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We have shown that close to stoichiometry RF PECVD amorphous silicon carbon alloys deposited
under silane starving plasma conditions exhibit a tendency towards c-SiC chemical order. Motivated
by this trend, we further explore the effect of increasing RF power and H» dilution of the gaseous
mixtures, aiming to obtain the amorphous counterpart of ¢-SiC by the RF-PECVD technique.
Doping experiments were also performed on ordered material using phosphorus and nitrogen as
donor impurities and boron and aluminum as acceptor ones. For nitrogen a doping efficiency close to
device quality a-Si:H was obtained, the lower activation energy being 0,12 eV with room temperature
dark conductivity of 2.107® (Q.cm). Nitrogen doping efficiency was higher than phosphorous for all
studied samples. For p-type doping, results indicate that, even though the attained conductivity
values are not device levels, aluminum doping conducted to a promising shift in the Fermi level.
Also, aluminum resulted a more efficient acceptor than boron, in accordance to observations in
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crystalline SiC material.

I Introduction

The deposition of amorphous hydrogenated silicon car-
bide thin films, a-Si;_,C;:H, by PECVD has been ex-
tensively studied due to the ability of this technique to
control the carbon content in the films and, therefore,
the optical gap (E,). The increase in the optical gap,
following the increase in the carbon concentration, is
desirable for many device strategies and has been one
of the main appeals of these alloys. However, for high
carbon content films (z ~ 0.5), a decrease in the opti-
cal gap is generally observed, which leads to a difficulty
in obtaining a material with E, > 2,5 -3 e V [1].
This decrease in the optical gap observed for carbon
rich a-Si;_,C,:H has been related to the existence of
graphite-like sp?> C-C bonding instead of diamond-like
sp® C-C bonding [1,2].

Solomon and co-workers [3] showed that in the low
power regime, where the RF power is sufficient to break
the SiH,4 molecules but not the CH4 ones, the presence
of graphite-like bonds is avoided. However the carbon
to silicon relative concentration in the solid phase is
limited up to 50% and the resulting material is rich in
methylated radicals. Recently, we have demonstrated
that it is possible to obtain non methylated PECVD a-
SiC:H thin films (from SiH4 + CH,4) with carbon to sili-

con ratio higher than 0.5 (up to 0.7) with C-C bonds oc-
curring mainly in the sp® (diamond-like) hybridization,
optical gap as high as 3.7 eV and high electrical resistiv-
ity [4-6]. The results demonstrate that these diamond-
like silicon carbide films are obtained in a special depo-
sition condition, called “silane starving plasma” regime
[6]. This regime is a particular case of the low power
density one where, for a critically low SiH4 flow, the
film growth is controlled by the spare SiH, radicals,
simplifying the plasma chemistry and promoting car-
bon incorporation in the sp® hybridization. In this way
we have shown that the starving plasma deposition con-
ditions have a crucial role in the growth of close to sto-
ichiometry material exhibiting a tendency towards the
chemical order of crystalline silicon carbide, this is to
say each silicon atom (tetrahedrally) bonded to four
carbon atoms and each carbon atom bonded to four
silicon atoms. For carbon rich samples this deposition
regime promotes the production of films with very high
values of the optical gap, strongly suggesting the incor-
poration of carbon in sp® bonds.[1]

Chemical order in silicon carbon alloys has been
a controversial point. Cardona et. al. in their pio-
neering work [7], and many authors after them, argued
that silicon and carbon atoms are randomly distributed,
with no preferential hetero-nuclear (Si-C) bonds. On
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the other hand, Evangelisti et al.[8] have reported a
strong tendency towards the chemical order of ¢-SiC in
a-Si;_,C,:H films. Our work indicates that material
grown in the low power regime out of silane starving
conditions are silicon rich randomly distributed while
the material grown with silane starving plasma con-
ditions is close to stoichiometry or carbon rich and
exhibits a preference for hetero-nuclear bonding (SiC
chemical order).

