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AC electrical properties of 410 nm thick 30 at.wt% Cu-70 at.wt% GeO, thin films are
reported for the frequency range 10* to 106 Hz and temperature range 150 to 425 K. The
loss tangent (tan §) and the dielectric loss (¢”/¢g) are found to show striking minima around
a cut-off frequency ~10° Hz. In the lower frequency range (<10° Hz), oq(w) x 0°T" is obeyed
with s (0 to 0.51) increasing as a function of temperature and n (0.10 to 0.14) showing a very
weak temperature dependence. In the higher frequency region (>10° Hz), o1(w) and €" /¢y
increase sharply leading to the quadratic behavior of o1(w) with s equal to 2. These
processes are discussed by analyzing an equivalent circuit which shows that at lower
frequencies, the effects of series resistance in leads and contacts can be neglected, while at
higher frequencies such effect give rise to spurious w? dependance for the conductance. A
weakly activated AC conductivity and a frequency exponent s that increases with increasing
temperature suggest that the low frequency behavior originates from carrier migration by
tunneling process. © 2000 Kluwer Academic Publishers

1. Introduction in the mobility gap formed by the structural defects
Cermet films are primarily insulators with metal incor- and impurities. Polaronic hopping was predicted to be
porated. It is widely believed that a multicomponentthe dominant conduction mechanism. Such inhomo-
system like the cermet film consists of discrete metal isgeneties may act as prime sources of dielectric loss
lands dispersed in a continuous insulating matrix [1-5]mechanism which could give rise to the low-frequency
Depending on the metal content, this material can havé<10° Hz) universal behavior for the real part of the
widely varying dielectric properties. Consequently it AC conductivity [14, 18, 19], viz.
has found numerous and varied applications in elec-
tronics and optoelectronics devices [6, 7]. o1(w) o« °T" 1)

Most of the AC loss measurements reported for amor-
phous semiconductors showed pronounced loss peakgherew is the angular frequency of the applied field,
or loss minima in the frequency dependent loss tangeris the absolute temperatuiis a temperature depen-
curves [8-13]. The origin of such behavior is gener-dent quantity whose values lies within0s < 1, andn
ally ascribed to Debye-like dielectric polarization but is the temperature exponentlyinginthe range 0.1to0 0.4.
there are good experimental and theoretical evidencé careful temperature dependent study of the frequency
that such behavior may also arise due to carrier hoppingxponens is expected to be helpful in elucidating the
or tunneling between localized defect states within themicroscopic dielectric relaxation mechanism responsi-
energy gap [9, 14—24]. However, such interpretationdle for the AC loss. In the present studies, the AC loss
are often complicated by the onset of direct current conbehavior was analyzed in terms of an equivalent-circuit,
duction at lower frequencies and by the presence of seand the physical implications of such behavior were in-
ries resistance affects at higher frequencies [9, 19, 21}estigated from the temperature dependent studigs of
Frequently these two affects lead to erroneous inter-
pretations of the experimental data. Therefore, in any
meaningful interpretation of the AC loss data, these2. Experimental techniques
must be carefully considered. 2.1. Film preparation

Our previous works on DC conductivity, Hall effects 410 nm thick 30 at.wt.% Cu-70 at.wt% Gefilms were
and optical absorption [25—-27] reveal the existence ofleposited on ultrasonically cleaned Corning 7059 glass
alarge number of localized states and an impurity bangubstrates by electron-beam evaporation from a single
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graphite boat at a pressurel03 to 104 Pa. Prior to All electrical measurements were taken inside DN

the deposition, Cu and Ge@owders were all mixed 1714 (Oxford Instrument) variable temperature liquid
in a porcelain crucible and pressed in the shape of disdditrogen cryostat at a pressued 02 Pa. The tempera-

in vacuum under a pressure of 8 tons weight. The dis¢ure of the samples was varied in the range 150 to 425 K
was then transferred to the evaporation chamber wher@vithin an uncertainty of about 5%) using a ITC4 tem-
it was melted in the graphite boat using electron beanperature controller. A 0.8y m s was applied to the sam-
with the mechanical shutter covering the source. Thile. The conductancé), capacitanceq), loss tangent
was done to ensure homogeneity of the mixture. ThéD) and the quality factor@) were all measured in the
glass substrates were positioned centrally and the filmfeguency range ¥@o 1¢° Hz using an HP 4275A LCZ
were deposited onto them at a temperature of 303 K angneter in the two-terminal configuration. The HP LCZ
abeam voltage of 4 KV corresponding to abeam currenfneter measures these parameters with a basic accuracy
of 15 mA. The mean deposition rate (3 nm/s) and theof £0.1 to 5%. In the lower frequency range {110
thickness{) were monitored insitu with the help of an 10° Hz) there was a 10 to 20% uncertainty in the values

