PHYSICAL REVIEW B

VOLUME 32, NUMBER 6

15 SEPTEMBER 1985

Low-temperature optical absorption in Al,Ga;_,As grown by molecular-beam epitaxy
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A detailed study of optical absorption in the Al,Ga;_,As alloy system is undertaken using optical
transmission and photoluminescence data obtained at 3 K from molecular-beam epitaxial layers.
Absorption coefficient spectra are calculated for the entire alloy composition range 0<x <1. The
first experimental data concerning AlAs in the region of the I'j5y-T'ic band gap are presented. The
compositional dependence of threshold values of the absorption coefficient agrees with current
theoretical predictions. Detailed excitonic structure is observed for the first time in the absorption
spectra of Al,Ga;_,As epilayers with x <0.43. From this structure, free-exciton binding energies
are determined. These energies display an x dependence qualitatively similar to that observed in

donor activation energies in n-type Al,Ga,_,As.

INTRODUCTION

The GaAs/Al,Ga;_,As compound semiconductor sys-
tem has found application in a host of optoelectronic de-
vices in recent years, including light-emitting diodes
(LED’s),! lasers,? and photodiodes.3 Yet despite the fun-
damental importance of this ternary alloy system to semi-
conductor science, little has been reported concerning op-
tical absorption, especially in recent years. There is in
particular a scarcity of data concerning AlAs. Previous
studies have presented either extrapolated curves* or have
concentrated on spectral features near the indirect band
gap.’ Also, due to absorption sample preparation tech-
niques used in the past, most studies do not include data
for low mole fraction layers (x =0.3), as etch selectivity
thresholds are often in this range. This paper presents a
complete study of optical absorption in the Al,Ga;_,As
alloy system over the entire composition range 0<x <1
using photoluminescence and optical transmission data.
Recent improvements in the state-of-the-art have permit-
ted the growth of high-purity direct band-gap
Al,Ga,_,As epilayers exhibiting excitonic structure in
the absorption spectra similar to that observed in GaAs.

To the authors’ knowledge, this constitutes the first report

of detailed excitonic structure in Al,Ga;_,As absorption
spectra. At the opposite end of the composition range, re-
sults from the first application of this technique to direct-
ly determine experimentally the absorption coefficient of
AlAs far above the indirect band gap are reported.

EXPERIMENTAL

The epilayers involved in this study were grown by
molecular-beam epitaxy (MBE) on [100] GaAs substrates,
the preparation of which has been discussed elsewhere.®
An arsenic cracker’” was used to produce an As, molecular
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flux. Aluminum arsenide mole fractions (x) in the
direct-band-gap region were determined from optical mea-
surements, while those in the indirect region were estimat-
ed from growth rates and absorption data. Thicknesses
were measured with a scanning electron microscope
(SEM), using samples cleaved from areas of the wafers ad-
jacent to the respective absorption samples. These
thicknesses, all of which fall between 1.0 and 3.0 um, are
expected to be quite accurate, as a rotating substrate
manipulator was employed during epitaxial growth, thus
ensuring epilayer uniformity. Layers with low Al content
(x <0.39) and the AlAs layer were not intentionally
doped, and are typically p type with carrier concentrations
estitnated to be in the 10-cm ™3 range at 300 K, increas-
ing with x. The background impurity level in GaAs from
this MBE system is in the 10'* cm~2 range. The higher
mole fraction layers were doped with either Si (n type) or
Be (p type) to roughly 10'7 cm—3, so that their electronic
properties could be examined as well.®® For energies
greater than the fundamental I'y5,-T";c band gap, absorp-
tion due to free carriers and impurities is expected: to be
negligible!®!! at this doping level, hence the values of a-
thus obtained should be representative of the intrinsic ma-
terials.

