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The temperature dependence of the dc and ac conductivities has been studied in sputtered amor-
phous carbon films. The dc conductivity is proportional to 7" with n =15-17 below room temper-
ature. The mechanism is discussed in terms of the mobility-edge conduction, variable-range hop-
ping, and small-polaron hopping. Quantitatively, these models could not interpret the observed be-
haviors. Instead, the multiphonon tunneling of localized electrons with weak electron-lattice cou-
pling is suggested to be the dominant transport mechanism. This may be attributed to the 7-bonded
nature of sputtered amorphous carbon. The ac conductivity is strongly correlated to the dc conduc-
tivity, which has never been explained by the current theories based on the pair approximation. Al-
ternatively, the continuous-time random-walk approximation is shown to be a useful approach.

I. INTRODUCTION

It is believed that amorphous carbon (a-C) prepared by
evaporation or sputtering is predominantly sp? bonded
with an optical gap of 0.4-0.7 eV.!™* At a carbon sp?
site, there are three strong o bonds and one weak 7 bond
lying normal to the o bonding plane. The 7 states will
form both the valence- and conduction-band states.>*
The sp? sites must be clustered together in aromatic
units.> The large size of such clusters could produce lo-
calized states near the Fermi level Ep.>

The effect of disorder in a m-electron system is there-
fore of particular interest. The present authors® have
shown that the temperature dependence of the dc con-
ductivity in sputtered a-C is empirically described by
04.=0oT", with n =15-17, which may suggest that the
nonpolaronic multiphonon tunneling of localized 7 elec-
trons (weak coupling with lattice) dominates charge
transport.

Measurement of ac conductivity could provide direct
information about the hopping rate of localized electrons.
In the present study, the temperature dependences of
both dc and ac conductivities are reported. Possible
transport mechanisms, mobility-edge conduction, vari-
able-range hopping (single-phonon process), and multi-
phonon hopping with strongly (small-polaron) and weak-
ly coupled states, are discussed. It is suggested that the
conventional mobility-edge conduction or small-polaron
conduction could not explain the overall features of
transport in a-C. It is also found that the ac conductivity
is strongly correlated with the dc conductivity. This
feature, which has never been explained by the current
theory based on the pair approximation,’ is interpreted
well in terms of the continuous-time random-walk
(CTRW) approximation.®?®

II. EXPERIMENT

Thin films of a-C were prepared on Corning 7059 glass
substrate with a bottom Au electrode by rf (13.56-MHz)
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sputtering of a 60-mm-diam graphite target (99.999%) in
argon gas (0.18 Torr). The forward power applied to the
target was 100 W and the substrate was held at 20°C.
The deposition rate under these conditions is approxi-
mately 0.6 A/s. Front contacts were made of Au by
thermal evaporation. Annealing of samples was done at
400°C (1 h) at 3X107 % Torr. The ac conductivity was
measured using a capacitance bridge (Ando TR-1C).

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. dc conductivity

The solid circles in Figs. 1 and 2 show the temperature
dependence of dc conductivity (o 4.) for as-deposited and
annealed (400°C, 1 h) films of 0.6 um thickness, respec-
tively. Annealing results in an increase in o4, as found
by several authors.!®!2 The activation energy decreases
gradually as decreasing temperature, suggesting that
the transport mechanisms are thermal activation to
the mobility edge at higher temperatures and vari-
able-range hopping at lower temperatures. o,  for
mobility-edge conduction is approximately given by
eN_.uyexp(—AE /kT), where u, is the microscopic elec-
tron mobility and N, is the effective density of states for
the conduction band (carrier is assumed to be electron).
AE is hard to estimate because there is no good straight
line in the Ino gy, versus 1/7 curve even for higher tem-
perature. Taking, for example, AE ~0.5 eV for the as-
deposited film, and assuming the conventional values of
to~10 cm?V~'s !l and N, ~10" cm™3, g4, at 300 K is
estimated to be 6X 1078 Scm ™!, which is about one or-
der larger than the experimentally observed value (see
Fig. 1). This suggests that either or both the values of N,
and p, should be considerably smaller than those of as-
sumed values, predicting that the band-edge conduction
cannot be dominated by the other transport path. Ther-
mopower (TP) measurement could produce information
about the transport path.'»!* The small thermopower
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FIG. 1. Temperature dependence of the dc conductivity for
the as-deposited a-C film. Solid circles are experimental results
and solid lines are calculated results of the nonadiabatic small-
polaron hopping.
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FIG. 2. Temperature dependence of the dc conductivity for
the annealed a-C film. Solid circles are experimental results and
solid lines are calculated results of the nonadiabatic small-
polaron hopping.
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(several uV/deg) and the lack of its temperature depen-
dence, which was observed in a-C by Grigorovici et al.,!?
suggest that the transport path lies near the Fermi level
(not the mobility edge), although TP measurements have
not been made in the present films.

