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Amorphous hydrogenated silicon-carbon-tin alloy films
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A new amorphous semiconductor alloy system a-Si-C-Sn:H has been prepared by rf magnetron

sputtering of Sn in an atmosphere of SiH4, CH4, and Ar. Optical properties and dark conductivity
of thin Alms are measured as a function of CH4 fiux. The dark conductivity displays a transition
to a hopping-conduction mechanism as the CH& Aux increases. In ir spectra, C-Sn and Sn-Sn vi-

brational bands are observed at 510 and 150 cm ', respectively. Dangling-bond density values are
deduced from ESR measurements.

I. INTRODUCTION

The preparation and properties of amorphous carbon
films and the e8'ect of hydrogen were investigated by
many authors. ' Amorphous carbon can be considered
as a two-phase system: one consisting of a structure rich
in threefold-coordinated carbon and characterized by
aromatic rings, the other of a structure rich in hydrogen
containing predominantly saturated hydrocarbons.
Amorphous carbon presents a low index of refraction,
low extinction coeScient, and low optical gap when the
graphitic structure prevails, and a large band gap when a
diamondlike structure is predominant. Though a-C:H is
a nonphotoconductive material, alloys of carbon with
group-IV amorphous semiconductors are known to im-
prove the optoelectronic properties of that element.
Amorphous-carbon-based alloys are interesting because
the group -IV elements are isoelectronic; they are not ex-
pected to increase the number of localized states or the
activation energy. Amorphous semiconductors of this
type also maintain local order with tetrahedral coordina-
tion, and therefore the band-structure properties are ex-
pected to remain similar to those of their crystalline
counterpart.

The amorphous hydrogenated silicon-carbon alloy is a
classic example. The introduction into amorphous car-
bon of a controlled amount of silicon ( &45%) (Ref. 7)
limits the graphitic sp bonds and yields a photoconduc-
tive material. ' Amorphous hydrogenated carbon-
germanium alloys have also apparently been obtained. '

Recently a new alloy, amorphous hydrogenated carbon-
tin, has been made and studied. "' This alloy shows at-
tractive optical and electronic properties and constitutes
a new material useful in photovoltaic devices. Another
new al1oy, amorphous silicon-tin, has an optical gap
smaller than hydrogenated amorphous silicon and a high
refractive index. '

In this paper we report on a new amorphous carbon-
based alloy: amorphous hydrogenated silicon-carbon-tin
(a -Si-C-Sn:H ). This alloy shows a very good transmit-
tance, better than that of an a-Si-C:H alloy, optica1 gap

in the range 0.6 to 2.6 eV, depending on the amount of
tin, low index of refraction, and relatively good dark
conductivity.

Optical constants and optical gap were extracted from
transmittance and reflectance measurements in the uv,
visible, and near ir. Infrared spectra were recorded by
absorption spectroscopy. The amount of tin in the alloy
was determined from the integrated intensities of C-Sn
vibration bands. ESR measurements provide informa-
tion about the spin density of the samples.

II. EXPERIMENTAL

A. Film deposition

a-Si-C-Sn:H samples were deposited by plasma-
assisted rf magnetron sputtering. A vacuum chamber of
volume 37 1 was evacuated by a 450-1 s ' turbomolecular
pump. Two magnetron cathodes with Sn targets of 10
cm diameter (Sn purity 99.9995%) were placed in the
top wall of the chamber, and substrates were placed on a
rotating table on the bottom of the chamber. A mixture
of SiH4, CH4, and Ar was introduced into the chamber
controlling separately the fiow of each gas. The pressure
was kept constant at a desired value by adjusting the
pumping speed by means of a throttle valve. Deposition
of C, Si, and H originated from the decomposition of
SiH4 and CH~, and deposition of Sn originated from the
sputtering of the Sn cathodes by Ar; rf power (13.56
MHz) was applied to the cathodes and a glow discharge
was excited in the gas mixture. Deposition conditions of
each sample are summarized in Table I. Each sample is
labeled with the symbol GD folio~ed by a number indi-
cating ten times the CH~ flux in sccm (standard cubic
centimeters). The symbol I indicates the samples depos-
ited for ir measurement.

B. Characterization of the films

The optical measurements were recorded on a Perkin-
Elmer (uv visible near-ir) Lambda 9 spectrophotometer
in the 0.2-1.5-pm wavelength range. Transmittance and
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TABLE I. Deposition conditions for various samples.

