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Amorphous InSb films were prepared by getter sputtering on substrates held at 77 °K and at room
temperature. The films prepared at 300 °K are very similar to films evaporated at lower temperatures: Their
resistivity increases exponentially with decreasing temperature (intrinsic conduction) with an electrical band
gap E¢ of about 0.5 eV. On the other hand, films deposited and kept at 77 °K have a
temperature-dependent resistivity which is well fitted between 10 and 120 °K by the relation
p = po exp[(To/ T)'¥], with Ty~ 2 X 107K, thus suggesting that conduction in such films takes place
via a thermally activated hopping mechanism. Above 120 °K the films anneal as shown by the increasing
resistivity with increasing temperature; after annealing the films display again an exponentially
temperature-dependent resistivity similar to that of a room-temperature-deposited film. InSb is therefore an
interesting amorphous semiconductor from the point of view that either intrinsic or hopping conduction over
most of the accessible temperature range can be achieved by varying the conditions of deposition; this
suggests that the localized states between which electrons are hopping in the films deposited at 77 °K may
be linked with the greater degree of disorder present in such films.

I. INTRODUCTION

Eckenbach, Fuhs, and Stuke' (EFS) reported the
preparation of amorphous InSb films by vapor de-
position onto substrates, the temperatures of which
ranged between 150 and 200 °K (some films were
deposited at 90 °’K which displayed strange anneal-
ing behaviors and broke at higher temperatures).

In all cases the thin films were characterized by an
exponential dependence of the conductivity on 1/T
with a large activation energy E:‘ ranging between
0.4 and 0.65 eV. In general, ? the temperature de-
pendence of the electrical conductivity in most
amorphous compounds and alloys is exponential
with a single activation energy. In contrast, ele-
mental amorphous films of Ge, 3** i, ¢ Te, 7 and
C%? always display at low temperatures a depen-
dence with a continuously diminishing activation
energy: The temperature dependence of the resis-
tivity of Ge % and Si*%* can be fitted between
room temperature and 30 °K by the relation'®"3

1/4
p=poe' T/ T, )

where®® £T,=160°/N(Ey), k is Boltzmann’s con-
stant, « is the coefficient of exponential decay of
localized states, and N(Ef) is the density of local-
ized states. At high enough temperatures, conduc-
tion becomes intrinsic? unless crystallization or
other structural changes intervene. This intrinsic
behavior is, however, restricted to a fairly narrow
temperature range and one may always question
whether this intrinsic behavior is not caused in
part by microcrystallization undetectable by x-ray
and electron diffraction. On the other hand, it has
been shown for Ge'® and Si, !! that while the resis-
tivity is always well represented by relation (1),
one can increase the number of localized states
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(as evidenced by the decrease in Tp) by sputtering
the films at 77°K. It seems that the increase in
the number of localized states is linked to a great-
er degree of disorder'®!! caused both by the sput-
tering process and by the low temperature of de-
position. It would therefore be interesting to find
out whether one could change ‘the intrinsic conduc-
tion observed in InSb by EFS! to the hopping con-
duction represented by relation (1) by simply in-
creasing the degree of disorder of the films. This
study will therefore concentrate on InSb films sput
tered at 77 °K.

II. EXPERIMENTAL PROCEDURE

The films were deposited on sapphire and glass
substrates by getter sputtering’* from an InSb tar-
get. The InSb target was prepared*® by inductively
melting and stirring several times an InSb charge
inside a graphite mold. The composition of the
target was checked by x-ray fluorescence analysis
and the structure of the target was established by
x-ray diffraction. The rates of deposition varied
between 45 and 70 A/min, the low rates being nec-
essary to maintain a temperature of deposition of
77°K. For the transverse-electrical-resistance
measurements, the InSb films were deposited be-
tween two narrow orthogonal Pb electrodes with a
cross-sectional area of 3.6x10™* cm?, This geom-
etry allows four-probe resistance measurements
which eliminates the necessity for electrode-resis-
tance corrections. Furthermore, the deposition of
both electrodes (by evaporation) and InSb films at
77 °K without either breaking the vacuum or raising
the temperature eliminated the formation of an ox-
ide barrier. For both planar and transverse mea-
surements, films deposited at 77 °K were trans-
ferred onto a holder without warming and the resis-
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FIG. 1.
for a 100-A InSb film deposited at room temperature on
a NaCl substrate.

