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Evidence for the Mott Model of Hopping Conduction

in the Anneal Stable State of Amorphous Silicon*
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The temperature dependence of the dc conductivity and the room-temperature optical
absorption were measured for a series of vacuum-evaporated amorphous Si films. Both
properties were strongly dependent on annealing up to about 400'C, but insensitive from
400 to 600'C. We find a ln(O~T) ct-T behavior which gives reasonable parameters for
Mott s localized-state model for conductivity by hopping only for films that have been
annealed at least to 400 C.

The optical and electrical properties of amor-
phous Si and Ge films grown on room-tempera-
ture substrates show definite annealing effects."
One interpretation' of this behavior is that anneal-
ing reduces the number of electrically active im-
perfections caused by "voids" or "dangling bonds. "
Any attempt to measure the intrinsic properties
of amorphous Ge or Si films must be made on
films prepared free of defectss or on films in
which the defects have been annealed away.

This paper is a report of measurements on a
series of five amorphous Si films deposited onto
room-temperature substrates. I find that the
electrical and optical properties depend on anneal-
ing temperature up to 400'C, but are insensitive
to further annealing until crystallization occurs
above 600'C. There is clear evidence for the
Mott model' of conduction by hopping only for
samples annealed at least to 400'C.

The samples were grown on optically polished
disks of fused quartz and crystalline sapphire by
electron-beam bombardment of crystalline Si at
a source-to-substrate distance of 30 cm. The oil-
pumped evaporator was liquid-nitrogen trapped
to a base pressure of -1x10 ' Torr. The films
were deposited at average rates of 7-21 A/sec
and were 0.24-1.16 pm thick. During deposition,
the pressure rose to -4x10 ' Torr. Annealing
periods were for two hours and were carried out
in a vacuum of —1 x10 ' Torr. The resistivities
of the crystalline evaporant were 10 0 cm (one
film), 800 Oem (one film), and 5000 lcm (three
films). I could not see any dependence of the
optical and electrical properties on film thick-
ness, resistivity of evaporant, substrate materi-
al, or previous number of anneals.

Figure 1 shows the Ohmic conductivity' of one
of these samples. The conductivity shows an ini-
tial rapid decrease with annealing, but is stable
for the 440 and 530'C anneals. The curve for

725'C is for a crystallized film. The other four
samples reproduce this behavior, and indicate
that the region of stabilization to further anneal-
ing is from 400 to 600'C.

The conductivity in this anneal stable state has
a knee at about 350 K sample temperature. At
higher sample temperatures, the plot of lno. ver-
sus T' ' gives a slope of -0.70 eV and an inter-
cept at T '= 0 of -100-500 0 ' cm '. I suggest,
with Mott and Davis, ' that this conductivity is due
to carriers excited into extended states in the
conduction band across a band gap of - 1.4 eV.
This interpretation is supported by the optical
data presented later. For sample temperatures
lower than 350 K, the plot of lno versus T ~ is
not linear. We will discuss this region below.
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FIG. 1. Conductivity versus reciprocal temperature
for an evaporated amorphous Si film taken after anneal-
ing to the indicated centigrade temperatures.
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FIG. 2, Booxn-temperature optical absorption spectra versus photon energy for the same fQm and conditions as
in Fig. 1. n (cm ') is the absorption constant.

Stabilization 18 also seen 1n the opt1cal a38orp-
tion, as shown in Fig. 2. For anneals below 300'
C, these data agree with the results of Brodsky
et al. ,

' except that we also see the weak structure
at 3..0-1.2 eV reported by Grigorovici and Vancu. ~

By extrapolation to zero absorption, the band gap
in the anneal stable state is -1.4 eV, in agree-
ment with the conductivity data. The optical ab-
sorption for all five samples is the same in the
anneal stable state within a few percent. The in-
frared index of refraction also stabilizes at about
3.7.

The low-temperature conductivity of the five
samples in the anneal stable state is plotted in

Fig. 3 on a logarithmic scale as a function of
7.' ~~4 for 165sT'~350 K. At sample tempera-
tures less than 165 K, the Ohmic resistance is
&10 ~ Q and out of the range of our equipment. It
is important to note that aO of the curves lie with-
in a factor of 5 of each other even after the change
of 5 orders of magnitude in the values which oc-
curs upon annealing from 20 to ~ 400'C.

The data shown in Fig. 3 fit Mott'8 relation'

o =o'Oexp[- (To/T)"~]

to the 3% s,ccuracy of the measurements. This
relation was derived by Mott for conductivity by

hopping to distant sites via localized states near
the Fermi energy. In his derivation, Mott uses
two parameters, y (cm ~), the inverse rate of
falloff of the wave function associated with the
localized states near the Fermi energy, and

1V(EF) (cm ' eV '), the density of localized states
at the Fermi energy. The expected value'~ of y
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FIG, 3. & ~ times the lour-temperature conductivity
of the five samples after annealing to at least 400'C,
plotted versus & . The straight lines are least-
squares fits with Eq. (1) of the text.

is -10s cm ', and N(E F) is expected to be -10" 'o

eV 'cm '.
Values for y and N(EF) can be deduced from the

data by simultaneously solving Mott's equations"
for 00, To. The results are

y=(o,KT)&To(2.16x10 ') cm ',
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N(E )= (o v"T)'vT (2.04x10 s) cm ' eV ', (3)

where T and To are in Kelvin and 00 is in 0 '
cm '. We can also evaluate two other important
quantities introduced by Mott, ' the hopping dis-
tance, R (cm), and the average hopping energy,
W (eV). These are

R = [9/8wykTN(E F)]'" cm,

W= [3/4~R'N(E, )] ev.

where k is the Boltzman constant. The results
are listed in Table I, where T = 200 K was used
in Eq. (4). (R and Ware relatively insensitive to
T.)