Encouraged by the chemical order exhibited by a-
Siy—,C,:H alloys produced in the silane starving regime
we further explore the possibility of increasing even
more the chemical order to promote the growth of an
amorphous counterpart of c-SiC or even SiC microcrys-
tals (u-SiC). We also analyze the n and p type doping
efficiency of these a-Si; _,C,:H films.

It is known that hydrogen etching during the growth
of amorphous silicon has a very important effect on
the structural properties of a-Si:H films [9] and H, di-
lution of the gas mixture is a technique widely used
to produce microcrystalline Si. In this way, some au-
thors have used hydrogen dilution and higher RF power
density to produce microcrystalline p-type silicon car-
bon (boron doped) alloys. In fact they obtained sili-
con micro-crystals embedded in an hydrogenated amor-
phous silicon carbon alloy network [10,11]. At the
present time, to our knowledge, there is no report of
SiC micro-crystals obtained by RF-PECVD which jus-
tifies our interest in pursuing this task taking advantage
of the promising properties of the a-SiC:H obtained in
silane starving plasma conditions.

Similarly, the structural order in a-SiC:H grown in
“silane starving plasma” regime is a very important
characteristic for doping experiments, since it is an uni-
versal fact that amorphous silicon based alloys exhibit
an enhanced degree of disorder for increasing alloy ele-
ment content, which decreases the carrier mobility and
prevents the occurrence of an efficient doping, limiting
their device applications. In this way we study the in-
fluence of the chemical order, induced by the “starving
plasma” condition on the n-type and p-type doping ef-
ficiency of PECVD a-Si; ,C,:H.

II Experimental details

a-Siy_,C,:H films were prepared by the radio frequency
(RF) Plasma Enhanced Chemical Vapor Deposition
(PECVD) technique, with an RF frequency of 13,56
MHz, from appropriated gaseous mixtures of SiH, +
CH, + H, in a capacitively coupled reactor. A more
detailed description of the deposition system can be
found elsewhere [12]. RF power density, methane con-
centration, and hydrogen dilution of the gaseous mix-
tures were varied. Substrate temperature for all the
samples was 300 °C and silane flow was kept at the min-
imum value (3 sccm) in order to guarantee the “starving
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regime”.

To establish the role of the “starving plasma” in
the doping efficiency of a-SiC:H, the first experiments
were carried out to compare the performance of sam-
ples grown in and out of this condition. For this pur-
pose, both types of samples were ion-implanted with
3 -10?°cm™? phosphorous and nitrogen. More details
on the ion-implantation are reported elsewhere [13].

Based on the results obtained for samples grown
with Hs dilution of the gaseous mixture and on n-type
doping, in case of the p-type doping experiments we
centered on samples grown in “silane starving plasma”
with Hs dilution. Since good results in crystalline SiC
have been obtained with aluminum, we utilized this
doping element as acceptor impurity. However this im-
purity had to be introduced in the films through low
temperature thermal diffusion experiments due to tech-
nical difficulties with the aluminum ion implantation.
Aluminum diffusion was carried out by thermally evap-
orating a thin aluminum layer followed by a thermal
annealing step. The analyzed annealing steps were 350
°C for 4, 8 and 12 hours and 450 °C for 0, 5, 2, 4 and
6 hours.

The films structure and bonding were characterized
by Fourier transform infrared (FTIR) spectroscopy, op-
tical absorption and extended X-ray absorption fine
structure (EXAFS). The atomic concentrations of Si,
C, N and P were determined by Rutherford back-
scattering (RBS) using a 2.3 MeV He' beam, with
scattering angle of 170°. The H content was determined
through forward recoil spectrometry (FRS) with a tar-
get tilt angle of 75° and 30° detection angle. The trans-
port, properties of doped samples were studied analyz-
ing the thermal dependence of the dark conductivity,
04(T), measured in a vacuum cryostat. The thermal
activation energy (E,) was determined from the Arrhe-
nius plot. In those plots the data were fitted with a
function Info4(T)] = A + B/T and the activation en-
ergy was obtained from the slopes of those functions.
The reproducibility of these results lead to an estimated
error less than 10% for the conductivity. A 10% error
for the activation energy was obtained by comparison
of the maximum and minimum slopes in the Arrhenius
plot.