Underfocused bright-field electron micrograph

tivity was measured at first by cooling down (to
1°K if so desired) and then by warming up above

77 °K to study the annealing behavior of the films.
Some films were deposited at room temperature at
the same rate as films deposited at 77 °K. All re-
sistance measurements, planar and transverse,
are low-field measurements and were obtained with
electrical fields smaller than 102V/cm. The elec-
tron micrograph and electron diffractions were ob-
tained!® by depositing a 100-A film onto a cleaned
NaCl substrate. The film was then floated free and
mounted on a holey carbon substrate and examined
by high-resolution electron microscopy (magnifica-
tion 250 000) with an underfocusing of about 3000 A.
For films deposited at 77 °K, the x-ray diffractom-
eter trace was obtained at 77 °K without warming
up the film,

III. EXPERIMENTAL RESULTS AND DISCUSSION

The room-temperature x-ray diffraction of a film
deposited at 300 °K is in excellent agreement with
the electron diffraction reported by EFS'; There
are two broad peaks, the [111] being close to the
crystalline value, while there is a broad peak which
replaces InSb [220] and InSb [311]; the broad peak
between InSb [311] and InSb [422] reported by EFS!
could not be resolved in the present experiments.
The amorphous x-ray diffraction pattern is very
similar qualitatively to those of amorphous Ge'®!?
and Si. ' Furthermore, similar to amorphous Ge, *°
one finds that the x-ray diffraction taken at 77 °K
on a film deposited and kept at 77 °K displays an
even more distorted amorphous structure as re-
vealed by still broader diffraction peaks. The elec-
tron transmission micrograph for an amorphous
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film deposited at 300 °K is shown in Fig. 1, Itis
interesting to note that Fig. 1 shows a defect struc-
ture similar to the one reported for Ge'®'” and Si, 1*
i.e., dark areas surrounded by a network of den-
sity-deficient channels (cracks?). This would sug-
gest that the crack network is not the result of the

tetrahedral bonding of Ge and Si but rather a result
of the brittle nature of these amorphous semicon-

ductors. While amorphous InSb films could only be
obtained by low-temperature evaporation, ! it was
found that, as shown by x-ray and electron diffrac-
tion [Fig. 2(a)], one may sputter amorphous InSb
films at room temperature. On the other hand, as
shown in Fig. 2(b), where another region of the film
was investigated, it is clear that although the film
is amorphous, partial microcrystallization is pres-
ent as well. Consequently, unless a film is depos-
ited at 77 °K, one should consider the possibility of
microcrystals embedded in the amorphous matrix.
It is therefore possible that microcrystallization
was present in the films deposited by EFS.! The
microcrystallization was not evident in their elec-
tron diffraction’ either because the amount was less
than in films sputtered at 300 °K or because it was
missed by insufficient scanning [Fig. 2(a) vs Fig.
2(b)].

Turning our attention to the electrical properties
of amorphous InSb, we shall first consider films
deposited and kept at 77 °K until measured. The
temperature dependence of the resistance measured
in the plane of the film for such films is shown in
Figs. 3 and 4. The electrical as well as other
physical properties for the films of the present
study are summarized in Table I. It is obvious
from Figs. 3 and 4 that the resistivity for films de-
posited at 77 °K can be fitted quite well by relation
(1) between 10 and 90 °K with T,~2x107°K. This
value of T; seems independent of thickness within
a factor of 2 for films ranging in thickness between
1000 A and 1.4 pm and has the same order of mag-
nitude as that reported for amorphous Ge (T,
~10%°K)**® and for amorphous Si (T~ 6x107 °K), %6
The value of Ty is higher for the 310-A film in

