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Abshwt Stoichiometric GaAs films have k e n  prepared by RP sputtering wer an 
appreciable range of subslrate temperature T,. The Yructural and optical properlies of 
these films have k e n  investigated by means of a vdriety of expenmenla1 techniques. 
7iansmission eleclron microscope (TEM) aperimenls meal that for T. 2 U 70 OC 
lhe S L T U C I U ~ ~  con~ists 01 nanoclystals embedded in an amorphous network MAFS. XPS 
and infrared experiments are consislent wilh each other, indicating lhal configurational 
disonier in the amorphous network of the G a b  films deaeases as T. b raised. Most of 
the disorder rrlalcs to bond-angle disorder, he  spread in bond angle amund Ga atoms 
b found to be less lhan lhal around Ar atoms for a given subslrate tempralure. The 
changes observed in the fundamenlal absorpiion edge with increasing T. are discussed 
in relation to various passible defects in amorphous GaAs. 

1. Introduction 

Previous work on amorphous 111-V semiconductors has focused mostly on 
stoichiometric (or near-stoichiometric) compounds. Early x-ray diffraction studies 
on such compounds [I]  showed, as in the case of a-Si and a-Ge, that although 
they lacked the long-range order of the corresponding crystal structure they retained 
tetrahedral short-range order. The first continuous random network (CRN) model 
proposed for the structure of a-Si and a-Ge (by Polk [2]) contains a considerable 
number of odd-membered rings; in the case of amorphous 111-V compounds, this 
would necessarily introduce a proportion of wrong bonds, Le. bonds between like 
atoms. A CRN model introduced by Connell and ’kmkffl [3], consisting only of even- 
membered rings, was suggested CO be possibly more appropriate. Electron diffraction 
studies on near-stoichiometric a-GaAs, a-Gap, a-GaSb and a-InP by Dixmier et al 141 
supported this view. 

The adoption of the Connell-Emkin CRN implies a high degree of chemical 
order. Further information on the extent of chemical ordering in amorphous 111-V 
materials has been obtained from a variety of experiments. On the basis of EXAFS [SI 
and optical [6] measurements, Theye and co-workers concluded that Rash-evaporated 
(stoichiometric) a-GaAs contained few wrong bonds. This is in general agreement 
with an WlAFS and optical study by Baker et af (71 on sputtered a-Ga,-,As, (0.5 
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6 x < OS), although the inability to distinguish between Ga and As scatterers 
somewhat hampered EXAFS analysis; the extension to As-rich specimens allowed 
the authors to detcct a change in coordination around As atoms from about four 
at wmpositions close to stoichiometry towards about three in very As-rich films 
(Ga atoms remained fourfold coordinated over the composition range investigated). 
In the case of a-Gap, however, contrary results have been obtained by different 
groups. W s  studies [S, 81 on approximately stoichiometric flashevaporated a-GaP 
provide evidence for both Ga-Ga and P-P bonds, with the proportion of wrong 
bonds apparently as high as 25%. The electron diffraction experiments of Dhunier 
B af 141 suggest that this partial chemical disorder is not forced on the network 
by topological considerations; instead, the authors attribute it to 'extrinsic' disorder 
arising from the particular method of sample preparation. Indeed, recent EXAFS and 
optical experiments on sputtered (approximately stoichiometric) a-GaP [9] indicate a 
much higher degree of chemical ordering, with no wrong bonds detectable (at least 
within the sensitivity of the EXAI-S and infrared experiments carried out in this study). 

The preparation conditions, in particular the substrate temperature, necessary for 
the deposition of amorphous (as opposed to microcrystalline) 111-V materials differ 
quite widely among the various reports in the literature. In the case of GaAs, Paul et 
of [lo] found that films sputtered from an Arm2 plasma were partially crystalline 
when the substrate tcmperature was around or above 25 "C; a temperature of 
4 O C  was required to produce fully amorphous material. However, Hargreaves ef 
ol [ll] were able to prepare a-GaAs by sputtering at up to 30 O C .  Furthermore, 
MBE-deposited GaAs can appdrently be prepared in amorphous form at substrate 
temperatures as high as 200 OC or more 1121. In view of the differences in preparation 
conditions mentioncd above, it appeared to us to be of interest to prepare a set of 
sputtered GaAs films over an appreciable range of substrate temperatures T, in 
an attempt to determine the point at which the deposited films first show signs of 
microcrystallinity (at least for our deposition system). There appear to have been few 
systematic investigations into the effect on the structural and electronic properties 
of amorphous Ill-V semiconductors of wrying preparation conditions such as Ts, 
which would be expected to produce changes in the configurational disorder of the 
amorphous network (i.e. variations in bond angle and bond length). The second 
principal aim of our work was thereforc to study the effect of reducing the degree 
of configurational disorder in amorphous GaAs films, through increases in T,. In 
what follows, we present and discuss the results of EM, EXAFS, optical (including 
infrared) and XPS measurements on a set of GaAs films prepared Over a wide range 
of substrate temperature. 