II1 Results and discussion

I111.1. H, Dilution and RF power

Fig. 1 shows the optical gap E, as a function of CHy4
concentration for samples grown under starving plasma
conditions with and without hydrogen diluted gaseous
mixtures. It is observed that for samples grown with-
out Hy dilution the optical band gap increases slowly
for CH4 concentration values up to around 77%, while
for higher concentration values it increases abruptly up
to values higher than 3 eV. Samples deposited with
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H, dilution show a similar but more pronounced be-
havior, the transition occurring at higher values of the
CH,4 concentration (approximately 88%). This transi-
tion is associated with the passage over the stoichio-
metric composition (z = 0.5), so these results suggest
a lower carbon incorporation in the solid phase for hy-
drogen diluted deposited material.

|
351 ©® with H, dilution
O without H, dilution
s 30
)]
S’
I 251
w .......
20t '
N
Tz
1’5 L 1 5 1 1

0 20 40 60 80 160
CH, CONCENTRATION (Vol.%)

Figure 1. Optical gap as a function of the methane con-
centration for samples deposited at a RF power density of
25mW /cm? and with a Hy flow of 100 sccm (o) and without
H; dilution (o).

In Fig.2 the integrated absorption of the IR absorp-
tion peak at 780 cm ™!, assigned to the Si-C stretching
vibrations [1], divided by the sample thickness as func-
tion of methane volume fraction is depicted, for the
same samples in Fig. 1. A maximum in the integrated
absorption is observed for both sets of samples. How-
ever the peak position is shifted towards higher CH,4
concentrations for the Hs diluted samples. Actually
this maximum is an indication that the stoichiometric
concentration £=0.5 has been passed through, since for
higher carbon content the density of Si-C bonds should
decrease and the C-C bonds should increase. In this
way this result indicates, in accordance with the RBS
measurements and the optical gap results, that stoi-
chiometry is attained for higher CH,4 concentrations
for samples deposited with Hy diluted gas mixtures.
For samples prepared at 25 mW /cm? and with Hy di-
lution no traces, within the detection limit of ~1% of
the FTIR technique, of CH,, bonds are observed. The
concentration of SiH,, is also lower than in films grown
without H, dilution and becomes very small for a CHy
concentration of 98%. This means that for increasing C
content in the solid phase, the polymeric phase always
present in the hydrogenated amorphous silicon carbon
alloys has been almost eliminated by the “etching pro-
cess” and very low hydrogen content is obtained.

Having identified the methane concentration leading
to close to stoichiometry material for hydrogen diluted
gaseous mixtures and a RF power of 25 mW /cm?, we
chose this condition to perform our studies on the effect
of increasing H, dilution and RF power densities on the
structural properties of the films.
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Figure 2. Integrated absorption intensity for the Si-C bond
vibration peak vs. methane concentration for samples de-
posited at a RF power density of 25mW /cm? with a Ha flow
of 100 sccm (o) and without Hy dilution (o).

In Table 1 the RBS results are summarized. It is
observed that increasing RF power increases the car-
bon content and decreases the hydrogen concentration
of the films, increasing hydrogen flow decreased the hy-
drogen content even further.

Table 1: Composition of the studied samples obtained
from RBS measurements.

Power H; flow H C Si b ¢
density (scem) | (at.%) | (at.%) | (at.%)
(mW/cm?)
50 0 0.54 0.28 | 0.15 0.64
12.5 100 0.33 0.26 | 0.34 0.32
50 100 0.33 0.26 | 036 0.35
75 100 0.27 0.36 0.34 0.46
125 100 0.26 0.38 0.33 0.49
12.5 200 0.20 0.28 044 | 0.32
12.5 300 0.20 028 | 042 | 035