FIG. 2. Electron diffractions taken on different re-
gions of the same film of which the electron micrograph
is shown in Fig. 1: (a) totally amorphous pattern; (b)
amorphous pattern with partial microcrystallization.
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TABLE I, Properties of InSb films,

Film dignd)  TpCKR  opp(@! cm™)P Ty °K) Ef(eV)
InSb No. 1 6000 77 4,4 2.5% 107 e
InSb No. 1
warmed up to 300 °K 0.03 cee ce
InSb No. 2 13800 77 2.9 3.8x 107 e
InSb No. 3 7430 77 5.4 1.2x 107 e
InSb No. 3
annealed® 16 h 0.0013 0.5
InSb No. 6 1875 77 8 1.9%107 oo
InSb No. 6
warmed up to 300°K 0. 0048 e 0.5
InSb No. 6
annealed® 48 h 0.0007 s 0.58
InSb No. 5 310 77 5.8 8.4%107 see
InSb No. 5
annealed® 16 h 0.0012 oo 0.93
InSb No. 9 2100 77 7.6 2.7%107 oo
InSb No. 7 30000 77 6.5 2.8x10° 0.036
InSb No. 4 8290 300 0.55 0.38
InSb No. 10 13400 300 0.13 0.39
Pb-InSb-Pb No. 1 10800 77 1.0(1.0)4 7.5%10° 0. 042
Pb-InSb-Pb No. 3 5400 77 1.5(0.4)¢ 7.5%10° 0.038
Pb-InSb-Pb No. 4 5400 77 6(0.4)¢ 1.25% 107 0.038
Pb-InSb-Pb No, 5 6300 77 1.2(1.2)¢ 1.4% 107 0. 056
Pb-InSb-Pb No, 5 0. 038 0.5

annealed® 16 h

*Tp is the temperature of deposition of the film,
bThis is the room-temperature conductivity for a film deposited or annealed at 300°K, it

i8 Ogyer rr fOT films deposited at 77°K (see text).

°The anneal, unless otherwise indicated, was performed at 300 °K,
9These values were obtained by extrapolation to room temperature of the exponential plot
shown in Fig. 9, while the other values were extrapolated from the T-1/¢ plot of Fig. 8.

agreement with the increase in T; observed for very
thin films in both Ge'® and Si.!' This increase in
T, was attributed!® either to the changing defect
structure of such thin films or to the fact that at
low temperatures the electron hopping distance be-
comes limited by the film thickness.® One can see
from Figs. 3 and 4 that the films anneal around
90 °K as shown by the deviation from the low-tem-
perature data towards higher resistance. If one
extrapolates the low-temperature data to room
temperature one obtains a conductivity 0z, g ON
the order of a few £! cm™ which is higher than the
value for room-temperature-deposited films or for
films annealed at room temperature (see Table I).
One also notes the very different annealing be -
haviors of the films sputtered at 77 °K and those
evaporated at 90°K.! EFS reported! a reversible
curve above 90 °K with a small positive tempera-
ture coefficient followed by two irreversible pro-
cesses near 200°K, one leading to an increase and
the other to a large irreversible decrease in 0. On

the other hand, the films sputtered at 77°K have a
simple annealing behavior similar to the one re-

ported'®*? for Ge films sputtered at 77°K. Indeed,
one observes only an irreversible decrease in con-

ductivity above the annealing temperature of 90 °K
(120°K for Ge). However, after a room-tempera-
ture anneal one observes an exponential tempera-
ture dependence of the conductivity which, except
for minor differences, is in good agreement with
that observed by EFS.

