increases the rate of evaporation of adsorbed 
species28 by etching out weakly bonded radicals at the sur
face, resulting in a denser random network. 32 Thus the ob
served decrease in growth rate with increasing substrate 

FIG. 3. Schematic of the deposition system illustrating the effects of the 
applied de field. 
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temperature for positive field is attributed to an increasing 
number of protons striking the surface. 

In the 300 °C-500 °C temperature range, growth rates 
show a slightly decreasing trend for all de field conditions. 
We attribute this to the formation of structures other than 
amorphous, and/or temperature-dependent etching reac
tions at the surface. The growth rate is enhanced by both 
positive and negative fields. In fact, these rates start to con
verge at 500 °C. This result demonstrates that at high sub
strate temperatures the choice of polarity of the de field is 
inconsequential and that the film growth is dominated by 
thermally activated processes brought about by high sub
strate temperatures. The growth rate for positive field is low
er than that for negative field, consistent with enhanced 
evaporation due to proton bombardment for positive fields. 

Our experiments have demonstrated that the film 
growth rate depends critically on substrate temperature, de 
field, substrate structure, and rf power. The detailed chemi
cal reactions in this multicontrolling-parameter process are 
complex and our results suggest a combination of simulta
neous deposition and etching reactions throughout the en
tire temperature range. At low substrate temperatures, 
200 °C-300 °C, etching is dominated by deposition and the 
growth behavior for zero and negative fields is Arrhenius
like. Negative field enhances deposition while positive field 
assists in etching and evaporation, resulting in a negative 
activation energy. At higher substrate temperatures, etching 
becomes comparable to deposition, and the de field effect is 
less significant, so that their combination results in decreas
ing growth rate with increasing temperature regardless of de 
field. 

B. Chemical composition 

XPS measurements were performed to obtain carbon 
and silicon contents for films grown at zero de field on oxi
dized Si wafers. These data were taken for films grown at an 
rf power of 50 W and a substrate temperature of 300 °C. In 
Table I, the carbon/silicon ratio for the a-SiC:H films show, 
as expected, that carbon content increases with increasing 
CH4 /SiH4 ratio. 33 An increase in methane content is also 
expected to result in corresponding increase in concentra
tion of carbon poly hydride ( CH2 , CH3 ) configurations, 
which degrade the quality of the films. 11

-
21 Traces of oxygen 

( S 8%) were also detected in the films and are due to un
wanted oxygen present in the chamber during deposition. 
Whereas the films grown on oxidized c-Si substrates showed 
a Si content of77% at a CH4 /SiH4 ratio of unity and an rf 
power of 50 W, those grown on quartz under the same condi
tions yielded 82%. This finding further confirms that the 
film properties are dependent on the exact nature of the sur
face reactions during the growth process. 

TABLE I. Methane/silane ratio in the gas mixture and carbon/ silicon ratio 
in the a-SiC:H films grown on oxidized crystalline Si substrates. rf pow
er= 50 W. Substrate temperature= 300 'C. 

CH4/SiH4 

C/Si 

0 

0 

0.49 1.5 1.86 3 

0.095 0. 195 0.257 0.324 0.517 
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C. Optical and electrical properties 

Figure 4 shows the optical band gap of the films as a 
function of substrate temperature and applied de field . The 
results indicate that negative field reduces optical band gap 
for substrate temperatures up to 300 °C. In these films, the 
dissociation enhancement due to electron bombardment 
brought about by the negative field is expected to reduce 
CHx and SiHY bonding configurations in the film. Thus, 
more Si-C bonds are formed, resulting in less band-edge 
modulation and smaller optical bandgap. On the other hand, 
positive field reduction in band gap was observed for films 
deposited at 200 °C, and enlargement at 250 °C and 300 °C. 
Thus no clear trend for band-gap variation is evident for 
positive fields in this temperature range. 

It has been shown recently that an increase in the optical 
band gap is primarily governed by increasing hydrogen con
tent34 and that a higher density ofSi- C and Si- Si bonding 
networks results in less hydrogen incorporation and vice 
versa. 32

•
35 As shown in Fig. 4, the films grown at 500 °C have 

optical band gaps markedly lower than those deposited at 
lower temperatures. This suggests less hydrogen incorpora
tion, resulting in more Si-C and Si-Si bonds. For this sub
strate temperature, the optical band gap increases with nega
tive field and varies little with positive field. This is 
consistent with the notion that while electron bombardment 
enhances growth at low temperatures by dissociating ad
sorbed species, at higher temperatures it also plays a role in 
dissociating bonds formed at and near the surface, such as 
Si-C and Si- Si. 

Figure 5 shows the measured photoconductivity as a 
function of substrate temperature and de field. The dark 
conductivity in each case is approximately 10 - 9 S/ cm. At 
low substrate temperature (200 °C), the photoconductivi
ties are the lowest for all fields. This suggests that band-edge 
modulation is large, which correlates well with the wide op
tical band gaps ( ~2 eV) shown in Fig. 4. At 300 •c sub
strate temperature, higher photoconductivity is obtained; 
and at a de field of - 60 V /cm, the value increases fivefold 
from the zero field one. This increase suggests that the film 
formed under negative field has less band-edge modulation, 
consistent with the optical band-gap results. At 500 °C, the 
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FIG. 4. Optical band gap of a-SiC:H films as a function of de field and 
substrate temperature. 
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photoconductivity decreases with negative field, again con
sistent with optical band-gap behavior. The decrease in pho
toconductivity with positive field for each temperature is 
attributed to an increase in hydrogen concentration in the 
film 32 over the zero field case. This increased hydrogen con
centration tends to reduce the number of unsaturated bonds 
and thus the availability of free carriers. 

