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a-Ga& Sb„ films were deposited in a specially designed flash evaporation apparatus. The control of
the evaporation parameters allowed us to prepare stoichiometric and Sb-rich samples. The physical
properties of the material were analyzed using optical spectroscopy, x-ray diffraction, electrical conduc-

tivity, Raman scattering, infrared absorption, electron energy loss, and Auger electron spectroscopies.
The dark conductivity of several samples of variable composition was measured. Variable range hop-

ping dominates the transport process for stoichiometric material while in the Sb-richer samples the
phonon-assisted hopping between tail states probably dominates. A substantial increase in the electrical
conductivity due to chemical disorder is observed when the composition is far from stoichiometry. A se-

quence of heat treatments of a near-stoichiometric sample showed two qualitatively different effects. At
low temperatures, before the onset of crystallization, an ordering of the amorphous matrix is observed.
At higher annealing temperatures GaSb and Sb crystallites are formed. The experimental data and
current theories suggest that the partially crystallized material is a mixture of stoichiometric GaSb (and
eventually Sb) microcrystals embedded in an Sb-rich a-Ga& Sb matrix. The effects of disorder pro-
duced by the departure from stoichiometry and by partial crystallization were compared.

I. INTRODUCTION

Amorphous III-V semiconductor compounds have op-
tical and electrical properties that indicate them as strong
candidates for the development of several kinds of electri-
cal and optical devices. However the nature of the defect
states in these materials is not yet completely under-
stood, ' so that their control is dificult if not impossible
at the present time. In these materials, in addition to the
structural disorder, common to all amorphous solids, we
have to include chemical disorder, which prevents the
direct comparison between their properties and those of
the well-known elemental semiconductors a-Si and a-Ge.

In spite of the fact that little research on III-V amor-
phous semiconductors has been done up to now, some
basic properties are well established. The local order
with tetrahedral coordination is maintained as in amor-
phous silicon and germanium. ' Stoichiometry is
difficult to attain in the preparation of these materials.
The methods most frequently used to overcome this
difBculty are Gash evaporation' ' and sputtering. '
Usually the column-V element is in excess. Previous
studies, however, indicate that the excess element atoms
are uniformly distributed in the matrix, resulting in
homogeneous amorphous solids. ' ' '

Detailed theoretical calculations of the electronic
structure of the III-V amorphous semiconductors, includ-
ing the defect states, were performed by O'Reilly and
Robertson. ' A tight-binding recursion method was used.
They proposed that the main kind of defect in these ma-
terials should be threefold-coordinated atoms, essentially
because most of the column-III and column-V elements

are trivalent. In this way the dangling-bond sites are ex-
pected to relax to configurations very similar to those
found in the relaxed surface of c-GaAs: the As dangling
bond relaxes from the bond angle of 109.5' towards 97
when its level is filled. Similarly, the Ga dangling bond
relaxes towards 120 as its level empties. A consequence
of this relaxation is that the diamagnetic configurations
are much more probable than the half-filled dangling-
bond configurations in GaAs and the other III-V amor-
phous compounds. Besides, these relaxed dangling-bond
sites (called here C3 sites) are expected at energy levels
near the band edges or inside the bands, instead of giving
deep gap states.

According to the O'Reilly and Robertson model,
wrong bonds (bonds between like atoms) cause gap states
in some of the III-V compounds. The III-III wrong bond
genera11y produces acceptor states while V-V wrong
bonds are expected to produce donor states. The forma-
tion energies of these defects are higher than those neces-
sary to form the others and consequently the density of
wrong bonds should be smaller than the C3 density.

Hydrogenation, a fundamental process for the control
of defect states in a-Si, has been attempted in a-GaAs
(Refs. 13,16) and a-Gap. ' ' In spite of the clear im-
provements of the electronic properties induced by this
process, the role of hydrogen is not well understood. The
different nature of the chemical bonds in a-Si and III-V
compounds makes the understanding of the passivation
of dangling bonds dificult.

Structural studies indicate that different kinds of de-
fects are present in these compounds, mainly changes in
the predominant tetrahedral coordination and, to som. e
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extent, wrong bonds, i.e., bonds between like atoms. The
low energy necessary for breaking the wrong bonds' sug-
gests that thermal annealing can be used to reduce the
density of at least this kind of defect. In fact, changes in
the optical and structural properties of these materials
have already been observed when treated at even low tern-
peratures. "' '

In this work we mainly study the optical properties of
amorphous gallium antimonide films prepared by Gash
evaporation. The effect of stoichiometry deviations and
heat treatments on the optical absorption edge was stud-
ied using optical transmission data. The crystallization
process was followed by means of x-ray diffraction, Ra-
man scattering, and optical reAectivity in both uv and ir
bands. The electrical conductivity was measured as a
function of Sb concentration in stoichiometrically unbal-
anced samples as well. The composition of the samples
was determined by means of x-ray photoelectron (XPS)
and Auger electron spectroscopies (AES).