GD 025
GD 050
GD 075
GD 100
GD 025-I
GD 050-I
GD 075-I
GD 100-I

F(SiHq)
(sccm)

Gas Flux
F(CH4)
(secm)

2.5
5

7.5
10
2.5
5

7.5
10

Gas
pressure

I',
(Pa)

27
27
27
27
27
27
27
27

Power
P„f
(%)

400
400
400
400
400
400
400
400

Voltage
Vd,
(V)

500
380

430—320
400—340
380—340
440 —280

Time

(min)

30
30
30
30

120
120
120
120

reflectance measurements were performed on Nms de-
posited on a 2-mrn-thick quartz substrate. The thickness
of the films was measured by means of a Dektak II
Stylus ProNer. The analysis yielding the index of refrac-
tion n, the extinction coeScient k, and hence the dielec-
tric constant Z and the optical band gap from the
transmittance, reflectance, snd thickness measurements
was based on s procedure whose details have been de-
scribed in Refs. 17 and 18. The nature of chemical
bonding between constituents wss studied by ir spectros-
copy in the absorption mode using a single-beam
Perkin-Elmer 1710 Fourier spectrophotometer between
400 and 4000 crn ' and s Bruker IFS 113 V between
100 and 400 cm '. All transmission measurements were
made relative to uncoated silicon substrate as s refer-
ence.

ESR measurements were performed by means of a
Varisn EPR-109 spectrometer. Both the g values snd
the intensity of the spin-resonance signals of the samples
were measured by comparison with the values obtained
for DPPH (1,l-diphenyl-2-picrythydrazyl, g =2.0036)
and Varian pitch (KCl y irradiated, g=2.0029) stan-
dard samples.

Resistances were measured, under vacuum which was
maintained at about 10 Pa, with s Hewlett-Packard
4329 A high-resistance meter. Direct voltage in the

range from 10 to 250 V in direct and reverse bias was

applied on Al electrodes (4X1 mm ) pre-evaporated
onto Corning glass substrate. The Ohmic behavior of
the electrode contacts was checked at temperatures
ranging between 20 and 250'C.

III. RESULTS AND DISCUSSION

A. Optical properties

Transmittance T and reflectance R spectra of typical
samples, realized with diferent CH4 gas pressure, are re-
ported in Fig. 1. The refractive index n and the extinc-
tion coeScient k of the two samples as a function of the
wavelength are reported in Fig. 2. The curves shown,
and the other experimental results not reported in Fig. 2
because of the overlapping of the curves, indicate that
the refractive indexes have low values and are practically
independent of A. for all the films and undergo decreasing
dispersion with increasing CH& fiux. The extinction
coef6cient shows s pronounced decrease with CH4 fiux
increase. Since the x-ray difFraction pattern of the sam-
ples show characteristic amorphous structure of the
6lms, the optical gsp was determined from the optical
measurements using the methods applied to amorphous
semiconductors.

The optical gsp Eg wss obtained from the well-known

expression

(aE)'~ =y(E E), —

10 0.5

0
0

A. (pIYI)

0.0
2

FIG. 1. Normalized transmittance and reflectance spectra

for two samples anth diferent CH4 Aux.
FIG. 2. Index of refraction n and extinction coeScient k for

the samples of Fig. 1.
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FIG. 3. CH4 Aux infiuence over energy-gap value. FIG. 4. Intrinsic conductivity behavior of a-Si-C-Sn:H sam-
ples.

where a is the absorption coefBcient. Figure 3 shows the
optical band gap Eg of a-Si-C-Sn:H alloys as a function
of the inverse of the square root of the CH& Aux. This
trend indicates a threshold for semiconducting behavior
for a given value of the CH4 Aux and an Eg value of
-4.3 eV from extrapolation of the straight line to the
infinite llux. This is in agreement with the diamondlike-
structure optical band gap, as it is expected for very
high CH& Aux.
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B. Electrical properties

10

1000/T (K ')

10~10

Figure 4 shows the room-temperature dark conduc-
tivity ad of the films as a function of optical band gap
Eg. The linearity of this plot suggests an intrinsic con-
ductivity behavior of the material and provides a value
of o.o, obtained by extrapolation to Eg =0, of —130
Q 'cm ', similar to the value of minimum metallic
conductivity (200 Q ' cm ') given by Mott.

In Fig. 5(a) is reported the trend of log, ocrd versus
10 /T for the sample GD025. The slope of log, ocr&

shows activated conductivity behavior for samples with
low CH4 Aux, indicating conduction by extended states.
When the CH& Aux increases the mechanism changes to
hopping since the o.

d plot exhibits a curvature while the
slope of log, ocrd versus (1/T)' shows a linear trend, as
shown in Fig. 5(b) (sample GD 050).

C. Electron-spin resonance

V

0
1O-"

0.20
1/T1/4 (K -&/4)

GD 050

0.30

ESR signals for our a-Si-C-Sn:H Qms are very sensi-
tive to CH~ flux (Sn content). ESR spectra for three

FIG. 5. Conductivity behavior: {a) activated for GD 025, (b)
hopping for GD 050.



F. DEMICHELIS et al. 37

61rns are shown in Fig. 6. As CH4 Aux increases the sig-

nal related to C dangling bonds rapidly increases (see
Table II).