Absorption samples were fabricated by first mounting
specimens face down onto a clear glass slide using a trans-
parent cyanoacrylate adhesive. The samples were then
lapped to approximately 50 um. After photolithographi-
cally defining 1-mm circular “windows,” the samples
were etched to their final thickness in a fast selective etch.
This selective etch only affects Al ,Ga;_,As with
0<x <0.3, so that samples with x > 0.3 were fabricated
by merely etching to the epilayer, at which point transmit-
ted light was clearly visible. The AlAs sample was loaded
into the inert He atmosphere of the cryostat within three
minutes of fabrication to prevent oxidation. Heterostruc-
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tures with x <0.3 were grown with a very thin etch-stop
layer between the Al,Ga,;_,As epilayer and the substrate.
This etch stop was readily removed with a dilute HCI
solution, leaving only the Al,Ga,_,Al epilayer. All sam-
ples were carefully examined with an optical microscope
to ensure that no cracks or pinholes were present.

The higher mole fraction (x >0.39) epilayers were
capped with a thin n-GaAs layer during epitaxial growth,
the purpose of which was to prevent oxidation and to fa-
cilitate ohmic contact formation for the studies in Refs. 8
and 9. The optical density of this layer (as determined
from the foregoing study), the thickness of which was
typically less than 5% of that of the Al,Ga,_,As layer,
was later subtracted from the total measured optical den-
sity as follows: let T’ and D’ be the measured transmis-
sion and optical density, respectively. Now

D'= —logloT' N
DAleal_xAs :DI—DGaAs ’

so that finally T=10"? for the Al,Ga,_,As layer.
While it is true that this approach ignores reflections from
the GaAs/AlGaAs interface, these reflections are in fact
negligible, since the two materials have very similar
indexes of refraction. Using published data'? for
hv=1.74 eV and x =0.38, for example, and with k <<n,
the reflectance R =(n,—n;)?/(n,+n;P?=1.1x10"3
This method has been employed by previous authors in
the analysis of absorption in GaAs/AlGaAs heterolayers
as well.l® - :

To account for reflection from the glass slide, 100%
transmission was measured with an identical glass slide
between the light source and the monochromator. The
transmission 7 is then merely the quotient of the light
transmitted through the sample and that transmitted
through the glass slide. As a control, a second sample
was fabricated from one of the wafers (x =0.39) by
mounting the sample to a glass substrate with white
paraffin rather than the adhesive, and subsequently
dismounting it prior to measurement such that the
transmission was measured through the epilayer alone. In
this instance, of course, 100% transmission was gauged
without a glass slide between the light source and the
monochromator. The resultant absorption coefficient
curve agreed within experimental error (on the order of
10%) with that obtained from the sample permanently
mounted as described above.

During both photoluminescence and optical transmis-
sion. measurements, the samples were cooled to below 4 K
in a Janis optical cryostat. A tungsten-filament lamp
served as a broadband source for transmission. Photo-
luminescence was excited with the 5682 A line of a Krt
ion laser. In both instances, the detected signal was
focused onto the entrance slit of a 1.26-m focal length
Spex grating monochromator. During transmission mea-
surements, monochromator slits were narrowed and pro-
tected with neutral density filters due to the high intensity
of the transmitted light. The detector employed
throughout the experiment was a thermoelectrically
cooled GaAs photocathode photomultiplier used in stan-
dard synchronous mode.

RESULTS AND DISCUSSION

For a uniform epilayer of material of thickness d with
refractive index n —ik, reflectivity R, and absorption
coefficient a, the transmission is given by

(l_R)Ze—ad

T= 1_R2e—2ad ’ (1)
where
_(n—1)?
(n+1)?% "

This expression assumes k <<n? and ignores the effect
of interference, which was not observed above the direct
band gap, although strong interference was invariably ob-
served below the optical (direct) band gap. Thus the ex-
pression used to analyze the data is (1), where « is derived
from T as determined directly from the transmission data.
For the purpose of analysis, values of R were obtained by
setting ad =0 just below the band gap. These values were
generally near 0.3, in agreement with previously reported
reflectivity measurements.!! The slight increase in R with
photon energy has been ignored, as its effect is much less
than the experimental error.

