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Electrical resistivity of a-SiC:H as a function of temperature: Evidence for discontinuities
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We report on two different, but well defined, behaviors of resistivity vs temperature in amorphous SiC:H
films deposited from (SiH41C2H2) gas mixture. The electrical resistivity shows in the range 400–500 K
curves with jumps or peaks both increasing and decreasing temperature. The electrical properties of the
samples are restorable even if not exactly reversible. The evolution of the structure was observed by x-ray
diffraction at the beginning and at the end of the heating run. A simple phenomenological model is presented
to interpret these results, introducing both the bond length and angle and their variation with temperature, in a
network with a high content of voids.
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Amorphous silicon carbon~a-SiC:H! thin films grown by
plasma-enhanced chemical vapor deposition~PECVD! have
been widely investigated for many electronic devices, s
as window layer in solar cells,1 insulator layer in thin film
transistors,2 light-emitting diodes,3 and so on.

Many papers4–16 are dealing with the optical and struc
tural properties of amorphous silicon carbon and with th
dependence on temperature, so giving information on th
mal annealing of these physical properties. On the contr
very few papers4,17,18discuss the thermally induced chang
of the electronic transport properties.

The density of defects ina-SiC:H films increases with the
carbon content, so decreasing the photoconductivity; wh
can be improved with dilution of source gases w
hydrogen.19,20

An alternative way to improve the physical properties
the material can be the use of gas sources different f
methane.21

Following this second way, we depositeda-SiC:H films
starting from a gas mixture of silane and acetyle
(SiH41C2H2).

22 In this paper, we present a study of the
mally induced reversible changes of the electrical proper
in amorphous silicon carbon films. The measurements w
carried out in the temperature range 300–700 K on undo
hydrogenated amorphous thin films of silicon carbon. X-r
diffraction was performed both on as-deposited and anne
samples.

We will briefly resume describing the deposition cond
tions and the results of the optical characterization22 of our
films.

The amorphous silicon carbon films were grown in
high-vacuum PECVD system at a frequency of 13.56 MH
changing the rf power in the range 1.5–16 W~power
density: 0.01–0.1 W cm22!, Table I. All the films were de-
posited in the low power-density regime.19 The other depo-
sition parameters were fixed as follows: electrode distance
mm, substrate temperature 350 °C, silane and acetylene
flow 10.0 and 1.2 SCCM~where SCCM denotes cubic cen
timeter per minute at STP!, respectively, and chamber pre
PRB 620163-1829/2000/62~3!/1801~5!/$15.00
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sure 47 Pa. The substrates were glass~Corning 7059! and
monocrystalline silicon wafers, for optical, electrical, and i
frared measurements.

The refractive index and the optical gap as a function o
power are presented in Fig. 1. Both trends, increase ofn and
decrease ofE04 as a function of rf power, are due to a d
creasing incorporation of carbon in the films, with reduc
nucleation of carbon clusters. IR absorption spectra of si
lar films, Fig. 2, show a decrease~i! of the intensities of the
Si-CHn vibrational modes at 780 cm21,2 ~ii ! of the band
2000–2100 cm21 ~attributed to stretching vibrations of SiHn
and/or C-SiH groups,2,21!, and ~iii ! of the band 2800–3000
cm21 ~assigned to stretching vibrations of CHn groups! in-
creasing the rf power.22 The Urbach energy decreases fro
92 to 60 meV, with a density of states varying from 1
31017 to 331016cm23, in the range 1.5–16 W. The in
crease of the refractive index and the decrease of the Urb
energy indicate that the film structure was relaxed and
comes more dense with the rf power raise.

The lowering of the carbon content in films using ace
lene makes these results comparable to those found
methane-based films, under hydrogen-dilution conditions19,20

to preparing mixtures with silane and this seems to mak
acetylene attractive. This makes interesting a more d
electrical characterization.