S H Baker B a1 

2. Preparation 

The G a b  films were prepared by RF sputtering in an argon atmosphere at a pressure 
of -4 mTbrr. The base pressure of the system was Z X ~ O - ~  Tbrr or better. An RF 
power of 75 W was applied to the target which was a crystalline GaAs wafer, 2 inches 
in diameter. The sputtered films were deposited onto a variety of substrates: Corning 
7059 for optical measurements, c-Si for infrared work, mylar for EXAFS experiments 
and AI foil for composition and xps mcasurements. Substrate temperatures T,  above 
and below room temperature were achieved by means of a substrate table heater and 
temperature controller and by water-cooling respectively. The T, range investigated 
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was 14 'C-240 "C. The thicknesses of the deposited films lay between 0.09 and 
0.16 pm. 

3. Microstructure 

The composition of the GaAs films was determined by energy dispersive x-ray analysis 
(EDAX) using a DS130 scanning electron microscope (SEM). All samples were found 
to be essentially stoichiometric, with deviations from stoichiometly of no more than 3 
or 4 at.%. No significant variations in composition were found between different 
areas of the samc sample, suggesting that the GaAs films were compositionally 
homogeneous, at lcast down to a scale ol 5 p n  x 5 p m  (the area probed hy the 
EDAX measurements). 
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100 CX instrument. For e x h  sample, the canposition was checked in Situ by EDAX 
prior to carrying out '~FM measurements. 111 the case of films prepared at substrate 
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temperatures of -50 OC or less, the diffraction patterns consist of a few diffuse rings, 
as in figure 1, confirming the amorphicity of these samples; micrographs recorded in 
real space, as opposed to reciprocal space, show no evidence for any nanoclystals of 
diameter greater than U )  A the resolution of the microscope. At a slightly higher 
substrate temperature T, of -70 "C, the rings in the electron difbaction pattern 
become much thinner with brighter regions (see figure 2). while the micrograph 
reveals the presence of regularly distributed and similarly sized inhomogeneities 
(presumed to be nanocrystallites) of -20 8, in diameter. As T, is further raised, 
the rings fade and bright spots appear in the diffraction patterns, as in figure 3, which 
indicate an increasing degree of microcrystallinity. The micrographs reveal that the 
size of the nanocrystallites increases with rising Ts, although from 120 "C onwards 
they become more irregularly distributed and show a greater mriation in size. The 
average nanocrystallite diameter reaches 100 %, at T, .z 180 OC. Without a clear idea 
of the thickness of the EM samples, it is diliicult to estimate the volume fraction 
occupied by the nanocrystals; nevertheless, the micrographs indicate that even for 
the samples deposited at highest T,, amorphous material accounts for a substantia[ 
fraction. The diffraction pattern obtained from the sample prepared at 180 "C yielded 
lattice spacings which correlated well (to within -10.1 A) with d u e s  obtained for a 
c-GaAs wafer. 

S H Baker et al 

Pigurr 3. I ~ l c c l m n  di l lnc lmn p;ilicm lor G a h ~  sample prepared at 122 O C  

4. Experimental details 

4.1. U F S  

w(AFs measurements on the GaAs samples were carried out using the 2 GeV 
synchrotron radiation source at Daresbury Laboratory. The x-ray absorption 
coefficient p was measured about both Ga and As K edges on station 7.1, which has 
a Si(ll1) double crystal monochromator. Mcasurements were made using standard 
transmission geometry, the beam intensities being measured by ionization chambers 
containing an &/He gas mixture. Harmonic rejection was set at 70% by detuniiig 
the monochromator. Samples were deposited onto low-absorbing mylar substrates for 
m s  studies; in order to obtain the necessary sample thickness, several layers were 
stacked together. 
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The w s  spectra were extracted from the measured absorption spectra p( E) 
using the standard Darcsbury program EXBACK [13]. This fits low-order polynomials 
to the pre- and post-edge data to represent the smoothly varying background 
absorption; these are then subtracted from the measured spectra to yield the EXAFS 
spectra x(E). 