The absorption coefficient spectra are plotted as a func-
tion of incident photon energy hv and alloy composition
x in Fig. 1. Effects due to discrete excitons have been
subtracted out as they will be discussed in detail shortly,
and would only serve to obscure the curves on this energy
scale. The shapes of these curves correlate closely with re-
cent theoretical calculations!* taking into account the ef-
fect of alloy disorder by employing the coherent-potential
approximation (CPA) rather than the virtual crystal ap-
proximation (VCA) for the crystal potential. This theory
predicts the onset of absorption coefficient tailing below
the direct band gap for @ >2x 10 cm~! at an alloy com-
position just above the direct- and/or indirect-band-gap
transition. This phenomenon is observed in all of the
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FIG. 1. Experimental absorption coefficient spectra for
Al,Ga,;_,AswithO<x <1.
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indirect-band-gap epilayers, with the tail extending farther
below the optical gap as x increases. The increase stems
from the growing separation between the I' minimum and
the X and L minima, and also in part from the increase in
background impurity concentration with x.

One effect that the above CPA model does not take into
account, however, is the increase in the threshold value of
a (at the optical band gap) with x. Note that simple
theory predicts'® that near the band gap, the absorption
coefficient a(x)=A4 (x)(hv——Eg)l/ 2 where the constant
A(x) depends on the exciton effective mass m*(x) and
the dielectric constant e(x). Extending the treatment of

Ref. 4, a simple theoretical expression can be obtained for

the normalized threshold absorption coefficient

awm(®) _ [m*(x)/m*(0)]*”
am(0) €(x)/€(0)

This expression was employed using known values of
m*(x) (Ref. 16) and e(x) (Refs. 17 and 18) to generate the
curve in Fig. 2, with the normalized exciton effective
mass approximated by the normalized electron effective
mass in the gamma valley. This approximation holds be-
cause the hole effective mass is significantly greater than
the electron effective mass and displays a relatively weak
x dependence. The data points were determined from
threshold values in Fig. 1. For direct-band-gap alloys, ay,
was taken at an energy just above the observed exciton
structure. In the indirect region, a,, was read from the
knee in the a curve, corresponding to the I' minimum.
Note the close fit to the theoretical curve over the entire
alloy range, including the first datum from AlAs obtained
in this manner. The energy of ay gives the value of
I'isp-T'yc at 3 K for AlAs as 3.02 eV. This is quite con-
sistent with the 300 K value of 3.1 eV determined from
optical-absorption measurements.!* A greater than four-
fold increase in ay, is observed as x varies from 0 to 1.
Previous authors* using the same techniques to obtain and
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FIG. 2. Functional dependence of the normalized threshold
absorption coefficient on Al,Ga;_,As alloy composition. The
open circles (O) represent experimental data, while the solid
curve is theoretical.

analyze the data concerning this alloy system for x <0.87
have presented curves showing only a twofold enhance-
ment in a,;, over the entire composition range. While the
reason for this discrepancy is not clear, the present results
concur much more closely with simple theory.

Having reviewed the general features of broadband op-
tical absorption in the Al,Ga;_,As alloy, the reader’s at-
tention is directed now towards the observed exciton
features. Figure 3 depicts photoluminescence (solid
curves) and transmission (dashed curves) spectra on the
same wavelength scale for (a) x =0, (b) x =0.05, and (c)
x =0.35; vertical scales are arbitrary in all cases. A de-
tailed investigation of the emission (photoluminescence)
spectra is still in progress, hence the present discussion
will center on absorption features. First consider the
GaAs spectra in Fig. 3(a). The emission spectrum
displays the well-known spectral peaks?>?! commonly ob-
served in GaAs. The three dominant exciton lines are the
n =1 free-exciton (F,X) line at 1.5151 eV, the exciton
bound to neutral donor (D% X) at 1.5140 eV, and the exci-
ton bound to neutral acceptor (4°%X) at 1.5123 eV. Four
absorption lines are clearly visible in the transmission
spectrum. The lowest in energy (rightmost) appears as a
local minimum in the below-band-gap interference spec-
trum at 1.5139 eV, and can unambiguously be assigned to
the (D%X) system. The reason that this peak appears
while the acceptor is not seen in the transmission is the
relatively large oscillator strength of the donor bound ex-
citon. As photon energy increases, the next two features