Edwards FTM5 quartz crystal thickness monitor. of C, G and D whereas in the higher frequency range
all readings were stable. Thus, readings were first taken

in ascending order of frequency and later the steps were
2.2. X-ray and IR measurements repeated in descending order. No significant differences
The amorphous nature of the Cu-Ggiitims and 100%  were observed in the two sets of readings. Furthermore,
Ge(Q, sample was checked by X-ray diffraction mea-the samples were left overnight and the reproducibil-
surements using a Phillips (model PW 1729) X-rayity of the measurements were checked the following
generator and by infrared absorption studies. Specimorning. Again no significant dispersion of the mea-
men for IR studies were evaporated on freshly cleanedurements were observed.
and dried mono-crystalline silicon wafers doped with Measurements were made in the parallel-mode as
boron. Measurements were carried out at room tempeshown in Fig. 1a. A digital offset adjustment func-
ature in the range 400 to 4600 cfnusing a Nicolet tion measured the stray capacitance (0.0002 pF) and
(model 5 DX) infrared spectrometer. An uncoated sili-the residual resistanae(~5 ) inherent to the leads
con wafer substrate was used as a reference to eliminagmd the test fixtures, and automatically eliminated
any possible influence of the substrate. these parasitic effects with respect to the measured

values.

2.3. Conductance and capacitance

measurements 3. Results
Aluminum electrodes of dimensions 4.5 ma2 mm  3.1. X-ray and IR studies
with a gap of 1.5 mm between them were thermallyFig. 2 shows the scans from 1€ 65 (2©) for the
evaporated onto the films to produce a coplanar gecsample and the glass substrate. The scans clearly indi-
metry. The main advantage of using a coplanar geoeate the amorphous nature of the sample. A broad hump
metry is that the large sheet resistance (aboth@@ms  was noticed at® = 23° for the glass substrate. For the
at room temperature) generally masks any contact ef€u-GeQ sample, the hump became diminished signi-
fect and the substrate contribution to the AC loss befying that the observed spectrum is mainly due to the
comes very small [19, 24]. Since the film thicknéss film.
(410 nm) is much less than the electrode separation Fig. 3 shows the infrared absorption spectra for Cu-
d (1.5 mm), the field distribution in the gap may be GeQ, and 100% Ge® films. No vibrational modes
assumed uniform. Ohmic contacts were checked uswere observed in this range. Furthermore, spectra for
ing a Keithley 220 constant current source and a higlCu-GeQ film is practically identical to that of the

impedance Keithley 617 electrometer. GeG film. Because Ge&is known to be an amorphous
G~
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Figure 1 (a) Three element parallel mode; (b) Two element effective parallel mode; (c) Two element equivalent series mode.
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Figure 5 Variation of capacitance with temperature at different frequen-
cies.

1.8

is increased to TOHz. The decrease is more promi-
nent at lower frequencies and higher temperatures. At
higher frequenciesX10° Hz) and lower temperatures
o o (<250 K), capacitance shows very little dependance on
4800 3800 3000 2200 1800 1400 1000 800 600 400 frequency. Fig. 5 shows that capacitance increases as
Wavenumbers (cri") temperature is increased at all frequencies. Throughout
Figure 3 Infrared absorption spectra of (a) 100% Gefdm; (b) Cu- the entire temperature range (150 to 425 K), capaci-
GeO, film. tance shows a weak frequency-dependance.
The variation of loss tangent (tan with frequency
is shown in Fig. 6: it consists of two frequency regions.
material, the identical spectra suggest that film is alsdn the lower frequency region (@0 1° Hz), the loss
amorphous in nature and the cermet matrix is domifactor decreases sharply, showing two loss minima over
nated by Ge@ component. Interestingly, this conclu- a relatively narrow rangey, = 10* to 2x 10° Hz. Be-
sion, and that this composition is well below the perco-yond these, tadiincreases rapidly with frequency. Val-
lation threshold were reached from our previous workgJes ofoy, and tans shift towards slightly higher values
on DC conductivity and Hall effects [25, 26]. with increase intemperature. It will be shown in section
(4.1) that a minimum in taf vs frequency data has no
particular physical significance but which can be related
to a straight forward equivalent circuit analysis.
and dielectric loss with frequency and The real part of the dielectric constart feo) was
temperature calculated from the geometry of the sample. The di-