A simplified expression, based on plane-wave theory, for the ExAFs function for 
K edges is given by 

+ 26 + 11) (1) 

where k, the photoelectron wavevector, is related to photon energy by 

(h2k')/2l,r = (hw - Edge) f E". (2) 

The energy of the edge EdSe is taken to be the point at which the first derivative of 
the absorption is a maximum. E", an energy offset, is the difference in energy between 
a IC = 0 photoelectron and the lowest unoccupied energy level. N j  is the number 
of atoms of type j at a distance rj  from the absorbing atom, each of which has a 
back-scattering amplitude I f j (  n)l (a function of both atom type and photoelectron 
energy). The factor A( k) corrects for amplitude reductions due to events that result 
in absorption but not EXAFS, such as multiple electron excitations. In practice, A ( k )  
is taken to be independent of energy. The first exponential term in equation (1) is 
the Dcbye-Mller factor, describing the cffccts of vibrational and static disorder; o$ 
B the mean square variation in bond length 1;. The second exponential factor in the 
expression for s represents losscs due to inelastic scattering, X being the elastic mean 
free path of the photoelectron. This is modelled in terms of a constant imaginaly 
part of the potential I$ so that X = k / y .  This reproduces the E'/* variation 
cf electron mean free path. 6 is the phaseshift experienced by the photoelectron 
during its passage through the central atom potential, while 1,6 is the phase of the 
back-scattering factor. 

Values for structural parameters such as r j ,  N j ,  etc can be obtained from the 
experimental E x M S  by fitting the experimental data to calculated w(AFs functions. In 
the case of our GaAs samples, structural information was obtained by multi-parameter 
fitting the experimental W s  spectra to ~ F S  functions calculated using the fast 
curved-wave theory of Gurman d ai [14]. The curve-fitting procedure was carried 
out with the aid of the EXCURV90 program [13] (readily available at Daresbury), 
which uses a least-squares analysis. Scattcring phaseshifts were calculated within 
the program. A ( k )  and t$ were obtained from an EXAFS study on a crystalline 
GaAs sample, which was also used to check the phaseshifts. The analysis program 
also contains a statistical package which gives the uncertainties on the structural 
parameters (often strongly correlated). We always quote the limits of the 95% 
confidence region, i.e. the f2o  uncertainties, where cr is the standard deviation. 

4.2. w.9 
X-ray photoelectron spectroscopy (XPS) data were taken from the as-grown GaAs 
films on aluminium substrates and from a crystalline G a b  wafer, using AI Ka 
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radiation at 1456.6 eV in a VG Escalab spectrometer. Scans were made over a 
binding energy range of C-1200 eV and were calibrated using the oxygen Is line at 
532 eV and the oxygen Auger line at 976 e\! The absolute energy resolution (FWHM 
or full-width-at-half-maximum) of the instrument was 1.0 eV: me samples were not 
sputter-cleaned as this causes structural rearrangement. Since the films were not 
grown in siru, surface oxidation is evident in the core level spectra. At this resolution, 
however, it is possible to separate out the oxygenated components of the levels since 
the oxides produce chemical shifts of the order of 1 eV and 4 eV for Ga and As 
respectively. 

4.3. Opfical absopion ntensurentents 

Infrared transmission spectra for the GaAs films were recorded on a Perkin-Elmer 
580B double-beam spectrophotometer over the wavenumber range 4ooo-180 an-'. 
The sample chamber was thoroughly purged with dry air during data-raking in order 
to reducc absorption due to water mpour. 

Measurements at visible and near-infrared photon energies were carried out 
using a Perkin-Elmer 330 double-beam spcctrophotometer, the absorption coefficient 
Q being obtained by standard transmission and reflection techniques. Q was also 
measured by PDs (photothermal deflection spectroscopy) in order to extend the range 
of measurable absorption coeficients to lower values than could be obtained by the 
transmission and reflection measurements. 

S H Briker er a1 

5. Results 

5.1. Ex4FS 

Examples of As-edge WFS spectra (weighted by k3)  for the sputtered GaAs films, 
together with the associated Fourier transforms, are given in figure 4. Data for a 
crystalline GaAs sample are also included. The noise level was sufficiently low to give 
a useable I; range out to beyond 13 A-I, except for the crystalline sample where a 
larger data range was possible. The Fourier transforms are phase-corrected (taken 
with respect to 212r + 26 + @) so that the pcaks appear at the true interatomic 
distances. For the sample prepared at 14 "C, the virtual absence of a second peak in 
the Fourier transform indicates considerable configurational disorder in the structural 
network At higher substrate temperatures, a second peak (albeit a rather small 
one) is observed which suggests a reduction in the amount of disorder; this will be 
discussed in more detail later. The second peak in the Fourier transform of the 
sputtered samples was always found to bc much smaller than for the crystalline case, 
even at the highest substrate temperatures studied. 