The electrical resistivity was measured by using an el
trometer~Keithley 617! in the V/I configuration with an in-
put impedance greater than 1016V. Two Au contacts~5 mm
apart! were evaporated onto the outer surface of the sam
and thermally treated at 450 K for 1 h in anoven filled with
nitrogen. Fine gold wires were soldered to Au strips by
ultrasonic welder. After this, the samples were inserted i
small furnace evacuated to'1021 Pa and equipped with a
temperature controller. A completely automatic system w
used to measure the resistivity as a function of the temp
ture. The measurements were done in two different but c
secutive runs: the first one starting from room temperat
~RT! and going to high temperature~heating! and the second
one coming back to RT~cooling!. The acquisition of theI -V
data started only when the error on settled temperature
1801 ©2000 The American Physical Society
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TABLE I. Deposition data and some physical properties of the samples used for electrical characterization: rf power,W; thickness,d;
optical gap,E04 (a5104 cm21); refractive index,n; room-temperature dark conductivitysd , and photoconductivitysph; and r, ratio
betweensd andsph. The fluxes of SiH4 and C2H2 where kept constant to 10 and 1.2 SCCM, respectively, while the substrate tempe
was fixed at 620 K.

Sample W
~W!

d
~nm!

E04

~eV!
n sd

S cm21
sph

S cm21
r

248 2 1330 2.21 2.66 1.4310212 1.7531029 1.33103

249 4 1300 2.17 2.73 1.3310212 5.931029 4.63103

253 6 580 2.07 2.93 2.9310213 1.231028 4.23104

251 8 450 1.99 2.97 2.9310212 3.231028 1.13104

254 12 540 1.94 3.14 8.2310212 1.331027 1.53104
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less than60.5 K. We always measured under slow heat
or cooling conditions: in fact, the temperature rate can
estimated to about 231022 K/s. Each point of the experi
mental resistivity curves was computed by averaging ove
acquisitions forI, V andT.

Figures 3 and 4 show the behavior of the electrical re
tivity as a function of 1/kT for samples deposited at 2 and
W, respectively~Table I!. We have to note the high value o
the room-temperature resistivity in all samples: it is alwa
.108 V cm. Choiet al.15 found a relation between the num
ber of Si-H bonds (NSi-H) and the conductivity: a highe
value in NSi-H resulted in a lower conductivity, i.e., in
higher resistivity. According to this, our samples seem
show a high value of Si-H bonds with a low density of si
con dangling-bonds.

Two well-defined behaviors~curve with jumps or peaks!
can be identified in all these measurements: to our b
knowledge these are the first results ever reported in the
erature fora-SiC:H.

We will describe in some detail the whole resistivi
curve as a function of the temperature for sample 248~Fig.
3!. The first part of the resistivity curve, measured during
heating cycle ~squares!, has a constant behavior (r'9
3109 V cm) from room temperature up toT'380 K. In-
creasingT over 380 K, three well-defined jumps are clear
evident atT'435, 440, and 490 K on the descending beh
ior of r. When T reaches'650K (r'23104 V cm), we
started the cooling cycle, and up toT'510 K the two r

FIG. 1. Refractive indexn ~squares! and the optical gapE04

~triangles! as a function of rf power.
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curves~heating and cooling! superimpose perfectly. Still de
creasingT, the resistivity curve~triangles! presents again
three jumps atT'470, 450 and 420 K. After this last jump
r decreases still lightly, and forT'380 K, it superimposes
perfectly to that measured during the heating.

Della Meaet al.4 presented conductivity as a function o
the annealing temperature ina-Si:H. We replotted their data
as resistivity in Fig. 3. The curve evidences the same beh
ior found in several of our samples. The large step of te
perature increase (DT5100 K), could have masked th
jumps, if any.

The peak-shaped behavior is shown by resistivity cur
as a function ofT for sample 251~Fig. 4!. Both r curves
~heating and cooling! evidence a well-defined peak, shifte
towards higher temperatures for the return~cooling! resistiv-
ity curve: DT is '80–90 K. The two curves superimpos
only in the temperature range 600–750 K. The cooling cu
evidences a peak for 500,T,600 K and, after this, the cool
ing resistivity curve moves parallel to the heating one, ev
if with values lower by more than one and a half orders
magnitude. The room-temperature resistivity measured at
beginning of the heating run~squares! is r'53108 V cm,

FIG. 2. IR absorption spectra fora-SiH12xCx films deposited at
four different powers. The absorption region 2800–3000 cm21 is
shown in the inset.
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while the resistivity at the end of the cooling run is 107 V cm
at T5300 K.