Let us check the possibility of transport in localized
tail states near the mobility edge. The dc conductivity is
written by'*

oge=e [ g(EYWE)f (E)1~f(E)lE , (1)

where g (E) and u(E) are energy-dependent density of tail
localized states and mobility, and f(E) is the Fermi dis-
tribution function. As the g(E) and u(E) decrease rapid-
ly whereas f(E) decreases with decreasing energy (to-
ward the Fermi energy Ey), the conduction path shifts
toward Ej as the temperature is lowered, yielding nonac-
tivated transport such as is shown in Figs. 1 and 2. How-
ever, tail state conduction should also yield large TP and
strong temperature dependence of TP. From the above
consideration, it is preferred that the transport path lie
near E in the present a-C.

The localized 7 states may form a continuous distribu-
tion across the band gap and electronic conduction by
variable-range hopping'® (Ino 4.« T~!/*) is expected to
occur in a-C as in the same manner as tetrahedral a-Ge
and a-Si.”® It is of interest to examine whether the
variable-range hopping predominates dc conduction.
The T~ !/* plot of dc conductivities for as-deposited (a)
and annealed (b) films are shown by open circles in Fig. 3.
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FIG. 3. Temperature dependence of the dc conductivities for
(a) as-deposited and (b) annealed a-C films. Temperature scale
is T7'/%. The fits of variable-range-hopping theory to data at
higher temperatures are shown by the solid lines and those at
lower temperatures are shown by the dashed lines.
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The experimental results are not described by a single
straight line over the measured temperature range. The
fits to the data at higher temperatures are shown by the
solid lines and those at lower temperatures are shown by
the dashed lines. It is hard to distinguish from the figure
which line (solid or dashed) correctly describes the T~ 1/4
behavior.

The variable-range hopping theory predicts the tem-
perature dependence of o4, for three-dimensional materi-
als as

Ino,=A—BT 4, 2)

where A and B are constants. The theory reproduces
many experimental data, particularly for o-defect amor-
phous Ge and Si.!* The parameter B has been used to es-
timate the density of states at the Fermi level N(Ep),
whille6 1s7ome difficulties of this theory have been pointed
out. ™

N (Ef) here is estimated from 16a®/kB*, where ¢! is
the effective Bohr radius of localized electrons and k the
Boltzmann constant. Assuming a” '=10 A, although
this value may be smaller than the practical value for a-C
because of the delocalized nature of 7 electrons, N(Ef)
for high-temperature fitting (solid lines) is estimated to be
3X 10 and 7X 10" cm ™3 eV ! for as-deposited (B =274
K!7%) and annealed (B =224 K!/*) films, respectively.
N(Ep) for low-temperature fitting (dashed lines) is es-
timated to be 4X10' and 1X10'7 cm™3eV~! for as-
deposited (B =251 K!/*) and annealed (B =204 K!/4)
films, respectively. These values, perhaps an upper limit,
seem to be unreasonably small. It is expected that the
density of defect is much higher than that of m-defect
(10"8-10%° cm™%eV™!) 4-Ge and a-Si.>* It is hence
suspected that the dc transport cannot be dominated by
the variable-range hopping. This may be attributed to
weak localization of 7 defects (large effective @ !): The
probability of single-phonon hopping decreases with in-
creasing a 1.}

Nonactivated dc transport observed here is similar to
that for the small polaron which is formed in the strong
electron-lattice coupling.!® 720 It is of interest to know
whether the experimental results can be interpreted in
terms of the small-polaron hopping. Before proceeding
with the discussion, we summarize the small-polaron
hopping theory?® in which both the acoustic and optical
phonons are taken into consideration.