The similarities between the changes in the absorption
edge produced by crystallization in nearly stoichiometric
samples and those corresponding to unbalanced materials
with different Sb concentrations are analyzed.

II. KXPERIMENTAI, PROCEDURE

A set of a-Ga& Sb films with difFerent concentra-
tions (0.50(x(0.59) and thicknesses ranging from 200
to 1200 nm were deposited onto silica glass and crystal-
line silicon substrates using the Hash evaporation tech-
nique, ' "' ' in a specially designed equipment described
elsewhere. The evaporation assembly is basically com-
posed of a high-vacuum chamber with a feeder, a cruci-
ble, and a substrate holder. The feeder is able to continu-
ously supply the hot crucible with crystalline GaSb
powder. The feeding rate of 0.3 g/min adopted in this
work resulted in deposition rates of approximately 3
nm/s. The source material was a GaSb powder, made
from a pure single crystalline rod, with a mean grain size
of 30 LMm. The relevant properties of the source material
were a carrier concentration of 1.5 X 10' cm, electrical
conductivity of 13.9 0 ' cm ', and p-type character due
to native defects. The substrates were kept at room tem-
perature during the depositions.

The crucible temperature T, was used to control the
composition of the material. Stoichiometric and near-
stoichiometric samples were prepared at high tempera-
tures (1040—1070'C). Large Sb excesses were obtained at
lower temperatures. The higher limit of T, was set at
1200'C because at higher values pinholes appear in the
films due to collision of solid GaSb particles coming from
the crucible. Samples prepared at temperatures higher
than this limit show some crystallization as well.

Standard evaporation was used in the deposition of a
few samples. The properties of these and of the Aash eva-
porated ones were compared.

Table I contains the crucible temperature, composi-
tion, and optical parameters of a representative group of
samples.

XPS, AES, and energy loss measurements were per-
formed in an ultrahigh-vacuum (UHV) chamber with a

TABLE I. Crucible temperatures ( T, ), Sb concentration (L),
optical gaps (Eg), Urbach energies (Eo), and temple and Di-
Domenico parameters (E,Ez ) of a-Ga& „Sb„films.

T.
( 'c)

1070
1070
1040
990

0.50
0.51
0.52
0.59

Eg
(eV)

0.58
0.53
0.49

Eo
(meV)

152
196
227
344

E
(eV)

1.6
1.9
2.0
1.6

(eV)

30+4
33+3
40+4
39+5

base pressure of 10 ' Torr. The Auger spectra of ihe
samples as introduced into the UHV chamber showed 0-
XVV signals, typical of air-exposed samples, which disap-
peared completely after a mild Ar sputtering. We paid
special attention to the presence of W, finding that the
samples were completely free of this contaminant. For
the XPS measurements we used Al K radiation and we
determined the compositions from the intensity ratios of
the Ga 3d and Sb 4d peaks.

The energy loss spectra of 1 keV electrons were previ-
ously measured, showing peaks at approximately 14 eV
attributed to the excitation of bulk plasmons. The posi-
tion and width of these peaks did not undergo important
changes with composition.

Transmittance and reflectance spectra at normal in-
cidence were measured in different spectrophotometers:
Perkin Elmer Lambda 9 from 6.2 to 0.5 eV, Jasco IR 700
from 4000 to 400 cm ', and BIO-RAD FTS 40 from 400
to 190 cm '. This wide range encloses the main features
of the optical spectra of GaSb, the maximum of the imag-
inary part of the dielectric function being found at 2.5
eV, while at the ir side one cold measure a phonon ab-
sorption band at 225 cm

The Raman spectra were measured at room tempera-
ture using the emission line of an argon laser at 514.5 nm.
Low excitation intensities were adopted in order to
prevent laser annealing of the samples.

The dark electrical conductivity was measured in a
high-vacuum chamber (7X10 Pa) as a function of the
temperature in the range 150—423 K. The electrical con-
tacts were aluminum parallel strips deposited on the sub-
strates' surfaces before the film growth in order to
prevent contamination effects at the film surface. The ex-
perimentally determined positive signal of the Seebeck
factor indicated p-type electrical conduction in all the
samples.