Figs 4 and 5 show the variation of capacitance with€lectric constante(’/<o) also known as dielectric loss,
frequency at different temperatures and the variatioyvas calculated from the values ef (<o) and tarb using
with temperature at different frequencies, respectivelythe relation,
The magnitude of the capacitance at a given tempera-

ture and frequency lies within the ranggd3x 10~13 tans = & )
to 1.25x 10713 F. It decreases slightly as frequency -
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Figure 4 Variation of capacitance with frequency at different tempera- Figure 6 Variation of loss tangent with frequency at different tempera-
tures. tures.
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TABLE | Values of the AC loss parameters at 150 K 3.3. Variation of the AC cond uctivity with

N Wev) oy freqqency and temperature _
f(kHz) at150-425 K at150-425 K at150 K €’/eg  The magnitude of the conductanGg at a given tem-
perature and frequency was found to lie in the range

10 010 11107 1710 2949 0.16to 15 nS. Since the sheet resistance of the material
20 010 25107 L6x10" 136.7 s very high and the lead resistanceery low, a sim-
40 0.14 3.0¢10°3 1.5x 104 70.3 lei d lculati h H@at is effectivel
100 1.40 30¢ 10-2 11x10-4 o Pleimpedance calculation shows ti@ is effectively
200 057 11x 10-3 6.5% 10-4 562 equal to 1/Rp. Taking the given geometry of the sam-
400 0.70 181073 15x 104 704  ples, the measured conductivity(w) was calculated
1000 0.78 20¢10°3 79x10*  140.0

in the range 10° to 102 S nT%. However, it is known
that AC loss is always accompanied by a DC component
atT >0 K9, 18, 19]. Consequently the DC compo-

3.0 nent must be carefully subtracted freng(w) to obtain
o1(w). For this reason, the zero-frequency DC conduc-
2.51 tivity was measured in the same temperature range i.e.
150 to 425 K.
¥ 20} At high temperatures and low frequencies the DC
§’ conductivity becomes comparable withh(w) and
- 15} therefore o1 (w) can be extracted from,(w) using
ol 01(®) = 0p(®) — 04 ®)
| | However, at lower temperature§, & 303 K), the AC
0.5 il ] L At L)l 1 L L i Ll

T 5 7 4 5 conductivity completely dominates the DC conductiv-
10 1 10 ity at all frequencies and, as such, no subtraction was
necessary. Fig. 8 shows the frequency dependence of
Figure 7 Frequency dependence of dielectric lo8$/€) at different ‘71(‘_‘)) at d}ffgrent temperatures. Two distinct frgquenqy
temperatures. regions similar to those of Figs 6 and 7 are visible. This

behavior suggests that the AC loss in these films may
arise from different physical processes, and that a single
wheree’ ande” are the real and imaginary componentsuniversal power law behavior may not be appropriate
of the effective permittivitye(w) respectively. Some for the entire frequency range.
typical values (at 150 K) are listed in Table I. The real The frequency exponent s was determined from the
part of the conductivity; (w) can be expressed interms slopes of Fig. 8 and, with values determined earlier
of the dielectric loss by, from the slopes of Fig. 7, an average value was cal-
culated. Table Il shows the average values of s as a
e = o1(w) (3) function of frequency in the two frequency regions. At
w low temperatures (150 to 200 K) and frequencies' (10
Using Equation 1, Equation 3 can be re-written as,  t© 1P Hz), conductivity shows an almost frequency in-
dependent behavior with~ 0. At T > 200 K, o1(w)
(@) = 1T (4) shows a slight increase as frequency is increased to-
wards the cut-off value; s increasing in the range 0.30
Fig. 7 shows the variation of log/(/€o) with frequency  to 0.51. At higher frequencies-(0° Hz) Fig. 8 shows
at a given temperature. It shows a similar frequencythato:(w) increases rapidly with frequency at all tem-
dependence as that of tarfFig. 6). Table Il shows the peratures. Over this range, AC conductivity seems to
values ofs estimated from the slops { 1) of Fig. 7as  follow a square law behavior (i.@;(w) oc w? with s
afunction of temperature for the two frequency regionslying in the range 1.45 to 1.91.