Leaving aside InSb No. 5 which displays a very
large energy gap (0. 93 eV) possibly caused by its
small thickness (Fig. 3), one observed in Fig. 4
that the annealed films can be fitted between 300
and 140°K by a single energy gap of about 0.5 eV.
This differs slightly from EFS who reported ap-
proximately the same energy gap for the intrinsic
region at high temperature, but observed an extrin-
sic region with lower energy gap at low tempera-
tures. Although many factors may be responsible
for such a difference, we would like to suggest that
the extrinsic region in the evaporated films is the
result of microcrystallization which, as discussed
above, may not always be detected in the electron-
diffraction pattern. Such microcrystallization
would be absent in the films sputtered at 77 °K as
suggested by the more distorted nature of the x-
ray pattern. Furthermore, as previously discussed,
even in films sputtered at room temperature, the
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TV (eK™) cluded in Fig. 6 and is in good agreement with the
1013 0.004 0.006 0.008 planar temperature dependence; this point will be
' ' ' further discussed, later on, with the transverse
measurements, One further point of agreement
2 < / with EFS is that the electrical energy gap increases
10 I P upon annealing: E! increases from 0.5 to 0.58 eV
3%’ /A after an anneal of 48 h at room temperature (see
" £ 4 the data for InSb No. 6 in Fig. 4). These results
10 > are summarized as follows: Films sputtered at
» / 77°K display a hopping conduction with goc T4,
of where the localized states are the result of the dis-
10t / order caused by the low temperature of deposition
§ / and the sputtering process; upon annealing at room
@ / temperature, the localized states are removed and
109 b one observes an exponential temperature dependence
with a single energy gap. Films deposited at room
temperature display an exponential temperature de-
108 pendence with two energy gaps (intrinsic and ex-
trinsic regions) possibly because such films have
107
T (k™"
1013 0.004 0.005 0006 0.007 0.008
10800 ata 1 0¥ TN S W N N E ' ' T ' f
024 028 032 036 040 044 048 E
T-1/4 (°K"'/4) |
FIG. 3. Temperature dependence of the planar re- 1012
sistance for films deposited at 77 °K; allfilm resistances E
are plotted vs T-1/4 except for the annealed InSb No. 5 -
film which is plotted vs T, Closed dot (@), InSb No. 1, B
6000 A; open dot (O), InSb No. 2, 1.4 pm; open square 10
(), InSb No. 3, 7430 &; InSb No. 5, 310 &, closed E
square (M) as deposited, open triangle (A) annealed 16 h F
at 300 °K. -

microcrystallization does not occur uniformly in
the film and may easily be missed. Consequently,
the conductivity -versus-temperature curve for a
film consisting of microcrystals embedded in an
amorphous matrix will consist of the superposition
of the curve for an amorphous material with a sin-
gle energy gap and of the curve for the crystalline
material' which saturates around 200°K. This
superposition will give rise to a temperature-de-
pendent conductivity with two energy gaps. This
suggestion is supported by the data shown in Fig.

5 for two films sputtered at room temperature
where microcrystallization is present as shown by
Fig. 2(b): The energy gaps correspond to the low
values reported by EFS and we can observe an in-
trinsic region at high temperature followed by an
extrinsic region at low temperature. The data for
films deposited at 77 °K and annealed at 300 °K, as
well as for films deposited at 300 °K, are shown in
Fig. 6, where they are compared with the data of
EFS. The qualitative agreement between the vari-
ous data is satisfactory. The temperature depen-
dence of the transverse conductivity has been in-

1010

R ()

To=1.2 X 107°K

To =19 X 107°K

106 | ] I ] 1
0.24 0.32 0.40 0.48 0.56 0.64
T-1/74 (e -1/4)

FIG. 4. Temperature dependence of the planar re-
sistance for films deposited at 77 °K showing the effect
of room-temperature annealing, InSb No. 3, 7430 .&,
closed dot (@) T-'/* scale, as deposited, open dot (O)
T+ scale, annealed 16 h; InSb No. 6, 1875 A, closed
square (M) T-1/4 scale, as deposited, open square (0)
T-! scale, after warm up to 300 °K, open triangle (A)
T-! scale, annealed 48 h; InSb No. 9, 2100 &, T-1/% scale
[only a few closed triangles (4 ) indicated].
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FIG. 5. Temperature dependence of the planar re-
sistance for two films sputtered at room temperature.