Photon Energy hv (eV)
l.|52 1.‘5]. 158 l.[57

(b)

I 1 1 L L
8160 8200 8240 7800 7840 7880 7920
196 194 192 190
T i T 1 '

(c)

/‘\
/N

[]
]
]
]
]
[}
/ /
\,
, ot
!
/

L ] ] I 1 I
6280 6320 6360 6400K 6440 6480 6520
X (A)

FIG. 3. Optical transmission (dashed curves) and photo-
luminescence (solid curves) spectra for Al,Ga;_;As with (a)
x =0.00, (b) x=0.05, and (c¢) x =0.35. All reveal near-band-
gap excitonic transitions as described in the text.
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are encountered at 1.5150 and 1.5160 eV. These are attri-
buted to the lower and upper polariton branches of the
n =1 (F,X), respectively. It has been verified experimen-
tally that the transmission peak between the polariton
branches is not an emission line excited by the high-
intensity broadband light source. The true energy of the
longitudinal free exciton (neglecting band parabolicity
near k=0) must lie between these two; it is best given by
the transmission peak separating them at 1.5152 eV. The
highest energy line at 1.5182 eV is due to the n =2 (F,X).
All of these spectral locations coincide within 0.1 MeV of
accepted experimental values for these lines in emis-
sion’>?! and in absorption®? using a presumably more sen-
sitive technique and high-purity epilayers as thick as 53.2
um, which are not expected to show strong interference
effects at wavelengths corresponding to the GaAs band
gap, i.e., 0.82 um. The close correlation of the absorption
line energies with both present and previous data support
the assumption that no significant strain was induced in
the samples during the curing of the cyanoacrylate
adhesive and subsequent cooling to superfluid helium
temperatures.

Peak assignments in the Al,Ga;_,As layers are analo-
gous to the GaAs case. The transmission spectrum in
Fig. 3(b), with x =0.05, displays the same features identi-
fied in GaAs: a bound exciton at the same energy as the
dominant emission peak at 1.5755 eV, lower and upper
polariton n =1 free-exciton branches at 1.5776 and 1.5788
eV, respectively, and an n=2 (F,X) line at 1.5817 eV.
The n =1 (F,X) energy is taken to be 1.5777 eV. The
n =1 (F,X) line does not appear in the emission spectrum
of this sample, as is often the case even with high-purity
GaAs under moderate excitation conditions. This is con-
sistent with the relatively large magnitude of the bound-
exciton absorption feature as compared to Fig. 3(a). This
represents the first experimental report of polariton split-
ting of the free exciton in Al,Ga;_,As, or of any detailed
exciton structure in optical transmission in this alloy sys-
tem.

The x =0.35 epilayer transmission spectrum reveals
two features. The lower energy line corresponds in energy
to the highest energy emission line. Since this emission
line is weak in comparison with the dominant (bound) ex-
citon line, it is ascribed to the n =1 (F,X) system. Note
that due to alloy transition broadening effects, no polari-
ton splitting is observed, so that the n =1 (F,X) energy is
derived from the relative transmission minimum at 1.9416
eV. The second (leftmost) absorption line occurs at
1.9610 eV, and is identified as the n =2 (F,X) since this is
the only system observed at an energy greater than the
n =1 (F,X) system in any sample.

Once the n =1 and 2 free-exciton energies have been
obtained in this fashion, the binding energies can then be
extracted. Baldereschi and Lipari have shown?? that their
model is applicable to this system. The expression for the
free-exciton binding energy E, given by this model is

E,=1.35(E,—E,),

where E, and E, are the energetic position of the n =1
and 2 free excitons, respectively. Having calculated the
exciton binding energies in this manner, the fundamental
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energy gap at I'j5p-I"j¢ for direct-band-gap alloy compo-
sitions is simply given by

E,—E,+E, .