A problem associated with the data analysis (outlined in section 4.1) is that Ga 
and As atoms have very similar back-scattering amplitudes and phaseshifts, since they 
are very close to one another in atomic number. This means that they are virtually 
indistinguishable as scatterers. We have therefore assumed that around each Ga or As 
absorbing atom there is one basic atom type X, where X denotes either a Ga or an As 
atom. Changing X from As to Ga (or vice versa) hardly affected the fitted structural 
parameters, altcring them by much less than their uncertainties. However, in spite of 
the difficulty referred to above, the data in a structural study by us on a-Ga,-,As, (71 
were not inconsistent with there being relatively few wrong bonds (like-atom bonds) 
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Bigurc 4. As-edge EUFS yeclra 1 (weighled ty k ' )  and assdated Fourier transforms 
(IT) fnr (a) GaAs wmple prepared at 14 "C, (b) GaAs sample prepared a1 122 OC and 
(c) cvrlalline GaAs simple. The hll culves represen1 the sperimental data; he tuoken 
culves give the ksl lit. 

at stoichiometry. In fact, by calculating Pcnn gaps rrom measured refractive indices 
and plasmon energies, it has reccntly been demonstrated that a-GaAs (and a-IQ) 
appear to be chemically ordered 1151. (This technique has been successfully applied 
to the amorphous alloys SIN, I161 and SO, (171, both of which were found to be 
chemically ordered.) Furthermore, our XPS data (presented in section 5.2) strongly 
suggest that the sputtered GaAs samples are wcll chemically ordered. 

Analysis or W S  data from the GaAs crystal yielded nearest-neighbour distances 
of 2.43 i 0.02 8, (from Ga-edge data) and 2.42 =k 0.02 8, (from &-edge data), with 
a coordination !V and Dcbye-Wallcr factor (from both edges) of 4.0 f 0.5 and 0.005 
f 0.001 A* respectively when the amplitude parameter A ( k )  was set at 0.7 and the 
mean free path parameter I< at -3 eV: Both sets of data are consistent, although 
the deduced bond length is slightly short; the bond length in c-GaAs is 2.45 8, This 
points towards a slight error in our phaseshifts but does not, however, affect the 
conclusions in this study. 

Fitting the first peak in the Fourier transforms for the sputtered GaAs samples 
proved fairly straightfowdrd. With values of A ( k )  and V, identical to those used 
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for the crystal, both Ga- and As-edge data yielded bond lengths r,  of 242 or 243 8, 
(f0.02 A), a coordination N, of 4f1 and a Debye-Waller factor ut of 0.006 f 
0.001 tfz in all cases. No significant variation with substrate temperature was found 
for any of the above paramcters. This is in vey good agreement with previous 
work [7] where it was also found that the fitted (first-shell) structural parameters for 
stoichiometric a-GaAs were nearly identical to those for GGaAs. In particular, the 
close similarity in Dcbyc-Waller factors between the WO phases indicates that the 
major contribution to u2 in the amorphous samples is thermal or vibrational and that 
there is little static disorder in the bond Icngth. Most of the configurational disorder 
in our GaAs samples is therefore associated with bond-angle disorder. 

As we have already seen in figure 4, a second peak appears in the Fourier 
transforms of the EXAFS spectrd as the substrate temperature T, is increased. Clearly, 
fitting such small features with a reasonable degree of certainty is difficult. In an 
attempt to provide some quantitative analysis, we allowed the second-shell distance r, 
and Debye-Waller factor U: to vary in the fitting procedure but kept the second-shell 
coordination N2 faed at 12 (as in c-GaAs). Analysis of As-edge EXAFS spectra for 
the GaAs films yielded uf values which decrcascd as T, was raised. This is illustrated 
in figure 5, which shows U; as a function of T,. (EMS measurements could not be 
carried out for samples dcposited above 200 OC since the mylar substrates became 
unstable at these tempcraturcs.) b l u e s  for vz (corresponding to the As-& distance 
assuming chemical ordering) lay between 3.95 and 3.99 k The uncertainties in U: 

and r2 are f0.010 AZ and i O . 0 6  8, rcspcctivcly. As-edge data from the crystalline 
GaAs sample gave second-shell parameters 9'2 and U: of 3.95 f 0.03 8, and 0.012 
=k 0.004 8? respectively. The second-shell peaks in the Fourier transforms of Ga- 
edge spectra were much smnller than for the corresponding As-edge data and were 
consequently more dilticult to fit. In fact, second-shell fits were only possible for 
T. > - 70 "C; the deduced uf values are included in figure 5. Although larger 
than the values deduced from As-cdge mFS spectra, they appear to follow the Same 
trend. The fitted values of 'v2 were similar to those found from the As edges, lying 
between 3.95 and 3.95, 8,. Ga-ed le WFS from the GaAs crystal gave r2 = 3.97 f 
0.03 8, and U! = 0.014 f 0.005 .kz. 