a similar structure to the evaporated films. ! In-
deed, extrinsic conductivity occurring as a result
of annealing has been previously observed in amor-
phous chalcogenide films, %

Another interesting parameter in such films is
the number of carriers. Although the Hall voltage
on InSb No. 10 was too small to be detected, one
could estimate at room temperature a useful lower
limit for the Hall constant: R<0.7 cm3/C; this
corresponds to a density of carriers of at least
9% 10'® cm™ with an associated mobility smaller
than 0.1 cm?/Vsec. These numbers are in good
agreement with Clark’s Hall-effect measurements*
on amorphous Ge. Furthermore, as Stuke? has
suggested that the product of the density of states
times the mobility is a constant for both amorphous
and crystalline semiconductors with a given energy
gap, one finds again that the high density of carriers
of amorphous films is linked to a very low mobility.
In the case where conduction is via hopping between
localized states, one can calculate the density of
localized states from the relation previously men-
tioned: Using Ty~ 2x107°K and®® a=~10" cm™ one
obtains N(Ez)=10'® cm™, which is of the same or-
der of magnitude as the estimated number of ex-
tended states.
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It is already clear that it is more difficult to ob-
tain InSb in the amorphous state than Ge and Si.
Indeed, while EFS state' that amorphous InSb films
had to be evaporated at low temperature, amorphous
Ge films can be evaporated at temperatures as high
as 300°C.!" The readiness of InSb to revert to the
crystalline state is further demonstrated by the ef-
fect of film thickness on the crystalline state of the
film. While films thinner than 1.5 yum are amor-
phous, thicker films, although amorphous from
their x-ray diffraction pattern, show clear evidence
of microcrystallinity in their electrical behavior.
This effect is shown in Fig. 7 for a 3-um film de-
posited at 77°K. The best evidence for microcrys-
tallinity is the very high conductivity of the film
(see Table I) coupled with the fact that although the
film was deposited at 77 °K, the resistance-versus-
temperature curve is totally reversible between
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FIG. 6. Conductivity vs reciprocal temperature for
films deposited at 77 °K and annealed at 300°K and for
films deposited at 300°K. InSb No. 5, 310 A, annealed
16 h closed dot (@); InSb No. 6, 1875 A, closed square
(W) cooled from 300°K, open square () annealed 48 h;
InSb No, 3, 7430 A, annealed 16 h, open dot (O); InSb
No. 4, 8300 A, deposited at 300°K, open inverted tri-
angle (V); InSb No. 10, 1, 34 pm, deposited at 300 °K,
open triangle (A); Pb-InSb-Pb No. 5, 6300 A, annealed
16 h, closed inverted triangle (w). The two solid lines
represent the amorphous data shown in Fig. 4 by EFS
(Ref. 1),
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FIG. 7. Temperature dependence of the planar resis-
tance for 3-um film deposited at 77 °K.

2.5 and 300 °K. Furthermore, although the data
below 110 °K can still be fitted by relation (1), T is