Frequency(Hz)

TABLE Il The frequency exponer calculated from Figs 7 and 8

at different frequency regions represents the average value used in &
Fig. 10
220
10* to 1P Hz 1P to 1P Hz =
£ 25k
S (s-1 S (s-1 o
Temp(K) Fig.8 Fig.7 S Fig.8 Fig.7 S S
g .30F
150 0 -1.0 0 1.82 1 1.91
170 0 — 0 1.74 — 1.74
200 0.1 -0.9 0.1 1.61 0.77 1.69 -35
250 035 -075 030 1.50 0.65 1.58
303 042 —-059 041 1.39 0.70 1.54 -40 L L L A
355 045 -056 044 145  — 1.45 35 4 45 5 55 6
400 062 —061 050 1.69 0.82 1.75 Log[f {Hz)]
425 063 —061 051 1.81 0.70 1.76

Figure 8 Frequency dependence®f(w) at different temperatures.
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-1.5 Some of the AC loss features observed in Figs 4—

e a——a1 MHz 7 are in conformity with those observed in thin
-2.4 T . films of ZnS [8], SiO/Sn@ [10] and Copper
H\‘\‘\-——woo kHz phthalocyanine [12]. A qualitative analysis of the situ-

—4 200kHz ation may be presented interms of Goswami-Goswami
model [8] in which Fig. 1a is first converted to an

effective parallel mode (Fig. 1b) and then to a two
element series circuit mode (Fig. 1c). At a given
frequency the circuits in Fig. 1b and c have equal

420 kHz

LogLa(sm )]
é
w
I

-5.01
) impedance i.eZett = Zs. Equating the real and imagi-
6.0 | | | | | nary parts of seriesimpedan& & Rs+ 1/j wCs) and
2 3 4 5 6 7 g effective parallel-mode impedanc&ds =r + Ry/(1+

1000/T (K'Y jwCpRyp)), Goswami and Goswami [8] obtained the

following relationship between series and parallel
Figure 9 o1(w) Plotted as a function of 1090 at different frequencies. mode parameters, viz.

1 + w2R2C2
Fig. 9 shows the temperature-dependenca @) at Cs= JrzTiPzp = (1+ D*Cp (7)
different frequencies. At low temperatures and at fre- @ PP
guencies belowp,, the AC conductivity shows a very
weak temperature-dependence; the temperature expSDd
nentn lying in the range 0.10 to 0.14. The resulting D2
curves indicate that the real part of the AC can be writ- Rs=r + <7) Rp (8)
ten as 1+ D?
o1(w) ~ op & VKT ) Here,Cs and Rs are the equivalent series capacitance

and resistance, respectively, of the circuit mode in
Fig. 1c.Cpisthe inherent capacity element of the circuit
whereW is the thermal activation energy. Fig. 9 yields in Fig. 1a unaffected by frequency and temperatRee.
the values ofW in the range 1L x 103 to 30x s the discrete resistance element due to the dielectric
1073 eV. It is found to vary considerably with fre- fiim and is unaffected by temperatur.is the diffu-

quency but negligibly with temperature. At 181z,  sjon factor of the parallel circuit mode in (Fig. 1a) and
o1(w) shows a stronger temperature-dependence, Wit equal to

n=1.40 corresponding to increased activation en-

ergy of 0.03 eV. Above the cut-off frequency, the 1
temperature-dependence is seen to decrease, with a wReCp’
consequent decrease in activation energies. The values
of n andW at different frequencies and temperatures
and some typical values ef (w) at 150 K are listed in
Table .

"Taking tand = w Rs Cg, for the equivalent circuit of
Fig. 1c, and using Equations 7 and 8, Goswami and
Goswami [8] and Tareev [13] derived, in the limit

r/Ry <1,

4. Discussion
4.1. Frequency and temperature tans =

dependence behavior of Loss tangent

and dielectric IOSS. . : Equation 9 suggests that tamas a minimum at a fre-
In planar geometry, the dielectric loss is though to be .