All the other samples show similar behaviors: we fou
in some cases curves with jumps and others with peaks

It was possible to define an activation energy of the c
ductivity, Es , only for T.500– 550 K. In all cases,Es

FIG. 3. Electrical resistivity as a function of temperature f
sample 248~right scale!: squares are for the heating run and t
angles for the cooling run. Jumps are magnified in the inset.
curve with circles is taken from Ref. 4, Fig. 6, converting data fro
conductivity to resistivity~left scale!.

FIG. 4. Electrical resistivity as a function of temperature f
sample 251: squares are for the heating run whereas circles ar
the cooling run.
-

ranges between 0.40 and 0.48 eV, four or five times low
than the optical gapE04 of the samples~Table I!.

The behaviors of the resistivity curves~peak or jumps!,
measured as a function of the temperature, seem to im
different rearrangement mechanisms of the amorphous s
ture. We found, in general~i! a reversibility of the starting
and of the ending parts of the resistivity curves for ea
sample, with two exceptions: one of these is presented
Fig. 4. However, for these two samples, if, at the end of
cooling run, we perform a thermal treatment at 550 K for
h, the resistivity of the sample comes back to the RT start
value of the heating run, so closing the ‘‘cycle;’’~ii ! effects
of thermal hysteresis present in the central part of the cur
as shown in the inset of Fig. 3.

Do all these facts mean that the structure of the films
metastable? Does repeated thermal annealing modify
structure of the films?

We can reject the hypothesis of a possible crystallizat
of the structure for several reasons.

~a! The whole measuring cycle~heating and cooling! can
be repeated, with the same features, many times. We ver
this property in all samples: the only need is for a therm
treatment at 550 K for 1 hour before each measuring cyc

~b! Data in the literature8,16 define the starting temperatur
for crystallization of ion-implanteda-SiC:H to about 1100 K
or higher. The thermal treatment can only induce a re
rangement of the bonds and/or a reduction of the numbe
defects. Nuclear measurements4 and annealing of the optica
properties5 are evidence that up toTA'700 K, thermal de-
sorption of H is very poor. Dattaet al.23–25 proposed the
existence of a characteristic temperatureT0 for the onset of
the first stage of micro- or polycrystallization in anneal
disorder-dominated systems.

We applied Datta’s method to our experimental data, p
ting the resistivity as a function of the inverse anneali

e

for

FIG. 5. Plot of ther points at 1/kT,19 eV21: the lines are the
behaviors extrapolated according to Datta.24 Squares are data o
Fig. 3, while triangles are those of sample 254~not presented in the
text!.
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temperature, and then extrapolating the resistivity curve
high annealing temperature to evidence for the character
temperatureT0 if any ~Figs. 5 and Fig. 6!. The results indi-
cate that an equilibrium temperature exists for samples

which r curves present peaks~Fig. 4!, and it doesn’t exist
ifjumps are present~Fig. 3!. The equilibrium temperature i
about 1100 K, much higher than the maximum anneal
temperature~about 700 K! used in our experiments.

Zhang et al.5 quote T05TA51370 K as the transition
temperature to microcrystallization, while El Khakaniet al.6

found that annealing up to about 950 K does not influe
NSi-C, NSi-Si, andNSi , mainly due to the presence of stru
tural disorder. Magafas9 from the trend of the Tauc’sB pa-
rameter suggests that the structural disorder ofa-SiC:H is not
affected by thermal annealing up to 950 K. Mencarag
et al.18 in magnetron sputtered samples found a lower cr
tallization temperature~about 900 K!.

~c! X-ray diffraction curves both for as-grown sampl
and at the end of the heating run were measured. The ov
shapes of the spectra are similar, peaking at 2Q'25° with a
full width at half maximum~FWHM! '7°–8°, Fig. 7. Both
the shift of the peak position towards lower 2Q values, com-
pared to crystalline SiC(2Q'27° – 28°),5 and the FWHM
value are typical of an amorphous material. Figure 8 sho
the height of the peak at 2Q'25° both for as-deposited an
measured samples as a function of rf deposition power,
All the curves were acquired with the same total number
counts. The height of the peak decreases linearly about
when W increases from 2 to 8 W, and then it is constant
to 12 W for as-grown samples. On the contrary, annea
samples evidence a peaked behavior with the maximum
W.