extremely low (2.8x10%°K), and above 110°K the
temperature dependence of the resistance becomes
exponential, but with a very small energy gap
(0.036 eV). All these facts can be best explained
in terms of microcrystals (too small to be detected
by x-ray diffraction) embedded in an amorphous
matrix, This microcrystalline behavior seems to
develop at a film thickness of approximately 2 pm.
We now turn our attention to the temperature de-
pendence of the transverse resistance for films de-
posited, and kept, at 77°K (Figs. 8 and 9). While
in amorphous Ge films!® the planar and transverse
resistances were both proportional to T '/ up to
the annealing temperature of 120 °K, this is not the
case for InSb as shown by Fig. 8. The data can be
fitted by relation (1) with T,~ 107 °K (Table I) be-
low 20 °K, but above 20 °K up to the annealing tem-
perature of 90 °K the data are best fitted by an ex-
ponential with a very small activation energy of
0.05 eV (Fig. 9). The different temperature de-
pendence between planar and transverse measure-
ments cannot be explained in terms of anisotropy
as over the whole range of temperatures studied;
the transverse resistivity values are, within scat-
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ter, approximately equal to the planar resistivity
values. Furthermore, the film thickness studied
in the transverse measurements is too thick to ex-
pect any anisotropy.'®! The different temperature
dependence between planar and transverse resis-
tance measurements can be explained by the differ-
ent degree of disorder between the two types of
films. While the films for planar measurements
are deposited on glass or sapphire, the films for
the transverse measurements are deposited on an
evaporated Pb film. One may therefore expect®
that the films grown on Pb will be less disordered,
and as a result, the exponential dependence with the
small activation energy can be considered as a
transitional state between the fully disordered

state (o T-'/4) and the fully annealed state o exp
x (- Ef'/kT), with E'~0.5 eV]. On the other hand,
these differences are not that important if consid-
ered in the following way: Both Ty(~ 10" °K) and the
value of 0oy, rr €xtrapolated from the 7=/ plot of

T-1 (°K -1 )

10° 0.005 0007 0009 O0O011 0.013
T T T T T

T TTT

108

T TTTTTm

o
~
T T TTTTTT

108

R(Q)

105

T T T T T 7T

104

T TTTTT

103

BLLRRALL

102 L é I 1 1 i I 1 | [
024 032 0.40 048 0.56 0.64
T-1/4 (oK—I/4)

Il

FIG. 8. Temperature dependence of the transverse
resistance for films deposited at 77 °K; all film resis-
tances are plotted vs T-'/4 except for the annealed Pb-
InSb-Pb No. 5 film which is plotted vs T-!. Pb-InSb-Pb
No. 1, 1.1 pm, open triangle(A); Pb-InSb-Pb No. 3,
5400 A, closed triangle (a); Pb-InSb-Pb No. 4, 5400 &,
open square (O); Pb-InSb-Pb No. 5, 6340 &, closed dot
(@) as deposited, open dot (O) annealed 16 h,
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FIG. 9. Transverse resistance for the same films
described in Fig. 8 as a function of reciprocal tempera-
ture. Pb-InSb-Pb No. 1, open dot (O); Pb-InSb-Pb No.
3, closed dot (@); Pb-InSb-Pb No. 4, open square (();
Pb-InSb-Pb No. 5, closed square (I).

Fig. 8 (a few 'cm™?) are very close to the values
obtained for the planar measurement (Table I).
Furthermore, if one obtains gy, gy from the T
plot of Fig. 9, the resulting values are still fairly
close (except for Pb-InSb-Pb No. 4) to those ob-
tained from the 7-*/* extrapolation and are still
much larger than the room-temperature conduc-
tivity of annealed films. As shown in Fig. 8, the
temperature dependence of the transverse resis-
tance for a film annealed at room temperature is in
very good agreement with planar measurements
(E'=0.5 eV). These data are also shown in Fig.

6, where one can see that they are in excellent
agreement with the data of EFS.! One also notes in
Fig. 6 that while planar measurements are fitted
with a single activation energy, the transverse
measurements show both an intrinsic and an extrin-
sic region. As mentioned above, this difference
can be understood in terms of partial microcrystal-
lization present in annealed films deposited for
transverse measurements: In other words, a film
deposited at 77°K on a metal substrate (Pb)

and subsequently annealed partially crystallizes,
just as a film deposited on glass or sapphire

at 300 °K.
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FIG. 1. Underfocused bright-field electron micrograph
for a 100-A InSb film deposited at room temperature on
a NaCl substrate.



FIG. 2, Electron diffractions taken on different re-
gions of the same film of which the electron micrograph
is shown in Fig. 1: (a) totally amorphous pattern; (b)
amorphous pattern with partial microcrystallization.



