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Insulating thin three-dimensional (3D) amorphous films of In„O exhibit the surprising
resistance-versus-temperature dependence R oc exp[{To/T)'/ ] between 6 and 106 K. The (1/T)'/
exponent in the resistance expression, the observed positive magnetoresistance behavior, and the

lack of dependence of the magnetoresistance upon magnetic field orientation all suggest a dominat-

ing Coulomb electron-electron interaction transport mechanism. Interestingly, the experimental
magnetoconductance data could be well described using the 3D electron-electron spin-splitting in-

teraction theory derived for metallic systems, but modified by a simple temperature prescaling fac-

tor, 1/exp[(To/T)'/]. This prescaling factor accounts for the strong temperature dependence of
the conductivity that is present in' insulating films.

where N(EF ) is the unperturbed density of states evalu-
ated at the Fermi energy level, e is the relative permittivi-
ty or dielectric coefficient, and eo is the free-space permit-
tivity =8.85X10 ' C /Jm. Pollak and also Hamilton
considered the case when the density of states decreases
according to a power law near the Fermi level. ' For
the case of a quadratic power-law dependence such that
N(E) tr-(E —EF), the VRH law for the resistance takes
on a new exponent; this Coulomb VRH dependence of
the resistance becomes

p(T, 8 =0)=poexp[(TO/T)'/ ], (3)

where To is defined theoretically according to Shklovskii
and Efros as

In strongly localized films at low temperatures, the typ-
ical resistance between neighboring impurity sites often
becomes larger than those resistances connecting some
remote impurity sites. For a three-dimensional (3D) film
having a constant density of states near the Fermi level
the characteristic hopping length increases with lowering
temperatures, leading to Mott's variable-range —hopping
(VRH) law for the resistance'

p(» & =o)=poexp[(TO, M.„/T)'"1 .

The magnetoresistance in the VRH regime can be posi-
tive (negative magnetoconductance) if a decrease in the
overlap of the wave function "tails" occurs with magnetic
fields, or the magnetoresistance can be negative (positive
magnetoconductance) if quantum-interference effects
dominate. When Coulomb interactions are present
between electrons, Knotek and Pollak showed that the
density of states must have a minimum near the Fermi
level. ' Efros and Shklovskii showed that the single-
particle density of states vanished at the Fermi level ow-
ing to the long-range nature of the Coulomb potential.
The dip between the filled and empty states has been
termed the "Coulomb gap" (6), given by

6=e'[N(E )]' /(4rree )'

To =2.8e /(kit(4~ceo) . (4)

@O,Mott —~ ~ (6)

where

EO, Mott kB T( TO, Mott /T) '

=(k T)3/4/[N(E )(3]l/4

The condition given by Eq. (6) suggests that Coulomb
VRH dependence might be observable at temperatures
below T, where

T, = TOIT& M,«=e N(EF)g/[kit(4rreeo) ] .

Entin-Wohlman et a/. have derived the same results. "
Alternatively, Castner, Shafarman, and Koon suggested
that the condition to observe the square-root exponent of
Eq. (3) is'

T «6/k~ .

Do any of these predictions give reasonable values for
the gap A, To appearing in the exponent, and T, the
highest temperature at which the Coulomb VRH depen-
dence might be expected? The problem in the evalua-
tions is estimating reasonable values for the relative
dielectric constant e and the localization length g. Both
of these parameters are enhanced due to the proximity of

In Eq. (4), g is the electron localization length whose
magnitude is determined by knowledge of To M,« in the
Mott VRH regime and for a 3D film is given by'

0= [kti To, M.ttN«F ) 1

In order to observe the Coulomb VRH square-root
power-law dependence of lnR on temperature, Shklovskii
and Efros suggested that the experimental temperatures
must be so low that the optimum Mott energy level band
Eo M,«becomes comparable to the Coulomb gap
namely,
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the metal-insulator transition. From scaling-theory pre-
dictions,

g(N) =g(0)(1 N /—N, )

(10)

e(N) =e(0)(1—N IN, )

where g(0) is typically on the order of the intercarrier
distance iV ' = 50 A. ' Experiments on the metal-
insulator transition indicate that g/v =2. ' Ovadyahu
has observed experimentally for In203 films that
N(E~)=10" /Jm, v=0.8, and g(N)=200 A for our
pRT=0.05 Acm film. ' For our case, the localization
length is enhanced by a factor of 4, and hence, the rela-
tive dielectric constant e should be enhanced by a factor
of 16; since e(0) =2, then e(N) for our case is approxi-
mately e(N)=32. Inserting these parameters into Eqs.
(2), (4), and (8), we obtain reasonable values for b, , To,
and T„namely, 5=6X10 J=0.004 eV=44 K, To=73 K, and T, =75 K. These rough calculations along
with the condition of Eq. (9) suggest that the Coulomb
VRH dependence of Eq. (3) should easily be observed in
indium oxide films.