For conductivity by hopping to distant sites,
Mott requires yR ~8 and W»AT. Our observa-
tions are consistent with these, since yR-12 and
W-8I T.

When we judge the values of y and N(EF) in
Table I to see if they are "reasonable, "we must
keep in mind the experimental and theoretical
uncertainties in the value of eo. Experimentally
we estimate the value of oo to be accurate to. a
factor'3 of 3. The theoretical estimate of oo is
expected to be order-of-magnitude correct."
Therefore, from Eqs. (2) and (3), we should not
expect to determine y to better than an order of
magnitude and N(EF) to better than a factor of 10s.
Within these uncertainties, the values listed in
Table I are compatible with the expected values
of y (-10' cm ') and N(EF) (-10"~ eV ' cm s).

When we try to fit the conductivity for T & 300
K with Eq. (1) for any of the five films, the fit is
within experimental error only for films annealed
at least to 400'C. If we still try to extract values
for y and N from the 20'C data, we obtain the un-
physical values y-10" cm ' and +-10"cm 3

eV i, even though the "best-fit" value of the
sloPe, To, is -10' K, a reasonable number" in
the hopping theory. Even for a film annealed to
355'C, the deduced values are y) 10~ cm and

lV & 10~ cm 3 ev '. This latter value cannot be
reconciled with Mott's model even allowing for
the factor of 10 uncertainty in the determination
of N(EF).

My interpretation of the observed annealing be-
havior of these films is that voids and defects
which give rise to an extrinsic conductivity can
be annealed away so that residual low-tempera-
ture conductivity in the anneal stable state arises
solely from the amorphous nature of the material.
I have ruled out oxygen contamination as a pos-
sible effect because I have looked for and not
seen any absorption at 9 pm due to the Si-0 vi-
brational mode in both unannealed and fully an-
nealed Si films in agreement with Brodsky et al.'

Similar annealing effects were observed in
amorphous Ge by Theye. ' She found that the in-
frared value of the index of refraction and the
room-temperature resistivity were stable from
300 to 400'C. Above 400'C, the film crystallized.

These observations on Ge and Si cast doubt on
earlier interpretations of an observed lno ~ T '"
dependence. Morgan and Walley" plotted ln(re-
sistance) versus T '" for unannealed Ge and Si
films grown onto room-temperature substrates.
They used the straight-line fit as evidence for
Mott's process without any evaluation of the pa-
rameters. Clark's data 6 replotted by Mott and
Davis" was also taken on unannealed Ge films.
They obtained a slope of -10' K but, as we have
seen, this is not an adequate test of the model.
Brodsky and Gambino' used slightly annealed Si
films, obtained a straight line for ln(RT '") ver-
sus T, and criticized Mott's model because
they obtained reasonable numbers for y and ¹

Finally, it is well known that the same conductivi-
ty data can be plotted against various tempera-
ture dependences to yield "reasonable fits." ~ 9

Therefore, while necessary, it is not sufficient
to test Mott's model by observing that lmx ~T '"
"reasonably fits" the data. We have tested the
model by seeing that within the uncertainties of
the model the data yields physically acceptable

TABLE I. Evaluation of Mott s parameters using Eqs. (2}-(5}in text and experimental data from Fig. 2.

Sample
0'p

(n 'Cm ' K'i2)
Tp

(K)
N(EF }

{cm 3 eV i)
7

(cm ')
1/y
(A}

R(200 K)
(A)

a(200 K)
(eV)

9,52 x10
1.38 x 10'
3.00 x 106
1.21 x10'
2.46 x 10~

1.80 x108
1.86 x10
1.70 x10'
2 17x108
2.42 x 108

2 x10
7 x10"
7 x 1020

5 x1Q22

5 x 1023

2.8 x1Q
4.1 x10~
8.4 x10~
3.9 x1Q
8,3x108

3.6
2,5
1.2
0.26
0.12

42
29
13
3.2
1.5

0,13
0.13
0.13
0.14
0.14

12
12
12
12
13
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values of the model parameters and that the data
fit the model to experimental accuracy. This is
the first report, to the author's knowledge, of
such a complete test of Mott's model.
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Luminescence of Cu20 —Excitonic Molecules, or Not'?*
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Luminescence spectra of Cu20 excited at various temperatures by a tunable dye laser
showed no evidence of the existence of excitonic molecules (or biexcitons) as suggested
recently by Gross and Kreingol'd. A pair of previously unreported peaks with an excep-
tionally strong temperature dependence has been observed beiow O'K.

The existence of excitonic molecules (or biex-
citons) in a crystal was first suggested by the re-
sults of Haynes on Si.' Since then, the subject
has attracted much attention. Recently Gross
and Kreingol'd' reported the existence of exciton-
ic molecules in Cu, O. It is mell established' that
the absorption edge of Cu, O consists of tmo hy-
drogenic series, known as the "yellow" and the
"green" series, due to the excitons formed by

the lowest conduction band and the two top va-
lence bands (split by spin-orbit coupling) at the

center of the Brillouin zone. These excitons are
said to be forbidden because the conduction and

valence bands involved have the same parity, so
that the n = 1 excitons cannot be excited by dipole
transition. Gross and Kreingol'd' observed an
inverted hydrogenic series in the luminescence
spectrum of Cu, O at 2 K, with a Rydberg constant
equal to that of the green exciton series. They
concluded that this inverted series in the lumi-
nescence spectrum should result from the decay
of excitonic molecules, each of which was com-