The FTIR spectra for samples grown with different
H, flow, depicted in Fig. 3 show an enhanced absorp-
tion band at 780 cm~!. Since the sample deposited
without hydrogen dilution and 90% methane volume
concentration is carbon rich as indicated by the RBS
measurements [14] the increase in the Si-C band can be
attributed to the fact that the samples are getting closer
to stoichiometry, indicating that the Ho etching process
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attacks preferentially carbon bonds. This hypothesis is
confirmed by RBS measurements, which show that the
Si/C ratio increases for increasing Ha dilution. At the
same time, the CH,, and the Si-CH,, stretching vibra-
tion absorption bands (in the 2800 cm™! to 3000 cm™!
and 1250 to 1350 cm™! spectral regions, respectively)
decrease and for Hy flow higher than 100 sccm and the
CH,, related bands disappear which is also consistent
with the hypothesis of preferential carbon etching. The
FTIR spectra also show a pronounced decrease in the H
content of the films for increasing Hy flow, revealed by
the CH,, and SiH,, bonding configurations. It is also ob-
served that the Si-H stretching absorption band located
at 2090 cm~!, decreases but it does not disappear as
the CH,, bands, which is consistent with the hypothesis
of preferential etching of the C-H bonds.

Si-C

Absorbance (a.u.)

0 sccm

1 i 1 " 1 1 1 i 1 i 1
3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm)

Figure 3. Infrared spectra for samples deposited with a RF
power density of 25mW /cm?, 90% methane volume fraction
and varying Hs flow.

In order to study the effect of increasing RF power
densities a sample set, varying the RF power density be-
tween 12,5 and 500 mW /cm? and keeping constant all
the other deposition parameters, was prepared. It was
also found that, as the RF power density increases, the
deposition rate increases. This result indicates that for
higher RF power the deposition mechanism increases
more rapidly than the etching one. In Fig. 4 an in-
crease in the Si-C absorption band for increasing RF
power densities, up to 250 mW /cm?, is observed. How-
ever further increase up to 500 mW/cm? decreases the
amplitude of this band. This result is interpreted as due
to an increasing carbon concentration in the samples.
For low RF power the samples are silicon rich while for
high RF power carbon rich samples are obtained. The
maximum in the Si-C absorption band obtained for 250
mW /cm? indicates that for these deposition parameters
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very close to stoichiometry material is produced. The
observed increase in the carbon content of the samples,
also supported by the RBS measurements and by the
increasing CH,, related bands, indicates that for high
RF power the etching mechanism is less efficient in ex-
tracting the C-H bonds. This last result is consistent
with the observed increase in the deposition rate.
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Figure 4. Infrared spectra for samples deposited with a Ha
flow of 100 sccm, 90% methane volume fraction and varying
the RF power density.

From the EXAFS data at the Si K edge it was pos-
sible to analyze the short range structural and chem-
ical order of the films. Assuming that the material is
a binary alloy, composed of Si and C atoms, which is
valid due to the low oxygen contamination (~ 1% -
3%), the coordination of carbon atoms with silicon was
estimated [15].

14 Si-Si ‘
S 12|
ST Sl VeV
E 10 | Si-C-Si
'g 8r Si-C
g 6 Bf/\/ N
l;.',- 4 i Si-0
% 2] sio / /\\
TS NI\/J V\/\/\TH
0 1 2 3 4
R (A)

Figure 5. Fourier transform of the EXAFS spectra for the
reference samples.

Fig. 5 presents the Fourier transform of the EX-
AFS spectra for the reference samples (SiOs, ¢-Si and
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3-SiC), showing the characteristic peaks. Due to the
phase-shift, the apparent bonding distances are about
1.15 A for Si-O, 1.6 A for Si-C and 2.0 A for Si-Si.

Fourier Transform (a.u.)

Fourier Transform (a.u.)

R (A)

Figure 6. Fourier transform for (a) the power variation se-
ries and (b) the Hy dilution variation series.

Fig. 6a shows the Fourier transform of the EXAFS
spectra of the samples grown with different RF power.
It is observed that samples grown with higher RF power
exhibit a larger area under the peak associated to the
Si-C coordination. Fig. 6b shows the Fourier trans-
form of the EXAFS spectra of samples deposited un-
der different Hy dilution, at low RF power density
(12.5mW/cm?). The data reveal that the sample de-
posited at the highest H, dilution (300 sccm) presents
a medium range order structure, with distances greater
than 3 A, related to the second coordination shell.