Strongly localized, insulating, granular, transparent
In203 films have been studied rather extensively. '

In the liquid-nitrogen, to liquid-helium temperature
range, these granular films exhibit the Mott VRH resis-
tance dependence of Eq. (1) as well as negative magne-
toresistances that are characteristic of the quantum-
interference eA'ects recently predicted by Sivan
et al. ' ' Only at liquid-helium temperatures where
the hopping activation energies appear smaller than the
Coulomb gap energy 6 does the R-versus-T dependence
change over to the Coulomb VRH expression of Eq. (3);
the magnetoresistance also takes on positive values. '

Owing to the low-temperature limitations of 2 K of our
cryostat, the Coulomb VRH properties could not be stud-
ied extensively in these granular In203 films.

This article presents some new results on the electronic
transport properties of amorphous opaque In 0 films.
Ovadyahu has already observed Mott VRH dependences
of the resistance of thick 1000—1500 A amorpho
films in the liquid-nitrogen to liquid-helium temperature
range; he came to the conclusion that the Mott VRH
properties are system independent. ' Our results on
thinner amorphous In 0 films probably challenge this
claim —since we observed Coulomb VRH properties
rather than the Mott VRH properties in our amorphous
In Oy films at temperatures that are much higher than
those temperatures observed in the granular films. We
now present our results.

Amorphous In„O films were prepared by thermally
evaporating In203 powder from an alumina-coated Mo
evaporation boat in a partial oxygen atmosphere of
5X10 mrs Hg. The substrates were ordinary glass mi-
croscope slides maintained at room temperatures. A
"cold" substrate is a necessary condition for obtaining
the amorphous state. ' Our resulting 460 A thick amor-
phous In 0 films were quite opaque and brownish in
color resulting from interband absorption. Our TEM re-

suits are very similar to those of thicker In 0 films re-
ported in Ref. 14 in which very broad diA'raction rings
and a "sandy" featureless structure of the surface are
present. These films could be easily and irreversibly con-
verted into transparent granular Inz03 „ films by heating
them on a hot plate at 225' C in air for 10 min.

The low-temperature resistance versus temperature
dependence for the amorphous film is shown in Fig. 1;
over a wide temperature range of 6—106 K, the tempera-
ture dependence is characteristic of a Coulomb VRH pro-
cess. The data can be well described by Eq. (3) with
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FIG. 1. Semilog plot of the resistance vs T ' for a 460 A

amorphous In O~ film. Note the large temperature range over
which the Coulomb VRH dependence is observed. Conversion
to resistivity p can be made using the relation p = Rd /~, where
d is the film thickness of 460 A and ~~=9 is the number of
squares.
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TO=94 K and p0=0.0364 Q cm. The resistance data of
Fig. 1 could not be fitted to a 3D Mott VRH expression
of Eq. (1). In the liquid-helium temperature range, the
resistance took on a stronger temperature dependence,
where R ~ exp[( T"/T ) ], with p being slightly less than
1. This new transport process has not be studied in detail
by us.

The magnetoconductance (MC) was always negative
above 6 K as shown in Fig. 2. The 3D magnetoconduc-
tance, Acr, for a film of thickness d in cm is defined exper-
imentally at a fixed measuring temperature as

ho[(Qcm) ']=1Ip(B)—lip(B =0)
1=—[IIR~(B) I IR~—(B =0)] . (11)

The negative sign of the MC data in Fig. 2 is a charac-
teristic signature of electron-electron interactions in
weakly localized metallic films. Notice in Fig. 2 that the
MC data for this insulating film slowly decrease in mag-
nitude as the temperature is lowered, which is in contrast
to the behavior of the MC for a metallic film where the
MC is predicted to increase to large negative values as
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FIG. 2. Magnetoconductance data as a function of magnetic

field at fixed, different temperatures. Most of the temperatures
fall in the region where the Coulomb VRH dependence in the
resistance is observed. The solid lines are fits of Eq. (18) using
no adjustable parameters.

the temperature is lowered. ' Another signature for the
spin-splitting electron-electron interaction is that the
magnetoconductance should be independent of magnetic
field orientation. Within our experimental error and
reproducibility of +25%, the MC in fields perpendicular
to the film had the same values as the MC in fields paral-
lel to the film.