%l general, the dc hopping conductivity can be given
by

Oge=n.(eRYT ;. /6kT , 3)

where 7. is the number of carriers, R the hopping dis-
tance, and I',;, the minimum hopping rate.’

If the electron-lattice coupling is strong enough, the
small polaron can be formed in disordered materials.!’
Electrons should couple with both the optical and acous-
tic phonons. Following Holstein,'® Gorham-Bergeron
and Emin?® presented an exact calculation of the nonadi-
abatic multiphonon transition rate for the small polaron:
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where J;; is an electron transfer integral between sites i
and j, and A the energy difference between sites i and j.
EP,EZ, EP, and E% are defined as follows:

op— # | 2Ep® fio, | ,
P= csc @, ,
4kT | ho, 2kT
Ea= 7 1 2857 csc ﬁa)g’ac w?
¢ 4kT N < | fiwg 2kT | &
(5)
2kT -
EP= - EgPtanh 4k;" ,
E%= 1 > 2kT E}°tanh ——ﬁwg’ac
4N g, |0 4kT |’

where w, is the mean optical frequency (small dispersion
of optical mode is assumed here), @, ,. is the acoustic
phonon frequency at wave vector g, and N is the number
of phonon modes. Two energies, E P and Ej°, are the po-
laronic binding energies related to optical and acoustic
phonons, respectively.

The solid lines, (a), (b), and (c¢) in Fig. 1, are calculated
results using Egs. (3)—(5). The phonon density of states
was approximated to be g(v) «+? for an acoustic phonon
with a cutoff (Debye) frequency v, and the mean optical
phonon frequency was assumed to be vy=3v,. One of
the important physical parameters is the Debye frequen-
cy which determines the shape of curve. The curves,
Figs. 1(a), 1(b), and 1(c), are for v,=2.5X10'%
5.5X10'2, and 1X 10'3 s}, respectively. The other phys-
ical parameters required for calculation are taken to be
E}=E=0.5 eV, A=0.015 eV, n.=1X10"® cm™3
which is qgoted from the electron spin resonance (esr),’
and R =5 A which may be reasonable for the average site
separation of small-polaron hopping. Fitting to experi-
mental data [curve shown in Fig. 1(b)] produces J;;=1.0
eV. It should be noted, however, that estimated Jy; (1.0
eV) seems to be very much larger than that (<0.1 eV)
predicted for the nonadiabatic treatment of the small po-
laron:'® Beyond this value (~0.1 eV), Eq. (4) cannot be
applied to the nonadiabatic small-polaron hopping.?° By
assuming J;;=0.1 eV, n,=1X10% cm ™ is required for
fitting, which seems to be too large for the carrier densi-
ty.
The solid lines, (a), (b), and (c) in Fig. 2, are calculated
results for v, =3.5X10'2, 7.0X10'%, and 1.5X 1013 s},
respectively. Other physical parameters used for the cal-
culation are the same as those for as-deposited film. Fit-
ting to experimental data [curve shown in Fig. 2(b)] pro-
duces J;;=4.5 eV, which is too large for nonadiabatic
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hopping of the small polaron.'® When J;;=0.1 €V is as-
sumed, n, =2 X 10?! cm~? is required, which may also be
too large.