Höfgenet al.26 found two well-separated annealing stag
in ion-implanted and -annealed samples, withT'1000 K
as a transition temperature between the two stages. T

FIG. 6. Plot of ther points at 1/kT,17 eV21: the lines are the
behaviors extrapolated according to Datta.24 Squares are data o
Fig. 4, while circles are those of sample 253~not presented in the
text!.
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x-ray diffraction curves for samples in the first stage of a
neal are similar to ours, showing that no recrystallizati
hastaken place.

Furthermore, the coupling between hydrogen prese
and evolution ina-SiC:H films with compressive or tensil
stress, respectively,13 cannot be considered to interpret ther
curves. In fact, the compressive stress evolves for temp
tures greater than 750–800 K, and the diffusion of hydrog
starts forT.900 K.16 Beyeret al.27 reported on the presenc
of a low-temperature (T'700 K) exodiffusion peak of hy-
drogen in samples whereC.10%. In our samples, due ton
andE04 values,C ranges between 10% and 22% according
W, and theH exodiffusion temperature is very near to th
upper limit of our annealing temperature. Moreover, as p
viously said, we have to remember that a thermal treatm
at 550 K for 1 h completely restores the resistivity value
Therefore, we may exclude an exodiffusion of hydrogen.

All these experimental facts can allow, in our opinion,
explanation of the behaviors of the resistivity in terms
reversible rearrangement of the amorphous network.
et al.28 using repeated thermal annealing of the infrared

FIG. 7. X-ray diffraction curves for sample 247 in as-grown a
thermally treated states.

FIG. 8. Height of the peak at 2Q525° ~Fig. 7! plotted as a
function of rf power for as-deposited~squares! and annealed
~circles! samples.
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sorption, found that a significant fraction of carbon atoms
introduced into the films in CH3 configuration, forming local
voids, polysilane chains, and dangling-bond defects. O
after high-temperature anneal are the hydrogen atoms dr
out, with silicon and carbon atoms reconnected to form
better amorphous carbon network. El Khakani13 found that
Si-H, C-H, and Si-C bond densities depend on the annea
temperatures when greater than about 800 K and the bo
hydrogen is constant up to about 900 K.

Our maximum annealing temperature was about 750
and the thickness of the film ranged between 0.5 and 1mm.
The fundamental point of our measurements is the comp
restoring of the resistivity values. The curves are not reve
ible, due to the different paths for heating or cooling ru
But, we can restore the original state of the sample by do
a thermal treatment at the end of the cooling run.

A model attempting an interpretation of all these resu
has to consider reversible evolution of the network: in fa
as previously discussed, we have to exclude crystallizat
So, we have to consider the bonds, the bond angles, and
changes as a function of the temperature in the first stag
the annealing, as defined by Ho¨fgen.26 We have also to take
into account the results of Lin28 about the constraint origi
nated by the presence of CH3 molecules for the formation o
J
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voids in the network ofa-SiC:H. So, we can suppose that th
presence of a large number of voids allows the network
accommodate for bond length and angle variation. At
same time, hydrogen atoms can move inside the voids, o
changing the decoration of the inner wall with their dangli
bonds, not their density.

Our affirmations need to be supported by other meas
ments and structural characterizations, for example, IR
sorption and x-ray diffraction performed during the tempe
ture runs. In this way it could be possible to elucidate t
nature of the jumps and peaks in ther curves.

In conclusion, our films, grown at low power density
the considered range of thermal annealing, maintain
amorphous structure, and the thermal treatment seems to
duce only rearrangements of the bonds. The resulting st
ture determined by the thermal annealing is restorable ev
tually with a thermal treatment before starting with a ne
measure. A clear trend of the electrical and structural pr
erties as a function of the carbon content cannot be
denced, even if the value of 8 W for rf power seems to m
a possible changeover.

This work was supported by Istituto Nazionale per la F
sica della Materia~INFM!.
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