The coordination for the Si-C bond increased for in-
creasing RF power from 1.65, for sample deposited at
12.5 mW/cm?, to 2.8 for the sample deposited at 125
mW /cm?. For all samples the total Si coordination was
greater than 3.5

I11.2. Doping

The electrical measurements on n-type doped sam-
ples confirm that the “starving plasma” condition has
a very important effect on the doping properties of a-
SiC:H. Fig. 7 shows the Arrhenius plots for samples
grown in “starving” and “non-starving” plasma con-
dition and implanted with 3.102° ¢cm™3 nitrogen and
phosphorus.
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Figure 7. Arrhenius plots for nitrogen and phosphorous
doped sample grown in (a) “starving” plasma condition and
(b) “non-starving” plasma condition. In both cases the im-
purity concentrations is 10%° cm™

It is observed that the sample obtained in “starving
plasma” shows an activation energy of 0.24 eV, which
is not only a low value but 3 times lower than the ex-
hibited by the sample grown in “non-starving plasma”
conditions. Note that this behavior is observed for both
doping elements, phosphorus and nitrogen, and that ni-
trogen appear as a much more efficient doping impurity
than phosphorus.

The results for samples grown in the silane starv-
ing plasma condition and implanted with 102° and 102!
cm 2 nitrogen and phosphorous are depicted in Fig. 8.
For comparison the electrical conductivity for intrinsic
a-SiC:H is included. As we can see, the results for an

—3 are very encour-

impurity concentration of 10?! ¢cm
aging, presenting an activation energy as low as 0.12
eV and room temperature dark conductivity in the or-

der of 1073 (Q.cm)~!. It should be pointed out that
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the “starving plasma” condition improves the n-type
doping efficiency of the films up to levels close to those
obtained in device quality a-Si:H.

1 — 10*' Niem™, E =0.12 eV
O ———tatsses
[ Ay
Al ¢
E I
-8
ig/ 10°f - .
r e
%‘10“; 10® Plcm®, E =0.35 eV - \
B f
207y x INTRINSIC 10" Plcm®, E,=0.24 eV
§10“’[ \ Em1.2eV
r

2,0 2,5 3:0 3:5 4,0 45
1000/T (K")

Figure 8. N-type doping: Arrhenius plot for stoichiometric
samples grown in “starving plasma” condition implanted
with 10%° and 10%' cm™® nitrogen (solid symbol) and phos-
phorus (open symbol).

Table 2: Room temperature electrical conductivity (orr),
conductivity therrnal activation energy (E,) and the
optical (E,) for the Al diffused samples.

Diffusion ORT E.(eV) £ |E,(eV) %
Process (Q.cm)” 0.05 0.2
Intrinsic <10 1,2 2,6

350°C,4h [~5x 10| 0.86 2,6

350°C,8h |~5x 10| 0.9 2,6

350°C,12h [~5x 10| 0.8 2,6

Intrinsic <10" 1.1 2.6

450°C,2h [ 3x 107 | 039 -

450°C,4h | 8x107° | 035 -

450°C,6h | 3x107 | 038 .

450 °C, 6 h 107 0.17 -

Also, it is observed that sample doped with 102!
cm~3 phosphorus has almost the same activation en-
ergy than sample doped with 10%° cm~2 nitrogen, but
exhibits a conductivity significantly lower, indicating
that the mobility for nitrogen doped samples is higher.
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As it can be appreciated in Table 2, the aluminum dif-
fusion had a clear effect in the transport characteristics
of the samples. It is also observed that the optical gap
remained unchanged for all samples. The Arrhenius
plot for the aluminum diffused samples is depicted on
Fig. 9.