The refractive index, the absorption coeScient, the Ur-
bach energy Eo, the Tauc optical gap E, and the film
thickness were determined using transmittance and
reflectance data measured at room temperature. Analyti-
cal expressions for the transmittance and reflectance of a
thin film on a weakly absorbing thick substrate were used
in the calculations. Multiple rejections, coherent in the
film and incoherent in the substrate, were considered in
the derivation of these formulas.

The calculations of the optical constants were per-
formed in two steps. In the first one, data from the low-
absorption region, with clear interference fringes, were
used. Wemple and DiDomenico (WD) parametrization
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of the refractive index [Eq. (1) below] and the Urbach for-
mula for the absorption coefficient [Eq. (2) below] were
adopted to fit the transmittance and reflectance spectra
simultaneously:

E Ed
n (A'co) = 1+

E (f—ico)

Ace/Eo
a(A'co) =aoe

1/2

E and Ed are the oscillator and dispersion energies, re-
spectively, ao is the pre-exponential absorption factor,
and Eo is the Urbach energy.

The second step of the optical calculation uses
transmission data at the absorption edge region (low
transmission values) which are very sensitive to the varia-
tions of a. An efficient iterative procedure, which
makes use of the refractive index and the film thickness
of the previous step, was adopted in this case.

The results more relevant to this work are the absorp-
tion coefficient at the absorption edge, the optical gap Eg,
and the Urbach energy Eo. It should be recalled that, ac-
cording to Cody et al., Eo is directly related to the dis-
order of the material. In amorphous compound semicon-
ductors we consider three additive contributions to the
Urbach energy: (i) a therinal or phonon term Eoz, (ii) a
term related to topological disorder and defects common
to all amorphous solids Eo„and (iii) a term associated
with chemical disorder Eo,h, which only appears in corn-
pound solids. As the measurement temperature was not
varied in our experiments, Eoz is a constant.

m. RESULTS

The absorption edges of the materials with different Sb
concentrations (x) are shown in Fig. 1(a). The Urbach
energy Eo increases with x, Fig. 1(b), refiecting the grow-
ing of disorder. The optica1 gap, determined according to
Tauc's method, narrows as the Sb concentration in-
crease. Figure 1(c) shows this feature; it can also be ob-
served that the steepness of the straight lines of the un-
balanced samples is less than that of the stoichiometric
sample, leading to a crossing of the Tauc plots corre-
sponding to x =0.50 and 0.51.

The properties of the Inaterial evaporated by the stan-
dard procedure change during the deposition, as expect-
ed. Samples obtained at the beginning of the evaporation
have properties similar to those of the Gash evaporated
ones. At later evaporation times, the properties of the
corresponding samples change rapidly as the Sb concen-
tration increases. In this condition the absorption edge
becomes less defined [sample SE in Fig. 1(a)] and finally
the film is mechanica11y unstable, detaching easily from
the substrate.

The dark electrical conductivity was measured as a
function of T for various compositions [Figs. 2(a) and
2(b)]. No irreversible changes of the physical properties
of the materials were detected after these measurexnents,
in which the maximum temperature achieved was 435 K.

The conductivity vs inverse temperature plots [Fig.
2(a}], are not exponential, not allowing an unambiguous

determination of the activation energy which would
characterize free-carrier conduction. The analyzed ma-
terials have rather different optical gaps and conductivi-
ties, and indeed the two extreme compositions (x=0.50
and 0.59) should be associated with very different materi-
als, whose energy bands are significantly difFerent.

In the stoichiometric sample, x =0.50, the one with the
lowest density of gap states, the conductivity vs 1/T
behavior might be interpreted as being due to free car-
riers if a statistical shift of the Fermi energy as a function
of the temperature occurred during the measurement.
Nevertheless, its strong T '~ behavior [Fig. 2(b)] indi-
cates that variable range hopping is the more probable
conduction mechanism.

The sample with x =0.59, the most unbalanced one,
shows a high conductivity which is almost independent of
temperature, a very narrow optical gap, and a broad Ur-
bach tail. The density of states at the Fermi level should
be very high, and hopping between these tail states are
very probable.

The conductivity of the materials with intermediate
compositions, x =0.51 and 0.52, increases with the Sb
concentration but its behavior with temperature cannot
be explained any longer by variable range hopping. Prob-
ably the increase of the density of states in the band tails
and in the gap favors phonon-assisted hopping between
near neighbors.