The fitted valucs of the interatomic distances and Debye-Waller factors allow 
us to calculate the bond angle 0 and ariation in bond angle A0 from simple 
trigonometric considerations. Both As- and Ga-edge data give 0 = 109' or llOa in 
all cases, confirming the tetrahcdral nature of the structural network. AOGl deduced 
from As-edge EXAFS (i.e. the variation in bond angle around Ga atoms) is found to 
decrease from f9O at substrate temperatures around room temperature to f7O at 
T, Y 180 OC. Ga-edge data indicate that AO, (the bond-angle variation around As 
atoms) decreases from a value which is too large to measure at the lowest T, values 
studied to 19' a t  - 1% 'C. It should be pointed out that the deduced values of A0 
contain both structural and thermal contributions. Analysis of u(AFs measurements 
on c-GaAs, which is assumed to have only a thermal contribution to A0, gave A0 
values of &So around both atom types. (Note that the second-shell peak in the 
Fourier transform disappears when A0 is approximately double that in the clystal. 

It has therefore been possible to show directly from EXAFS measurements that 
the bond-angle disorder around both atom types in the GaAs films decreases with 
increasing substrate temperature q. Over the range of T,  investigated, the variation 
in bond angle around Ga atoms is Icss than that around As atoms at a given 

S H Buker CI rrl 
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T,. Xtrahedral structural units with Gd atoms at the centre are therefore less 
distorted than As-ccntrcd ones. Although E M  experiments revealed the presence 
of nanocrystallites for T, 2 - 70 OC, the appearance of a second shell in the 
Fourier transforms of the W s  spectra reflects the increasing configurational order 
of the amorphous nctwork rather than the appearance of the tiny nanocrystallites. 
U: and A0 for the sample prepared at -180 "C are still appreciably larger than the 
corresponding values found for c-GaAs. 

5.2 Core level spectra 

The largest changes (with increasing T,) in the XPS spectra of the GaAs films are 
expected in the valence band. However, the spectrometer resolution was relatively 
low compared to the energy separation of the observed features, and in this binding- 
energy range the signal-to-noise ratio was also low. We have therefore concentrated 
on information concerning the core levels, in particular the Ga and As 3d levels. 

The Ga and As 30 spectra are similar for all spurtered and crystalline wafer 
samples; their positions and widths arc dctailcd in table 1. As T, is raised, both Ga 
and As levels show no changes in chemical shift (within experimental error) from 
those bund for crystalline GaAs. This indicates that very few wrong bonds are 
present in all the samples, cvcn those prepared at low T,. There is, however, an 
indication from the encrgy differences of the Ga and As 3d levels (which are more 
accurate since the errors involved arc mostly systematic) that there could be a small 
monotonic reduction in the density of wrong bonds with increase in T,. 

Samde 'I: = 53 O C  'K = 72 OC T. = 179 'C Crvslalline wafer Ca. As. 

Ga 3d 19.2 19.3 1Y.3 19.3 18.6 
FWHM 20 20 1.8 1.6 
Spin split 0.4 0.4 
Ga?O, 20.3 20.4 20.3 20.3 
A s M  41.2 41.2 41.2 41.1 41.8 
FWHM 1 .Y 1.9 1.7 1.6 
Spin split 0.4 0.4 
A s 3 d 4 a 3 d  22D 21.Y 21.9 21.8 

Core level energics are given with rcspccl 10 tlic Rrmi IcveI. All values are in eV and are 10.1 eV 
Values marked * are [rom (181. 

The RNIIM is govcrncd not only by thc instrumental linewidth but also by the 
spread in band angle, i.e. the contribution Crom second-nearest neighbours. We find 
that the m I M  dccrcases monotonically with increasing Ts, implying a monotonic 
reduction in bond-angle disorder with increase in Ts, in line with the W S  data 
described in the prcvious section. The data suggests that even for the sample 
prepared at 179 "C, the bond-angle disorder is still appreciably greater than that 
in the crystallinc material. Although indicated by the data, it is not possible to say 
with certainty that the spread in bond angle A0 for Ga-centred tetrahedra is less than 
for &-centred tetrahedra, nor at what substrate temperature the main changes occur, 
because of the cxperimental errars involvcd. However, because of the reduction in 
FWHM, spin splittings can be measured for the samples deposited at higher q, and 
these are in line with those found for thc crystallinc material. 
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The findings dcscribcd above are in overall agreement with the earlier work of 
Shevchik cl a1 [I91 who prcsented data for Ga W levels in amorphous and crystalline 
GaAs, deposited at 20 ' C  and 225 OC respectively, and also with the data of Senemaud 
et a1 1201 for an amorphous sample of GaAs which was then annealed to achieve 
crystallinity. 