The above results suggest that the small polaron could
not dominate dc transport in a-C, although the qualita-
tive nature is well explained by the small-polaron hop-
ping theory.?® The small polaron cannot be formed when
the extent of localized states is larger than the average
lattice spacing.!®!® The origin of the defect states in a 7-
electron system should therefore be considered. Robert-
son® suggested that the deep localized states originated
from large m-bonded clusters: The wave function is delo-
calized across its cluster and the electronic hopping
should occur between clusters. The large-radius localized
electrons could couple most effectively to long-
wavelength (acoustic) phonons v, which are given by
(ag/a ')y, where a, is the average lattice spacing.?!
The delocalized electrons across its cluster will behave as
pointlike defects with large @ ~!. Hence, a ™! here should
be taken to be cluster size /. which behaves as “defect.”
Taking /. ~60 A, which is somewhat arbitrary but is con-
sistent with the prediction by Robertson,’ and vp =390
K for graphite, vy~2X 10! s7! (Ty=hvy/k ~10 K) is
estimated by assuming ag~1.5 A. Asthe binding energy
in Eq. (5) under this situation is approximately given by
Ef(ay/1,)%," the electron-lattice coupling is expected to
be considerably smaller and hence no small polaron can
be formed in a-C. It is also believed that the single-
phonon hopping process is not expected to occur for such
a small v,. 1>2! We should next consider the multiphonon
process with weak-coupling states.

The configurational coordinate diagram for a weak
coupling is shown in Fig. 4. The energy E,, in Fig. 4 is
the measure of coupling strength.. The nonradiative

energy Em

_.ﬁ.q

configuration

FIG. 4. Configurational coordinate diagram expected for lo-
calized states in the weak electron-lattice coupling.

recombination (phonon emission) rate with weak cou-
pling is given by'*2?

R(A)=Cexp(—yp)[1—exp(hvy/kT)]?, 6)

where C~vy, Yy=In(A/Ey)—1, and p=A/hv,. The
multiphonon hopping processes must involve absorption
and emission of p phonons. The absorption process is
proportional to the Bose factor to the pth power as
[exp(hvy/kT)—1]"P7. Under the condition of hvy<<kT
(high population of phonons), the rate R (A) for the emis-
sion will be the same as that for the absorption and is
proportional to (kT /hvy)?. Thus Eq. (6) can be applic-
able to the present hopping problem. The electron over-
lapping term, which may be given as exp(—2YR’), where
R’ is the actual hopping distance and is roughly given by
R —2I,, and Y is the tunneling parameter, is implicitly in-
cluded in a constant C. R is the average center-to-center
distance between clusters. The parameter y is the mea-
sure of coupling strength. Note that Eq. (6) is similar to
the multiphonon jump rate for weak-coupling states de-
rived by Emin'® (see Appendix). o4 is obtained from
Egs. (3) and (6). As n, in Eq. (3) must be given by
N(ER)kT and R(A) here should be I' ;,, o4, is propor-
tional to T?. The value of p should be an integral num-
ber. However, if A or v, distributes around a certain
mean value, p will be nonintegral.

The same data as Figs. 1 and 2 are replotted on a loga-
rithmic T scale in Fig. 5. Data, Fig. 5(a) for as-deposited
and Fig. 5(b) for annealed, are well fitted by the straight
lines for all measured temperatures, showing that the log-
arithmic T plot is better than a T~ !/4 plot. This shows
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FIG. 5. Logarithmic temperature dependence of the dc con-
ductivities for (a) as-deposited and (b) annealed a-C films.



7582

04 is proportional to T", suggesting that the multipho-
non hopping with weak-coupling states dominates elec-
tronic transport in a-C. The values of n are 17.4 and 15.1
for as-deposited and annealed films, respectively.

B. ac conductivity

Before evaluating physical parameters n., R, and " ,
which appeared in Eq. (3), we turn to ac conductivity
which will give information about the hopping rate. The
ac conductivity o, for many disordered materials can be
empirically described by o,.= Af° at high frequency,
where A and s (< 1.0) are usually temperature-dependent
parameters.”>2* This relation can be interpreted either
by the quantum-mechanical tunneling®?® (QMT) or
correlated barrier hopping (CBH).?” These models are
based on the pair approximation in which the motion of
the carrier is contained within a pair of sites. If the dc
and ac conductivities arise from the same hopping mech-
anism, the pair approximation cannot be applied.”»?* As
the dc conductivity for a-C is expected to be dominated
by the hopping process, the continuous-time random-
walk (CTRW) approximation® originally developed by
Scher and Lax® may be the appropriate approach.