. . . guency given by,

partially governed by the substrate contribution. This
was tested by measuring the response of a bare sub- 12
strate with electrodes where it was found that the sub- o = < 1 ) (10)
strate contributions t€, G, and tars were about 30%. r RpC3
It is uncertain, however, to what extent this affects the
actual measurements on a cermet-glass substrate coguation 7 predicts the behavior 6§ as observed in
posite system. Furthermore, no minimum was observe#igs 4 and 5. At a given temperatu®(=1/wCpRp)
in the spectral behavior @& and tans. It has been ar- decreases with increasing frequency leading to a de-
gued [19, 24,] that if the film thicknest) (s much less crease inCs whereas at given frequendy, increases
thanthe thickness ofthe glass substrate, then the electniith rising temperature leading to an increas€n
field-penetration into the substrate may be negligible. The frequency dependence of t&ifFig. 6) and di-
Since in the present work the film thickndg4g10 nm)  electricloss” /¢o (Fig. 7) is in conformity with the pre-
is much less than the substrate-thickness (2 mm), it iglictions of Equation 9. In each case, there is an identical
assumed that the observed temperature or frequendgansition frequency. Belowy,, these parameters show
dependence of the dielectric response is largely due ta monotonic decrease with increasing frequency while
the film. abovewn, they increase rapidly. Such two power-law

+ wrCp 9)
®RpCp
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behavior has frequently been observed in many amorontact resistance. However, when the frequency is
phous materials [8-10, 13, 14]. Equation 10 indicatesncreased towardem, so thatw? C3Ryr =1 (Equa-
that with increasing temperature (Bs decreasesyy,  tion 10) condition is satisfied, the@e(w) begins to
should shift towards higher values; a feature partiallyrise aboveGp. This can be seen by dividing the numer-
observed in Cu-Gegxhin films (see Figs 6 and 7). Al- ator and denominator of the Equation 14 R In the
though no maxima has been observed in this frequencymit r /R, <« 1, Equation 14 can rewritten as

range, there is a strong possibility that the spectral be-

havior in Figs 6 and 7 result from the overlap of two (A) 1 W2C2r
maxima; one off-scale at a lowek(0* Hz) and the Gefi(®) = Re P
other off-scale at a higher frequency10° Hz) range. ¢
Therefore, the temperature dependencepfreflects
the different temperature dependence of the low an‘l‘Jsingw,?nCFz,r Rp = 1, the above expression becomes, in
high frequency maxima plus any temperature variationthe limitr / Ry« 1

in the spread of the two loss peaks and minima.

- 16
1+ w?Car2 (16)

Gef(w) = Gp(w) + w?CEr (17)
4.2. Frequency and temperature Separating AC and DC contributions@p(w) accord-
dependence behavior of AC ing to Equation 5, and using Equation 1 éa(w), Equa-
conductivity tion 17 can be written as
The behavior of the AC conductivity data (Fig. 8) may
be analyzed in a similar fashion to that of tarFig. 1a Gef(®) = Gae(T) + @ T" + 0?C2r (18)

represents a physical situation whereby the AC con-
ductivity is affected by a finite contribution from DC Equation 18 clearly shows that different physical pro-
conductivity. The parallel mode admittan¥g(w) is  cesses are responsible for the origin of conductivity. At
given by, lower frequencies, the contribution fromcan be ne-
glected for very low capacitive materials. In this case,
Yp(w) = Gp(w) + jwCp (11) thefirsttwo terms are expected to dominate the conduc-
tance, withs taking values in the range9s < 1. The
The conductanc&p(w) ~ 1/ Rp does not include any temperature of observation at a given frequency deter-
contribution from lead and contact resistamcdt is  mines which of these two terms are dominant. At higher
widely believed, however, that the effective conduc-frequencies (e.go > wm), the effect of becomes sig-
tance Ge(w) should have a contribution fromand  nificant and hence, the third term may dominate the
that it is this effect which leads to the> 1 behav- overall conductivity.
ior [19, 21]. In order to investigate this behavior, we In the present investigation, the high frequency AC
begin by defining an effective admittance for the cir- conductivity shows a quadratic behavior witfr~1.45
cuit in Fig. 1b, to 1.91) slightly deviating from the predicted value of 2.
Itis therefore believed, in view of Equation 18, that high
frequency square law behavior originates from spuri-
ous series and contact resistance effects. We now look
at the physical origin of the low frequency behavior
Substituting the expressions fdgg into Equation 12, i.e. the middle term in Equation 18. As mentioned in
one obtains, section 1, this term may be associated with microscopic
2202 . relaxation process associated with carrier tunneling be-
(r + Re) + 0"CpRpr + JwCPRA(r + Rp) tween localized states. Fig. 7 shows that the dielectric
(r + Re)? + w?CiRAr2 loss factor reaches a minimum at a frequency given by
(13) Equation 10. This feature seems to be in conformity
Equating the real parts of Equations 12 and 13, on&vith small polaron tunneling process which predicts a
obtains, sharp peak or minimum in the loss curves if the di-
electric polarization is due to carrier migration through
(r + Re) + ®?C3R3r " localized states formed by structural defects and im-
(r + Ro)2 + w?C2R2r2 (14) purities [9, 18, 19]. Other important signatures of the
tunneling process can be found in the temperature de-