Applying the above treatment to the GaAs data yields
E,=4.0+0.3 MeV, in agreement with the commonly ac-
cepted value.”>?* The value of E;=1.51931£0.0003 eV
deduced from the present data agrees closely with that ob-
tained by applying the same model to the data of Ref. 21,
and also coincides with published values of E, (Refs.
24-—-26) thus establishing the validity of the model. As-
suming that effects introduced by the presence of alumi-
num in GaAs (such as local potential fluctuations) are
small, the model has been extended to the Al,Ga;_,As
epilayers with x <0.43. Free-exciton lines were not ob-
served in the higher mole fraction samples. Once E; is
obtained, accurate values for the alloy composition x can
be determined using the expression from Ref. 16 extrapo-
lated to 0 K '

E (x)=1.4244+1.247x + A(x) ,

where A(x)=0.0940—x (0.0940—0.0750) is the extrapo-
lation term. The two numbers in the difference compris-
ing the coefficient of x represent the total change in E,
between 300 and 0 K for GaAs and AlAs, respectively. It
should be pointed out that such a linear approximation
for Eg(x) is only reliable in the direct-band-gap alloy
composition regime, where the virtual approximation for
the crystal potential V(x)=(1—x)Vgaas+*xVa1as holds
reasonably well'* for the determination of the band struc-
ture. At higher mole fractions x > 0.45, a quadratic term

40,
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FIG. 4. The behavior of the binding energy of the free exci-
ton in Al,Ga,_,As as a function of x. Note the sharp, donor-
like increase for x >0.25.
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takes into account bowing!® in the E,(x) relation to first
order. The above treatment provides an accurate method
for determining alloy compositions of high-purity direct-
band-gap Al,Ga,_,As epilayers from optical transmis-
sion measurements.

The free-exciton binding energies E, in Al,Ga;_,As
are plotted in Fig. 4. It should be noted that the uncer-
tainty in the binding of energy increases with x due to
transition broadening; the uncertainty at x =0.43 is ap-
proximately 10%. For x <0.25, the energies display a
nearly linear dependence on alloy composition, rising to
10 MeV at x =0.3. Beyond this mole fraction, however,
the binding energy exhibits a dramatic increase with x up
to x =0.43, beyond which data are not yet available. The
observed increase stems from a superlinear increase in the
free-exciton effective mass that comes about as a result of
multivalley effects. This behavior is similar to the com-
position dependence of the activation energies of various
donors that have been studied.”’—3>%® The similarity is
easily understood; both the donor and the free exciton are
systems involving a relatively large positively charged
mass and an electron. Aside from the mass of the positive
charge, the most significant difference between these two
systems is the degeneracy of the valence band in the free-
exciton case. At higher mole fractions, one would expect
E, to display a maximum near x =0.45, then decrease
monotonically with x throughout the remainder of the al-
loy range. This is the first experimental observation of
superlinear exciton binding-energy alloy dependence in
Al Ga,_,As. More work is needed to completely deter-
mine the x dependence of the binding energy in the
indirect-band-gap regime.

In summary, a complete experimental study. of low-
temperature optical absorption in the Al,Ga;_,As com-

pound semiconductor alloy system over the entire alloy
composition range has been performed. The first experi-
mental absorption coefficient curve for all AlAs covering
energies greater than 2.7 eV is presented, including the
I'isp-Tc direct-energy-gap spectral region. The energy
of the optical gap of AlAs obtained at 3 K is 3.02 eV,
which is consistent with other observations. The compo-
sitional dependence of the threshold « values of the ab-
sorption coefficient spectra concurs well with present
theoretical predictions, and is significantly different from
previous reports. Also, the first observation of detailed
excitonic fine structure is transmission spectra of direct-
band-gap Al,Ga;_,As epilayers is reported, including
features associated with bound excitons, n =2 free exci-
tons, and the upper and lower polariton branches of the
n =1 free exciton. This structure provides vital informa-
tion concerning basic properties of the semiconductor, in-
cluding the free-exciton binding energy, the I'jsy-I'i¢
direct energy gap, and hence the exact alloy composition
x. Free-exciton binding energies were found to increase
sharply for x >0.25, much as donor activation energies
increase near the direct- to indirect-band-gap transition
region due to multivalley contributions to the effective
mass.
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