In the CTRW, ac conductivity is given as?®

glw)=K , (7)

-1
F+iw>

-iw+<

where K is a constant and (1/(I'+iw)) denotes the
average over jump frequency distribution P(I"). Under
the condition P(I') < '™}, which is encountered in most
of the disordered materials,?>2* a simple form of ac con-
ductivity is given by’

— ioT

e (1 +ior)
where 7 is the maximum hopping time and approximately
equal to I} in Egs. (3) and (6). It is noted that o, is
strongly correlated to the dc conductivity. Thus the mea-
surement of ac conductivity could provide knowledge of
the hopping rate of localized electrons.

Figures 6 and 7 show the ac conductivity (o,.) for vari-
ous temperatures in as-deposited and annealed films, re-
spectively. o, is proportional to f° at higher frequen-
cies, where f is the frequency and s is the temperature-
dependent parameter. The observed features are similar
to those observed for many amorphous semiconduc-
tors.»2* At higher temperatures and lower frequencies,
the magnitude of o, approaches the dc conductivity o 4.

As discussed in Sec. III A, dc conduction seems to be
dominated by hopping of localized electrons. The ac
transport could arise from the same hopping mechanism.
To analyze ac conduction for this case, the CTRW ap-
proximation must be a proper approach.’ The solid lines
in Fig. 8 show the calculated o, (real part) at 323 K us-
ing Eq. (8), where o 4 is set to the experimental value (see
frequency-independent conductivity in Fig. 8). The I' .
shown by the arrow is chosen to obtain the best fit, lying
close to the onset frequency at which conductivity be-
comes frequency dependent. The CTRW calculations

(8)

ol(w)

K. SHIMAKAWA AND K. MIYAKE 39

323K

295K

243 K

e (Semih)
5.'_ 3,
© 1 ad

193 K

143 K as deposited
10_124 88 K
T T T T T T
10’ 103 105

f (Hz)

FIG. 6. Frequency-dependent conductivities as a function of
temperature for the as-deposited a-C film.

agree very well with experimental o, at 323 K for both
films. T, for the annealed film is about one order larger
than that for as-deposited film. It is clear that the hop-
ping rate can be estimated from ac conductivity measure-
ment.

Temperature dependence of ac conductivities as a
function of frequency for both films is shown in Figs. 9
and 10. Solid circles and solid lines are experimental re-
sults and calculations, respectively. o4 in Eq. (8) is cal-
culated by taking n, =N (Ep)kT ~1X10'"® cm ™3 at 300
K, which is inferred from the ESR data,> and
R~n;'3~100 A. The best fit to as-deposited film is ob-
tained for I';;=R(A)~2X10"2[T/(10 K)]'"* s~
Taking the same n. and R for annealed film, which must
be a valid assumption since the spin density (10'8-10"°
cm™?) is relatively independent of annealing,z'29 the best

107 323 K
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10 7 138K
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FIG. 7. Frequency-dependent conductivity as a function of
temperature for the annealed a-C film.
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FIG. 8. Calculated (solid lines) and experimental (solid cir-
cles) ac conductivities at 323 K for the as-deposited and an-
nealed films. The hopping rate T',;;, [Eq. (6)] is shown by the ar-
row.

fit to annealed data is obtained for I’ ; ~6
X10~P[T /(10 K)]'>! s71. The calculated results agree
with experimental data except for 30 kHz. Disagreement
between calculation and experiment at 30 kHz may be
due to an onset of quadratic dependence of f on o,  (see
Figs. 6 and 7), which has been usually observed in many
amorphous materials around this frequency.?»?* It is
suggested that the increase in o4, upon annealing could
be due to an increase in multiphonon hopping rate [not
due to an increase in N (Eg)].

® experiment
calculation

as deposited 30 Hz

1000/T (K™

FIG. 9. Temperature dependence of the ac conductivity for
the as-deposited a-C film. Solid circles are experimental data
and solid lines are calculated results.
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FIG. 10. Temperature dependence of the ac conductivity for
the annealed film. Solid circles are experimental data and solid
lines are calculated results.