In order to study eventual structural changes and the
crystallization of the material, a sequence of thermal an-
nealings (T, =180, 210, 250, and 400'C, and t, =20 min}
was performed. A nitrogen atmosphere was used to
prevent surface oxidation. After each treatment the fo1-

1owing spectra were measured: x-ray diffraction, optical
reflection in the ultraviolet/visible region, transmittance
at the absorption edge, transmittance and reflectance in
the infrared, and Raman scattering. In Figs. 3—6 we
show the evolution of the spectra of a nearly
stoichiometric sample (x=0.51). The spectrum of the
as-grown sample was included in each case.

Figure 3(a) shows that no peak in the x-ray difFraction
spectrum is observed after the first annealing
(T, =180 C). The beginning of crystallization is clearly
seen after the annealing at 210'C, where the emerging
peaks correspond in angular position and intensity ratios
to those of crystalline GaSb. The annealings at the
higher temperatures, 250 and 400'C, produced a strong
increase in peak intensity and a somewhat weak peak
narrowing. The mean size of the GaSb crystallites, relat-
ed to the peak width and given by the Scherrer formula,
varies from 220+20 A for the lower T to 270+20 A for
the highest one (400 C). Two peaks at 28=28.8' and
40.1,associated with c-Sb, are observed after the anneal-
ing at 400 C.

The evolution of the imaginary part of the dielectric
function sz [Fig. 3(b}] determined using a multiple-
oscillator fitting of the reflectance data follows a trend
quite similar to that of the x-ray diffraction. Peaks in c2
begin to appear at T, =210'C, indicating the onset of
singularities in the density of electronic states, proper to
the crystalline phase. As the annealing temperature in-
creases the c,z spectra become closer and closer to that of
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the crystalline GaSb sample. The optical gaps and Ur-
bach energies of the as-grown and heat-treated a-
Gao 49Sbo 5, samples are plotted in Figs. 4(a) and 4(b), re-
spectively. It should be observed that the annealing at
180 C, which did not produce any appreciable change ei-
ther in the x-ray diffractogram or in the cz spectrum, in-
duced a clear opening of the optical gap accompanied by
a diminution of the Urbach energy. A contrary effect is
produced by the annealings at higher temperatures.

Raman scattering and ir absorption experiments were
performed in order to get information about eventual
structural ordering of the lattice at the lowest annealing
temperature (180 C) as suggested by the opening of the
gap seen in Fig. 4(a). The sequence of Raman scattering
spectra is shown in Fig. 5. The peaks at 226 and 235
cm ' correspond to the TO and LO vibrational modes of
GaSb, respectively. The peak at 152 cm ', which ap-
pears in the 400 C annealing, is attributed to c-Sb, be-
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GaSb slab were included for comparison.
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served in the x-ray and reAection data, which will be dis-
cussed in the next section.

I
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FIG. 5. Raman scattered intensity vs excitation line shift
(514.5 nm argon laser} in an a-Gap 49Sbp» film on a silicon sub-
strate, annealed at different temperatures. The 180 C spectrum
shows a peak structure associated with the TO and LO vibra-
tional modes of c-GaSb. These peaks become well defined in the
400 C annealing. The intense peak at 151.8 cm ' found in this
annealing is associated with the formation of pure Sb crystal-
lites.

I&. DISCUSSION

It is shown that the absorption spectra of near-
stoichiometric a-GaSb materials are characterized by a
we11-defined Urbach tail and a sublinear region at higher
energies, characteristic of a homogeneous semiconductor
compound, as might be expected according to previous
works. ' ' ' As the Sb concentration increases
(x )0.50), the Urbach energy increases and the optical
gap becomes narrower.

Theoretical studies of the electronic properties of
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amorphous III-V semiconductors suggest C3 centers
(threefold-coordinated atoms) and wrong-bond com-
plexes, respectively, as the defects responsible for the for-
mation of band tails and deep states in the gap. ' Ac-
cording to these studies the isolated C3 levels are at—0.45 eV for Sb sites, and +1.37 eV for the Ga sites
(both energies referred to the valence-band top of a-GaSb
whose energy gap is 0.78 eV). The energies of these sites
may be significantly shifted by the influence of their envi-
ronments. For instance, in the extreme case of two adja-
cent Sb C3 sites, the energy goes to +0.50 eV. Inter-
mediate distances between C3 sites give a distribution of
states which could contribute to the tails. Thus C3 and
wrong-bond defects plus the distorted bonds of tetracoor-
dinated atoms determine the density of gap states in these
materials.

In near-stoichiometric a-Ga& Sb the density of
wrong bonds should be low because of the strong tenden-
cy to chemical ordering, which promotes a well-defined
absorption edge with tails dominated by the C3 defect
centers. However, in off-stoichiometric material we
should expect to some extent higher densities of wrong
bonds in addition to the C3 centers. The great increase of
optical absorption, especially at low energies, in our
strongly unbalanced samples (a-Ga04, Sbo ~9 and sample
SE) is consistent with this explanation.