It would of course be of p a t  interest to calculate d initio the contribution 
to the chemical shifts expcctcd due to the presence of wrong bonds and, simiiarly, 
the line broadening expected due to bond-angle disorder. Such calculations would, 
however, be very complicated and have not been attempted here. By decomposing the 
potentials seen by the core electrons into three parts involving that due to core charges 
on central atoms and ncarest neighbours, bonding charge and a lattice contribution, 
it is possible to get at least a qualitative picture of the changes expected. In the 
elemental solid the terms will sum to zero, while in the stoichiometric crystal the 
cationic line shift is measured to be -1 eV with respect to the Fermi level. Wrong 
bonds are cxpcctcd to alter all three terms, the variation in bond length and sign of 
the charge causing the largest changes. Assuming a linear scaling, a shift of 0.1 f 
0.1 eV bctween the amorphous and crystalline samples (as measured) implies 10 i 
10% wrong bonds in the amorphous material. From our other data, it Seems likely 
that the lower bound rcprescnts the more probable situation. 

Bond-angle disorder is expected to change only the lattice term. Assuming a 
purely Coulombic interaction and a charge transfer of 0.25 electrons, a broadening 
of E(cV) = 14.4(q/r) may be expected, whcrc q is the charge transfer in electrons 
and r is the distance from the outer core lcvels to the second-nearest neighbours in 
hgstroms.  For the Ga 3d Ievcb, this suggcsrs broadenings of around 0.3 eV for a 
A% of i l l '  (dSSUmcd d u e  for T, = 53 "C), 0.2 cV for a A% of f Y  (T, = 179 "C) 
and 0.1 eV for AS0 (crystal). Thcse values correspond within error to the changes in 
FWHM given in table 1. 

5.3. Inpared darn 

Figure 6 shows infrarcd transmission spectra for some of the GaAs films over the 
wavenumber range 350-150 cm-l. Thc strong absorption mode observed in each 
case is the Ga-As 'ro normal modc, which in c-GaAs is located at 268 an-'. No 
other features were ObScNed ovcr thc entire range of wavenumbers available to us 
(400(L180 an-') for any ol thc samples. 

For the samplcs dcpositcd at the two lowest temperatures, the To mode is broad 
and centred at -250 cm-I. This is in good agreement with previous studies on 
a-GaAs which show a broadening and shift to lowcr wavenumber compared to the 
crystallinc case [7,21]. As can be seen from figure 6, the overall effect on the 
TO mode of raising T5 is a shirt in position towards the crystalline value along 
with a sharpening and increase in intensity. For the sample prepared at -50 OC 
(still completely amorphous according to E M ) ,  the peak has shifted to -270 cm-' 
although it remains broad on the lower-wavenumber side. As T, is further raised, the 
peaks continue to sharpcn, bccoming considerably more symmetric, although from 
figure 7, which shows the FWI4M versus Ts, little further sharpening occurs above 
about 100 'C. Despite the appearance of the nanocrystallites at around 70 O C ,  the 
rapid shift to higher wavenumber and the sharpening of the Ga-As TO mode reflects 
the reduction in configurational (bond-anglc) disorder of the amorphous network. 
For the samples prepared at the highest substrate temperatures, no additional modes 
(as would be expected in c - G a b )  were observed. 
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5.4. Oplical gap and llie absorplion edge 

The optical absorption coclficient o( for the GaAs samples, measured by transmission 
and reflection methods as a function of photon energy hw in the visible and near- 
infrared rcgion of thc clectromagnctic spcctrum, was fitted to the B u c  relation 

(ab)’ ’ ’  = B(hu - Eol,l) (3) 

in order to define an optical band gap .Eopl. B is a constant. Figure 8 shows 
the deduced valucs of E,+ plotted as a function of T,. For samples deposited at 
around room temperature, E,,l>l is approximately 0.95 eV which agrees reasonably 
with previous optical studies on a-GaAs 16.71. Bond-angle disorder in amorphous 
semiconductors normally give risc to a dccrease in band gap; the gradual rise in E, 
with increasing T, therefore appears to be consistent with a reduction in bond-an& 
variation. Howcver, as O’Rcilly and Robertson 1221 have pointed out, the bandgap 
in amorphouh Ill-V semiconductors may also bc affected by defect states such as 
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dangling bonds; we shall discuss this point Curther in section 6. It should be noted 
that the optical gap for the samplcs preparcd at highest Ts is still considerably less 
than the value in c - G a b  (-1.5 eV). 