Finally, the physical parameter ¥ which appeared in
Eq. (6) should be made to check the validity of the weak-
coupling model. Cexp(—yp)=2X10"2 s7! and
6X 1071 s~ for as-deposited and annealed films, respec-
tively, yield the same y =4.5. This y value is different
from ¥ =4.1 in the preceding paper® in which the elec-
tron overlapping term was taken into account. As the
overlapping term is implicitly included in the constant C,
we could neglect this term here. The estimated y value
here may satisfy the weak-coupling condition: Robertson
and Friedman®® require the condition of E, /hv,<<1.
Englman and Jortner,>® on the other hand, have shown
that the weak-coupling regime should satisfy the condi-
tion of G =(Ey /hvolkT/hvy)S1. y=4.5 leads to
A/Ey =phvy/Ey ~245, which provides E,; /hvy~0.07
with p =17.4, yielding G ~2.1 for 300 K and G ~0.7 for
100 K. Emin'® required a more severe condition, G <<1,
for weak-coupling states. However, as will be shown in
the Appendix, G ~2 would still satisfy the weak-coupling
condition for relatively large p. Thus we conclude that
the multiphonon hopping of localized electrons could
dominate electron transport in a-C. The increase in o,
by annealing cannot be due to an increase in the carrier
number n,,” since the spin density (10'¥-10'° cm™3) is
relatively independent of annealing.??° This is due to an
increase (one order) in the hopping rate I',,;, for annealed
film.

min

IV. CONCLUSIONS

The temperature dependence of dc and ac conductivi-
ties were studied in both the as-deposited and annealed
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a-C films. The dc conductivity is proportional to T",
with n =15-17 over a wide temperature range. This
nonactivated temperature dependence cannot be ex-
plained by mobility-edge conduction or variable-range
hopping or small-polaron hopping. This might be attri-
buted to the nature of 7 electrons which are not severely
localized. The interaction of a 7 electron with the lattice
can be weak and the nonpolaronic multiphonon process
is expected to occur. The ac conductivity is strongly
correlated to the dc conductivity and was interpreted in
terms of the continuous-time random-walk approxima-
tion. It was shown that the hopping rate could be es-
timated from the CTRW approximation.

ACKNOWLEDGMENTS

The authors would like to thank Professor N. F. Mott
for useful comment on a disordered m-electron system.
We also wish to thank Dr. D. Emin for comment on the
multiphonon process.

APPENDIX

The multiphonon jump rate R (A) of localized elec-
trons coupled to one vibrational mode w, has been de-
rived by Emin:"°

R(M=K 3 [L(z)cospd,)] >

n=-—oo

z =(2E, /fiwy) A, csch(#iwy/kT) ,

(AD

where K is a certain characteristic frequency (probably an
order of ), I,(z) the modified Bessel function given by
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© (22/4)k
Ip(z)=(z/2)”k2 (A2)

< k'T(p+k+1)’
and E, the binding energy (measure of coupling
strength), 4, the lattice relaxation amplitude function,
and ¢, the lattice relaxation-phase shift.

In the weak-coupling limit (z ~0), R (A) is given by

R (A) < [(4E, /#iwo)( kT /#a) ¥ /p! (A3)

where kT >>%w, is assumed. When p is large, the Stir-
ling formula can be used as??

1 _
1/pl~——p~? .
/P V2mp p~"exp(p)
Writing
4E, |7 A 4E,
ha)o —exp hwo n ha)o
and
_ —(A/iwg) A A
P=(A/# 0= ——In |— ,
P ( / wO) X ’h(L)o ﬁﬂ)o
Eq. (A3) is rewritten as
R (A) <exp(—ypNkT /hawy)V , (A4)

where ¥y =In(A/4E,)—1. Emin'® requires the condition
of G =(4E, /fiwgkT /fiwy) <<1 for weak coupling.
However, when p is large (around 15), the small-
argument approximation [Eq. (A3)] can still be valid even
for G ~2 [see Eq. (A2)].
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