The global increase of the electrical conductivity as a
function of x is due to the growth of the density of band
tail and gap states, related to the growing chemical disor-
der. The stoichiometric material has small defect densi-
ty, mainly Sb C3 centers, this being the only case in
which the transport is clearly dominated by variable
range hopping. Materials with increasing Sb concentra-
tion do not show linearity of loge with either T ' orT; this behavior indicates that thermally activated
hopping between near-neighbor tail states grows in im-
portance as x increases.

The signal of the Seebeck factor measured at room
temperature indicates that in all cases our material has
p-type electrical conductivity. This result is also con-
sistent with the theoretical models mentioned above: the
Sb C3 centers create acceptor states that dominate the
conductivity process once the material is richer in Sb. In
this case the probability for the formation of Ga C3
centers is small, resulting in a low density of donor states.
However, the applicability of the O'Reilly and Robertson
model to the prediction of the signal of the Seebeck factor
is inconclusive in the case of samples with high Sb excess,
where Sb-Sb wrong bonds are highly probable, thus creat-
ing donor states as well.

The effects of the low-temperature heat treatment
(180'C), were detected by means of ir and Raman mea-
surements and by the alteration of the absorption edge as
well. Probably during this first annealing, which did not
induce any detectable crystallization, a number of defects
(distorted and wrong bonds) were eliminated. This local
reorganization of the matrix should be responsible for the
observed decrease of the Urbach energy (Table I) and the
opening of the gap. At this stage migration of Sb atoms
probably did not occur, so the decrease in Eo is not
influenced by a variation of Eo,z. The broad ir absorp-

tion band (Fig. 6) of the as-grown sample becomes nar-
rower and more intense after the first annealing,
rejecting the less damped oscillations of the more or-
dered material.

The crystallization of the almost stoichiometric materi-
al produced by the higher-temperature annealings is
clearly demonstrated by the x-ray data. The crystallites
thus formed should be strictly stoichiometric as corn-
pared to the originally amorphous matrix. This means
that some antimony should be ejected out of the crystal-
lized regions to the still amorphous matrix in its vicini-
ties, increasing its Sb concentration. Such treated materi-
al is then a mixture of small stoichiometric crystals and a
stoichiometrically unbalanced amorphous matrix, and
should share the properties of both phases. At the
highest annealing temperature Sb segregation and crys-
tallization occur and are observed by means of the x-ray
diffraction patterns and Raman scattering experiments
that show the characteristic peaks of antimony [Figs. 3(a)
and 5].

It should be noted that in this mixture of crystalline
and amorphous phases the grain boundaries are regions
of high density of defects that, according to the above
theoretical models, should be predominantly Sb C3
centers.

In the spectral region where the optical absorption of
the amorphous phase is high, the optical behavior of an
originally unbalanced amorphous sample and a partially
crystallized heat-treated one should be comparable in
some way. In Fig. 1(b) we have plotted the Urbach ener-

gy as a function of the Sb concentration x of the
stoichiometrically unbalanced samples (not heat treated),
and in Fig. 4(b), the Eo values of a single heat-treated
sample were plotted as a function of the annealing tem-
perature. Comparing these figures, the following points
should be noted. (i) Eo is a monotonically increasing
function of x in the off-stoichiometric (not heat-treated)
samples [Fig. 1(b)]. (ii) The ranges of variation of Eo in
both plots l(b) and 4(b) are similar. The smaller values of
Eo [4(b)] before crystallization are comparable to the
ones of the nearly stoichiometric samples in Fig. 1(a).
Similarly, highly unbalanced samples have Eo values
comparable to those of the crystallized samples. (iii) Fig-
ure 4(b) shows a strong increase in Eo (210 and 250 C)
and then a decrease (400 C); these features are coherent
with the initial Sb migration and incorporation in the
amorphous phase (greater chemical disorder) occurring
during the annealings at 210 and 250 C. The segregation
and crystallization of Sb induced by the highest-
temperature annealing reduce the Sb concentration in the
amorphous phase and concomitantly reduce the chemical
disorder.

The previous discussions demonstrate that the struc-
ture of the partially crystallized material is composed of
stoichiometric GaSb (and eventually Sb) microcrystals,
embedded in an amorphous matrix with Sb excess. We
show, in addition, that this amorphous matrix has the
same properties as the highly unbalanced amorphous ma-
terial studied separately. X-ray diffraction experiments
were able to probe the crystallinity of this composite ma-
terial while the optical techniques gave information about
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the amorphous phase.
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