%e obtain for carbon a value of g=2.0034, greater
than that of amorphous carbon. This fact could indicate
a higher localization of the paramagnetic states with
respect to that of hydrogenated amorphous carbon. The
density of states is comparable with that of the annealed
a-Si:H samples and decreases when CH4 Aux decreases.
The large value of the linewidth (peak to peak) of
1.3&&10 T for C dangling bonds indicates a complex
structure of the signal due to the presence of di6'erent
elements.

Sample

GD 025
GD 050
GD 075
GD 100

2.0033
2.0034
2.0034

1.3& 10
1.3 x 10-'
1.2x10 '

I fu
(a.u. )

400.253
989.701

2048.338

Dangling
bonds
(cm )

9.4g 10"
2.3 y 10"
4.8X 10"

TABLE II. ESR signals for samples prepared with difterent

CH4 fluxes. I, relative intensity; U, volume of the film; hH„~,
linewidth peak to peak.

IV. BQNDING AND STRUCTURE 1' cx(co)
d

A. ir spectroscopy

The general trend of ir absorption spectra between 400
and 4000 cm ' is similar to those observed by many au-
thors on amorphous carbon * ' ' and hydrogenated
amorphous silicon-carbon alloys. ' ' ' Two typical ir
transmission spectra of two different samples are shown
ln Flg. 7. The peaks of the various CH2& CH3p S&H, and
SiC vibration modes are present, while the absorption
band at 510 cm ' is consistent with the presence of an
organotin phase around the Sn—C bonding. In the
range 100-400 cm ' a peak at 150 cm ' present in

samples rich in Sn content is consistent with Sn—Sn
bonding. The integrated intensities contributing to a
speci6c vibration mode are evaluated using the expres-
s1on

00050

where a(co) is the absorption coefficient for frequency ca

and the integration is over the deconvoluted absorption
peak corresponding to the respective vibration mode.
The number of oscillators for unit volume X can be
given by the expression reported by Brodsky et al. ,

(1+2') &&2
+~ a(cu)

9e~ I /g co

or by the expression given by Connell and Pawlik

9e'~ +~ a(cu)
dt's .

(a+2)' I /g

(3)

(4)

In Eqs. (3) and (4) we take values of e corresponding to
the values of the index of refraction n included in the
range of our experimental values, W~ is the Avogadro
number, and I"/g the integrated strength of the corre-
sponding band in a gaseous hydride. The content of tin
was obtained considering the Sn—Sn bond at 150 cm
and the C—Sn bond at 510 cm '. We obtain values of
%=5.5&10 ' cm and N=7. 5&10 cm for the two
samples GD 025 and GD 050.

The integrated intensities of C-H (2900 cm ), Si-H
(2100 cm '), and Si-CH3 (1250 cm ') vibration modes
obtained as a function of CH4 Aux are shown in Fig. 8.

---- GO025

00100 1

400

-50 50

4000 3000

FIG. 6. ESR spectra for samples with difFerent CH4 flux.
Magnification shown on each plot, Ho is the magnetic field

corresponding to the resonance.
FIG. 7. ir absorption spectra for two samples with difFerent

CH4 flux.
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V. CONCLUSIONS

Amorphous hydrogenated carbon-tin-silicon alloys
prepared by rf magnetron sputtering have been investi-
gated and the following conclusions obtained

0

E(scorn)
10

FIG. 8. Integrated intensities of C-H (2900 cm '), Si-H
(2100 cm '), and Si-CH3 (1250 cm ') vibration modes as a
function of CH& flux.

(1) The index of refraction is low and practically in-

dependent of the wavelength; the optical gap decreases
as the CH4 flux decreases and the 61ms do not show
semiconducting properties when the CH4 flux lowers a
given threshold.

(2) In ir spectra 510- and 150-cm ' bands are
identified with C-Sn and Sn-Sn vibrational bands, respec-
tively. The integrated intensities give the tin content.
The bands of the different C—Si, Si—H, and C—H
bonds are also identified; their integrated intensities
determined as a function of CH& flux indicate the pres-
ence of C—Sn and Sn—Sn bonds in the Nms deposited
at low Aux and a remarkable increase of C—H bonds as
the CH4 flux increases while the Si-H contribution
remains practically constant.

(3) The dark conductivity increases as CH4 flux in-

creases. Our results suggest a transition from activated
conductivity to hopping conductivity behavior with in-

creasing CH4 flux.

In conclusion, we can deduce that the presence of car-
bon in an Si-Sn alloy and a convenient tin content allow
us to obtain an amorphous alloy showing good optical
and electrical properties.

One observes that when CH4 flux increases the C-H con-
tribution sensibly increases, while the Si-H show after a
slight increase, a trend that is about constant, and the
Si-CH3 reach a maximum and after decrease.

For low CH& flux the sputtering seems to be predom-
inant since the C-Sn and Sn-Sn vibration modes are
present only for low CH& flux. For high CH4 flux the
glom discharge of SiH4 and CH4 takes place, giving
depositions having a structure rich in C—H bonds.
Furthermore, our results seem to confirm the preferen-
tial attachment of H to C or Si rather than Sn bonding
sites.
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