Is it then possible to describe the experimental MC re-
sults of Fig. 2 on this insulating film by using the
electron-electron spin-splitting theory that was developed
for a metallic film? Our observations suggest that it is
possible to fit the theory to the data within a factor of 2
without the use of a single adjustable fitting parameter.
We first point out that the electronic screening length l,

0
is on the order of 1.6 A, which is one to two orders of
magnitude smaller than the typical localization length f
of the electrons in In 0; hence, electron-electron in-
teractions should always be present since the electrons
are relatively mobile to interact and to screen one anoth-
er. However, there is one important difference between
the insulating and metallic films. The resistance of an in-
sulating film can easily change by a factor of 10 or more
over a decade change in temperature; the resistance
change is particularly strong in the Coulomb VRH re-
gime. In contrast, the change of resistance of a metallic
film is typically a few percent over the same temperature
interval. However, the metallic theory does not include
the strong temperature dependence of the conductivity.
We suggest that a multiplicative "prefactor" of the form
I/exp[(TO/T)'~ ] be included in the theoretical expres-
sion for the MC. This term, 1/exp[(To/T)' ] has four
desirable features. (i) As the film approaches the metal-
insulator transition from the insulating side, one antici-
pates that To —+0, since g~ ao at the transition; thus, the
prefactor term takes on the value of unity, and the con-
ventional electron-electron interaction expression for the
MC is recovered for metallic films. (ii) This term gives a
correct temperature-weighing factor that counteracts the
increasing magnitudes of the MC o- T ' which the
theory predicts at lower temperatures. (iii) This term is
unitless, and therefore no additional constants or parame-
ters are required to cancel out the presence of any un-
dersirable units. (iv) The only parameter appearing in
this term (To) is easily and directly obtained from the R
versus-T data of the film.

We now review the 3D interaction formulas. There are
two electron-electron contributions. One comes from an
orbital effect of the magnetic field and has been discussed
by Larkin, Altshuler et al. , and by Fukuyama. The
prefactor of the orbital term scales with the supercon-
ducting transition temperature of the film. Our In„Oy
films were insulating; hence T, =0 and this orbital term
was negligible.

The second interaction contribution, arising from spin
splitting of the conduction electron energies, plays the
dominant role in the transport properties of In Oy The
theory has been developed by Altshuler et aI. ;&»&4 the
most recent developments appear in the review paper of
Lee and Ramakrishnan. According to Refs. 23, 24, and
25, the magnetoconductance ho. in the 3D interaction
theory is negative:
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Qg [(Q m) ]= — [k& T/(2Diri)]' g3(h), (12)
2m. A

and

g3(h)=h'~ —1.3 for h ))1 .

(13)

Our experimental values for h ranged between —,
' and 10,

for which we used the simple and convenient series ap-
proximations for g3(h) derived by Gusset et al.

F is related to the theoretical screening constant F
through

I: = ——", [1+0.75F (1+F—/2)' ]F . (14)

Moreover, one can estimate F through knowledge of the
Hall constant RH = VHd/IB by measuring the Hall volt-
age VH and by using the theoretical expression derived by
Lee for F (Ref. 27)

I" =(2kFl, ) in[1+(2kFl, ) ], (15)

where k~=(3m. /eRH )'~ is the Fermi wave vector and l,
is the electron screening length as defined by Ashcroft
and Mermin

1, =(rrao/4k~)'~ (16)

where ao is the Bohr radius (a0=0. 53 A). From our
measurements of the Hall constant R~ =3.7 X 10
m /C, we calculate the electron screening length to be 1.6
A and the theoretical electron screening constant F to be
0.88. Using Eq. (14) F takes on the value of 0.64. The
diffusion constant D can be calculated from

D(m /s) =1.52crRT(eRH )' (17)

Because the room-temperature conductivity o.RT was
small and on the order of 1950/Qm, the difFusion con-
stant took on a very small value of 5.3X10 m /s.
Thus, both parameters of the theory F and D were
known for our film.