Equation 14 has two important consequences. In thBe€ndence of the frequency exponsitt6, 19, 28], and
lower frequency region <wm) and, assuming that in the magnitude of the thermal activation energy [19].

r /R < 1 in all cases, this equation becomes In the tunneling model, assuming the universal behav-
' ' ior in Equation 1, the frequency exponents given

Yer(e) = Genle) + joCenle) = 5~ (12)

eff

Yett(w) =

Gefi(w) =

(%) by [19],
Gefi(w) = <2) = (Rip) = Grl®) (15) S=1 4 (19)

(@) + W/KT]

Equation 15 suggests that at lower frequencies effecwherer, is the constant characteristic relaxation time
tive conductance is not affected by the series lead anfbr small polaron tunneling. Equation 19 predicts an
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Figure 10 Temperature dependence of the exporiat different fre-

quency regions; (a) o 16° Hz. The dotted curve is calculated using

dielectric loss and;(w) accurately. The frequency and
temperature dependence of the capacitance and tan
is in conformity with the predictions of Equations 7
and 9, respectively. The frequency dependence of the
AC conductivity appears to agree well with the two
power-law behavior predicted by Equation 18; at lower
frequencies Equation 1 is obeyed wih: 1, while at
higher frequencies the conductivity shows a square law
behavior. The existence of sharp loss minima, a low
activation energy at all temperatures and a frequency
exponent which increases with temperatures, are all
features which suggest that the low frequency conduc-
tion mechanism occurs via small polaron tunneling. At
higher frequencies, the square law behavior of the con-
ductivity arises mainly due to spurious effects related

Equation 19; (b) 19to 1¢° Hz.

exponents which increases with temperature in the
range O< s<1. The temperature dependencesaf
shown in Fig. 10 (curve a} is an increasing function
of temperature in agreement with Equation 19. Further-,,

represents these calculated values, which is in excellent,
agreement with experimental solid-line. Fig. 9 shows

that the AC conductivity(w) is weakly activated with 8.

W ~ 102 eV andn ~ 0.10 to 0.14. Such relatively low

activation energies are also the characteristics of the>:

electrical conductivity occurring via small polaron tun-
neling within a dominant constituent [18, 19, 29, 30].

Fig. 10 (curve b) shows the super linear behavior ofi1.

s (>1) in the higher frequency region. The almost flat
nature of the curve suggests a weakly varysngith
temperature and frequency. Such behavior has been re;
ported many times in the literature [9, 10, 12, 18-21].

There does not appear to be much clear and conclu«4.
sive experimental evidence for the origin of this be-15.
havior. Equation 18 predicts that such behavior for the'®-

conductance arises from the spurious effects related tp,

series lead and contact resistance. However, Mott angs.
Davis [20] predicted that such behavior may also arises.
from the resonant absorption of a photon from the ap<0.

plied field. Analysis of the resonant process suggests
that in the high frequency region whehe > kT, the

loss will vary asw? and that the frequency exponent 5.
(~2) may itself be a function of temperature [18]. In 23.
this caseri(w) is expected to show considerable vari- 24.

ation with temperature. In the present work the photon
energy is found to be significantly lower than the ther-

mal energy at all temperatures, and the AC conductivityg,

shows negligible variation with temperature at all fre-

guencies (Fig. 8). These observations lead us to believ&’-

that the resonant process is unlikely to be important irf®- , : _
29. D. EMIN, in “Electronic and Structural Properties of Amorphous

the frequency range used in this work.

30.

5. Conclusion

12.

21L.A. 1.

25.A. M. AL-SAIE, M.

to series lead and contact resistance.
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