Our GaAs lilms were fairly thin, all film thicknesses lying between 0.09 and 
0.16 pm. This tended to restrict the mcasurable range of a to rather high values. 
As mentioned in section 4.3. PDs experiments enable the measurement of lower 
absorption levels than are usually possible by conventional transmission and reflection 
techniques. Figure 9 shows examples of absorption curyes (log Q versus tW) obtained 
by PDS, including the data obtaincd by transmission and reflection measurements, for 
the sputtered GaAs samples. The higher-energy part of the absorption curves (a 2 - 
16 an-') shifts systematically to higher photon energy with increasing z, which is 
consistent with the observed increase in Tiuc gap. However, at lower absorption 
levels, there is little or no such shift. The absorption edge therefore appears to 
broaden as T, is raised; the Urbach edge parameter E,, obtained by fitting the edge 
to the exponcntinl relation 

a = a" exp(hw/EU) (4) 

increases gradually with rising Ts, from 50 meV for T, = 14 OC to 74 meV for T, 
= 223 "C before incrcasing more rapidly to 120 meV for the sample prepared at 
240 OC. At first sight, this broadening appears to be at odds with our other data as 
an increase in ordcr normally gives rise to a sharpening of the absorption edge in 
amorphous semiconductors. Howevcr, as wc shall discuss in the following section, 
this may not necessarily bc so in amorphous Ill-V semiconductors. 

1.0 2.0 

Figurc Y. Ahorpioil d g e  spcctn tor GaAs lilms sputtered at (a) 14 O C  and (b) 240 OC. 

All the values of E, in our GaAs films, except for the sample deposited at 240 O C ,  
are appreciably less than the figure of 110 meV measured by Theye et ul [U] for 
flash-evaporated a-GaAs preparcd at room temperature. These authors found that 
annealing such samples causcd an essentially parallel shift of the absorption edge to 
higher energy with little change in E,. Unfortunately, there have been few studies 
of the absorption edge in a - G a b  as a function of T, or other deposition conditions. 
In sputtered material, Murri d nl [24] found a decrease in E,, with increasing RF 
power (from -260 meV at 100 W to -140 meV at 400 W); a structural (EM) study 
by the Same authors [25] suggested that there was some increase in disorder as the 
power was raised. In the same study [25], E M  experiments revealed a change from an 
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amorphous to a nanocrysralline structure with increasing T, over the range 20-155 oc 
unfortunately, no E" data are given for these samples. 
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6. Discussion 

IEM experiments suggest that there h a relatively sharp transition in the structural 
nature of the sputtered GaAs films between (i) a purely amorphous network for 
substrate temperatures T, < - 50 'C and (ii) an amorphous network in which 
there are tiny embedded nanocrystallites for T, 3 - 70 'C The size of the 
nanocrystallites increases gradually with rising T,. Despite the appearance of such 
nanocrystallite inhomogeneities at relatively modest substrate temperatures, EXAFS 
and optical (including infrared) measurcments all show that there is still much 
amorphous material in the structural network over the whole T,  range studied. 

The structural picture [or our sputtercd GaAs lilms of nanocrystals embedded in 
an amorphous network (for 'Is 70 "C) is in good agreement with work by Zallen 
and co-workers 126293 who, by mcans of Raman scattering experiments, investigated 
the structure of nanocrystallinc GaAs layers produced by ion-bombarding crystalline 
wafers. The Raman spcctra of such samples exhibited two-mode behaviour, with 
the crystalline 1x) (longitudinal optic) line superimposed on the Raman spectrum 
of a-GaAs (thrce broad ovcrlapping bands, ccntred at approximately 70, 150 and 
250 cm-I). (Back-scattcring gcomctry was adopted on (100)driented wafers so 
that only the k = 0 LO phonon, situatcd at 292 cm-l, was Raman active in the 
crystal.) These results were taken as cvidcncc that the ion-bombarded GaAs layers 
consisted of a line-scale mix of a-CaAs and GaAs nanocrystals. From an asymmetric 
broadening and slight downward shift in wavcnumber of the Lo line with increasing 
ion bombardment, estimates were obtained for the size of the nanocrystals; wlues 
of between 50 and 100 A were obtained [29] for various samples, in reasonable 
agrcement with values mcasurcd by ?EM for our sputtered samples. 