Our data on growth rate, optical band gap, and photo
conductivity seem to point collectively toward an optimum 
deposition temperature of 300 °C with an electric field of at 
least 60 V /cm directed out of the substrate surface. 

D. Interface structure 

Figure 6 shows a cross-sectional HR TEM image of an 
a-SiC:H/c-Si ( 111) specimen. This micrograph reveals an 
abrupt interface, with a maximum asperity of three atomic 
planes. This asperity is attributed to substrate etching in the 
early stages of film growth. The interface morphology dem
onstrates that, in contrast to the a-Si:H/c-Si heterostruc
tures,27·28 epitaxial growth does not take place in a-SiC:H 
films grown on c-Si substrates by using a conventional 
PECVD method. When the de field is applied, the resulting 
drift motion of the ionized species may enhance the etching 
process as illustrated in Fig. 3, resulting in more pronounced 
interfacial asperity. HRTEM results for films deposited with 
- 60 V /cm of applied field showed that the interfacial as-

FIG. 6. HRTEM cross-sectional image of an a-SiC:H/ c-Si (111 ) interface 
taken along a (011) direction. 
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FIG. 7. Schematic of the a-SiC:H/c-Si heterostructure diode. 

perity almost doubled that for films grown with no de 
field . 36 

Epitaxial crystallization is generally associated with in
terfacial contamination such as oxide. If there is an oxide 
layer, a bright band would appear at the interface in the 
micrograph since the density of amorphous SiO2 is less than 
that of a-SiC:H. No such feature is visible at the interface 
shown in Fig. 6, although we did not profile the oxygen con
centration. We have observed the existence of oxide layers in 
other samples and found that their presence is sensitive to 
sample treatment before loading into the deposition system. 
For preparation of the specimen shown in Fig. 6, care was 
taken to minimize the time between the HF dip and pumping 
down the reaction chamber. 

E- Diode characteristics 

Figure 7 shows the schematic of the diode structure. 
Capacitance-voltage results of the a-SiC:H/c-Si n + p hetero
junction diodes obtained at 1 MHz are shown in Fig. 8. The 
dark conductivity of a phosphorus-doped film grown on 
quartz substrate under identical conditions was measured to 
be 9 X 10 - 4 Siem. The 1/C2 versus bias plot shows two lin
ear regions, A and B. Region A confirms a step junction, 
which is consistent with the HR TEM results for the inter
face. A built-in voltage of0.8 Vis extrapolated from region 
A. The substrate dopant concentration profile from the in
terface calculated from the C-V characteristics37 is shown in 
the inset of Fig. 8. The calculated substrate impurity concen
tration of 10 15 /cm3 is consistent with the wafer resistivity of 
17 D. cm obtained with four-point probe measurement. Re
gion B is due to concentration variation in the substrate as 
confirmed by spreading resistance measurements and is not 
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FIG. 8. Capacitance-voltage characteristics of an n + p a-SiC:H/ c-Si diode. 
Doping profile in c-Si calculated from the C- V data is shown in the inset, 
where X = 0 corresponds to the interface. 
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a consequence of the deposition process. 
Figure 9 shows the current-voltage characteristics of a 

representative diode with an ideality factor of 1.58 for for
ward biases of up to 0.4 V. This suggests that the density of 
carrier recombination centers at the interface is fairly low. 
The diode has good rectifying properties and a reverse-bi
ased current density of l.58X 10 - 1 A/cm2 was obtained at 
0.5 V. These results indicate that the a-SiC:H/c-Si hetero
junction possesses electrical properties suitable for HBT ap
plications. The diodes were fabricated from a-SiC:H with 
films produced under zero de field. Fabrication and charac
terization of diodes from films produced under negative 
fields are in progress. 

IV. SUMMARY AND CONCLUSION 

A novel rf PECVD system has been developed in which 
a de electric field is applied independently of the inductively 
coupled RF field. It has been found that for a-SiC:H the 
average growth rate, optical band gap, and photoconductiv
ity were altered substantially by the de field, and they gener
ally improved for films formed by applying an electric field 
directed out of the substrate surface. These improvements 
are attributed to enhanced dissociation of adsorbed source 
gas molecules due to increased electron bombardment. The 
optical band-gap data correlate quite well with measured 
photoconductivity for negative fields. 

It has been found from HR TEM observations that, in 
contrast with a-Si:H/c-Si, a fairly abrupt amorphous/crys
tal interface is formed in the a-SiC:H/c-Si heterostructure. 
This result indicates that the band structure of a-SiC:H near 
the interface is similar to that in the bulk, and that we can 
tailor the composition of the films to the desired band struc
ture of the a-SiC:H/ c-Si heterojunction. 

The n + p a-SiC:H/c-Si ( 111) heterostructure diodes 
showed good rectifying properties with ideality factors sug
gesting low concentration of interface recombination 
centers. The C-V characteristics of the diodes confirm that 
the junction is electrically abrupt. These results are encour
aging for realizing an n + pn a-SiC:H/ c-Si HBT. 

22°c 

a - SiC:H/c - Si ( 111) n + - p diode O 
O Fo rward 

n = 158 

exp (q VF / 2kT) 

Revers e 

10- 9 ~~~~-~-~-~-~-~-~-~~ 
0 0 0 I 0 2 03 0 4 05 06 0 7 0 8 0 9 1 0 

Applied Vollage (V) 

FIG. 9. Current-voltage characteristics of an n + p a-SiC:H/ c-Si ( 111) di
ode. 
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