Finally, the prescaling factor was inserted into Eq. (12)
yielding the finalized expression for the MC

2

bo [(Qm) ']= — [k~T/(2DA')]' g3(h)
2+6 2

1

exp[(TO/T)' )
(18)

Note that the MC values should be converted into units
of (Q cm '). For small fields B and high temperatures T
such that h ((1, the MC expression takes on the follow-
ing temperature and field dependences:

Ao ~B /I T ~ exp[(TO/T)'~ ]] . (19)

Surprisingly, identical dependences appear in the
Coulomb VRH derivation to be discussed shortly.

where D is the diffusion constant in units of m /s, F is
the experimental electron screening constant, and
h =gp~B /kz T. The asymptotic forms of g3(h ) are

g, (h)=0.053h for h «1,

The solid lines appearing in Fig. 2 are fits of Eq. (18) to
the MC data using the predicted value F =0.7. Within
a factor of 2, the theory describes the experimental re-
sults. But owing to the weak temperature dependence of
both the data and theoretical predictions, the MC curves
for fixed difFerent temperatures tend to lie close to one
another making Fig. 2 diScult to comprehend. A much
clearer presentation is made by plotting the MC values as
a function of temperature for a fixed magnetic field; the
MC data taken at the fixed field of 6 T appears in Fig. 3
along with the theoretical curve. In this case, the elec-
tron screening constant F was treated as an adjustable
parameter to give the best fit to the MC data point at 8.6
K'. In this case F had the value of 0.37, yielding a value
of 0.75 for the theoretical screening constant F. This
value is reasonably close to the theoretical predicted
value of 0.88. Needless to say, we are surprised that this
phenomenological theory describes the MC data so well.

An alternative explanation for the MC data is given by
Shklovskii and Efros based upon the distortion (elonga-
tion and shrinkage) of the wave functions with magnetic
field. Note, however, that our data does not exhibit the
gigantic positive magnetoresistance observed in many
semiconductor materials. In the simplest case, the spher-
ical wave function in the absence of a magnetic field be-
comes a cigar-shaped figure in the presence of a magnetic
field. This leads to a sharp decrease of the overlap of the
wave function "tails" for an average pair of neighboring
impurities, and hence to an exponentially increasing
resistivity. Of special interest is the situation where the
density of states is governed by the Coulomb gap. For
weak magnetic fields, Shklovskii and Efros find that
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FIG. 3. Magnetoconductance data at the Axed magnetic field
of 6 T as a function of temperature. In the fitting procedure I'
was treated as an adjustable parameter to force the theory
through the 8.6 K data point. The resulting theoretical value
for the electron screening constant I =0.75 was close to the
theoretically predicted value of 0.88.
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p(T, B)=p(T, B=0)exp[0 0.015(g/A, ) (To/T) ~ ], (20)

or

Acr = — (0 0015$ e To hrt )
1

Po

XB /[T ~ exp[(To/T)'~ ]] .

(21)

For reasonable values for the localization length /=200
A, TO=94 K, and po=0. 0363 Qcm from Fig. 1, the
values predicted by Eq. (21) are within a factor of 3 com-

where p(T, B =0) is the zero-field resistivity given by Eq.
(3), g is the localization length given by Eq. (5), and
A, =(A/eB )' is the magnetic length. Expanding the ex-
ponential [exp(x)= 1+x] for small x's and hence small
fields and high temperatures, we find for the MC

bcr = —[0.0015(g/A. ) (To/T) ]/p(T, B=0),

pared to the experimental results. Equation (21) has the
same field and temperature dependences as Eq. (19). In-
terestingly, Schoepe has observed these dependences ex-
perimentally in a series of elegant transport measure-
ments made on a doped Ge sample. '

In conclusion, we have measured several amorphous
indium oxide films of 460 A thickness. These films exhib-
ited Coulomb variable-range —hopping properties that
were reproducible from run to run with an accuracy of
+25%. The reported results by Ovadyahu differ qualita-
tively from our results on amorphous In, O films with
very similar TEM pictures perhaps, this difference can
be attributed to the thicker films that Ovadyahu studied
or to substrate temperatures that were not maintained at
room temperature during the long evaporations. Certain-
ly, additional measurements are needed to clarify the
electronic transport properties of amorphous In&Oy hav-
ing different thicknesses.
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