Our EXAFS, XPS and infrared data confirm that raising the substrate temperature 
leads to a dccreasc in configurational disorder in the amorphous network of GaAs 
films. The EXAFS results not only dcmonstrate that most of this disorder relates to 
variation in bond angle (as opposed to variation in bond length) but also allow us 
to directly deccrmine the bond-anglc spread AO. Our data show that A0 around 
both atom types decreases as 7; is raised but that, at a given T,, A0 around Ga 
atoms is less than that around As atoms. With the assumption of a good degree of 
chemical ordering, this diffcrencc implies that tetrahedral units in the structure with 
Ga atoms at the centrc become less distorted more easily than As-centred ones. A 
similar situation has recently been found in sputtered a-GaP films 191, the group V 
atom showing the greater spread in bond angle. 

As was mcntioncd in scctiun 5.4, bond-angle disorder normally causes some 
decrease in band gap in amorphous semiconductors. The increase in Eop, (figure 8) 
and thc changes in the absorption curves at higher absorption levels (figure 9) with 
increasing T, therefore appear to be consistent with improving order at higher 
T,. Howevcr, calculations by OReilly and Robertson [22] on the local electronic 
structure of bulk and defccr sites in amorphous 111-V compounds (using the tight- 
binding recursion method) suggest that bond-angle disorder should result in hardly 
any decrease in band gap for these materials. If this is so, an alternative explanation 
is required to cxplain our absurption edge data. 
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The calculations by the above authors [22] suggest that dangling-bond states in 
a-GaAs are situated at or close to the band cdges, with As dangling bonds near the 
valence band edge and Cia dangling bonds near the conduction band edge. This 
situation favours charge transfer from the higher Ga to the lower As dangling-bond 
level to produce a doubly occupicd As levcl and an empty Cia level. Such transfer 
causes a downward shift of the As level and an upward shift of the Ga level tending 
to expel them from the gap. It also results in a relaxation of the bond angle at 
the dangling-bond sites from thc tetrahedral bond angle towards the preferred angles 
of 97" in the case of As and 120° for Ga. In fact for all the amorphous 111-V 
compounds investigated, O'Reilly and Robertson 1221 calculated that relaxed anion 
dangling bonds occur at or below the valence band edge and relaxed cation dangling 
bonds occur at or above the conduction band edge. Furthermore, they suggested 
that such materials should contain a higher proportion of dangling bonds than a-Si 
Although a fraction of about 3 4 %  broken bonds is expected in a-Si in order to 
reduce strain in the random tetrdhcdral network, most of these reconstruct to form 
weak bonds; in amorphous Ill-V compounds, which also have tetrahedral networks, 
a similar fraction of dangling bonds might be expected but it is suggested that these 
now relax rather than reconstruct. The picture described above for dangling bonds 
in a-GaAs may hclp to explain the absorption edge data for our G a b  films. As 
was seen in section 5.4, the optical gap and the region of the absorption curves 
corresponding to higher absorption lcvels shifted to higher energy with increasing T,; 
this would then imply a decrease in dangling-bond density with increasing Ts, which 
k not perhaps surprising for an amorphous scmiconductor. 

The work of ORcilly and Robertson [22] also predicts the energy levels of 
various wrong-bond defects in a-GaAs (and other related compounds). Isolated As- 
As bonds are calculatcd to give states just bclow the conduction band edge while 
isolated Ga-Ga bonds are predicted to give statcs just below the valence band edge. 
Clusters of wrong bonds and dcfecc complexes are expected to produce states nearer 
midgap. If these calculations are correct, they suggest that the lowerenergy part of 
our absorption curves (figure 9) may bc associated with wong-bond defects. The 
associated absorption lcvels are low which implies that we would be dealing with 
relatively small numbers of such defects (less than could be detected by EXAFS of 
infrared measurements at any rate). A wc saw in section 5.4, the lower energy 
region of our absorption curves was much less affected by changing T. than the 
higher-absorption part; this would indimte that the density of wrong-bond defects is 
much less affected by increasing T, than the dangling bond density. If so, this could 
account for the observed broadening (incrcase in E,) in our absorption edges as T, 
is raised. 

- 

7. Conclusions 

The structural (tetrahedral) network of sputtered GaAs films is purely amorphous 
for substrate temperatures T, up to about 50 OC. For T, 2 - 70 "C, the structure 
consists of nanocrystals embedded in an amorphous network. The average size of the 
nanocrystals increases as T, is raised, reaching -100 A at -180 OC. 

Configurational disorder in the amorphous network of the GaAs films decreases 
with increasing T,. Most of the disorder is associated with bond-angle (rather than 
bond-length) variation. For a given TS, thc spread in bond angle around Ga atoms is 
less than that around kc atoms. 
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If the band gap in GaAs is little affected by bond-angle disorder (as some 
calculations suggest), the changes obselved in the absorption edge spectra with 
increasing T, are consistent with a reduction in dangling-bond density at higher T,. 
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