As we can see, the doping was effective, leading
to an activation energy of ~0,2 eV in the best case,
which is very low if we consider that the energy gap
of the samples is 2,4 eV and that we are dealing with
an amorphous alloy, where it is normally difficult to
shift the Fermi level position. Despite the low activa-
tion energy, the electrical conductivity remains quite
low, being ~ 10~7(Q.cm)™! at room temperature and
~ 107%(Q.cm) ™! at 570 K. Probably this fact is related
with a non-ohmic character of the metal contacts. It
is known that obtaining good ohmic contacts to p-type
SiC is a very difficult task, even for crystalline mate-
rial, and specially for lower doping concentrations. This
problem makes difficult to obtain reproducible results,
specially for the absolute value of the dark conductiv-
ity, since the contribution of the contact resistance is
not well evaluated. It is important to recall here that,
in general, the task of high conductive p-type doping
and confident metal contacts to crystalline SiC has not
yet been solved [16]. In this way, the results reported
here with Al doping are very promising.
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Figure 9. Conductivity vs. 1/T for intrinsic and Al doped
samples. The data are fitted with functions Ino = A’ +
B'/T where i is O, o, o, . The activation energies are the
slopes of those functions.

IV  Conclusions

The results obtained for silicon carbon alloys have indi-
cated the way to produce a highly ordered material and
the trend to obtain microcrystalline SiC by PECVD.
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This fact is well illustrated in Fig. 10 which shows the
FTIR spectrum for a sample crystallized at 1200 °C
(crystallized SiC sample) together with the spectra of
three close to stoichiometry a-SiC:H as deposited sam-
ples, grown in the following conditions: (a) out of the
“silane starving regime” (“non-starving” sample), (b)
in “silane starving” conditions (“starving” sample) and
(c) in “silane starving” conditions with hydrogen di-
luted gas mixture (“starving”+H, sample). It is ob-
served that the crystallized sample exhibits a single
peak spectrum, just one band at 800 cm !
ing to Si-C vibrations. The “starving”+H, sample ex-
hibits a large Si-C stretching band and a very small
Si-H stretching band. In fact, the spectrum is very
close to that of the crystallized sample, the main differ-
ence being the full width at half maximum, due to the
structural disorder. This indicates that the short range
order of our material is very similar to crystalline SiC,
in other words, we have attained our goal of producing
the amorphous counterpart of c-SiC.

, correspond-

Cristalized SiC (1200 °C)

Absorbance (a.u)

"starving"+ H,

"starving”

"Non-Starving" 300 °C
4000 3000 2000 1000
-1
Wavenumber (cm )

Figure 10. FTIR spectra for 3 as deposited samples (300
°C) and one thermally crystallized at 1200°C.

On the other hand, the “non-starving” sample
presents just a small SiC peak and exhibits quite large
bands corresponding to Si-H,, (640 and 2090 cm~!) and
Si-CHj3 vibrations (1250 cm™!). On the contrary, the
“starving” sample already presents the main features
of silicon carbide materials, this is to say a large Si-
C stretching band, but still presents a large band due

to Si-H,, bonds and some Si-CHj3 vibrations, the CH,,
vibrations in the 2900cm ! spectral region are also ap-
parent.

These FTIR results are corroborated by the EX-
AFS experiments which lead to an increased coordi-
nation number for Si-C bonds for higher RF power
densities, signature of a higher degree of short range
order. In this way it was demonstrated that conven-
tional PECVD technique can be used successfully to
produce amorphous silicon carbon alloys with excellent
structural properties provided that a set of deposition
parameters, which enable to control the plasma chem-
istry, are established.

It was also shown that the “starving plasma” con-
dition has indeed an important role in increasing the
n-type doping efficiency of PECVD produced a-SiC:H
since a sample implanted with a nitrogen dose of 102°
cm~ grown in “non-starving” conditions showed an
activation energy much higher than a “starving” pro-
duced sample implanted with the same dose. Further-
more, for a sample grown in this condition, activation
energy and dark conductivity values comparable to de-
vice quality a-Si:H were obtained. It is also demon-
strated that nitrogen doping is more efficient than phos-
phorus doping for these a-Si;_,C, alloys. The exper-
iments with low temperature thermal diffusion of Al
resulted in a very promising shift of the Fermi level.
The electrical conductivity however, must be increased
and for this purpose it is important to prepare ohmic
contacts and decrease the contact resistivity.
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