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The complex dielectric function e(w) of Al,Ga,_,As was studied in the 1.4-5.6-eV photon ener-
gy region and between 12 and 800 K. By performing a line-shape analysis of the observed struc-
tures, the temperature dependence of the interband critical-point energies, broadenings, strength,
and excitonic phase angle have been determined. The compositional dependence of these parame-
ters was also obtained, e.g., the temperature dependence shift of the E, exciton and E, transitions
was found to be 5.5+3.35x (10™* eV/K). The decrease (increase) in energy (broadening) with in-
creasing temperature was analyzed in terms of average phonon frequencies, giving rise to renormal-
ization of the energies and a broadening of the band gaps. The statistical fluctuation of the alloy
composition, which appears as an additional broadening, was found to affect the E,, E,+A,, E,
and E, + A, structures. The excitonic character of the E; and E, + A, transitions shows a systemat-
ic change from a localized Lorentzian to two-dimensional character with increasing both Al content
and temperature. The E, structure [Ey, E,(X), E;(2), and E,(P) transitions] was found to change
its strength and to increase in complexity by going from the Ga- to the Al-rich regime.

I. INTRODUCTION

The alloy system Al ,Ga,_,As/GaAs is of great tech-
nological importance for high-speed electronic and op-
toelectronic devices due to the nearly perfect lattice
match of GaAs or AlAs.! However, a small misfit strain
corresponding to the small lattice constant differences is
generated in the deposited epilayer and gives measurable
effects on the physical properties of the layers.!”* The
band-gap energy of Al,Ga,_,As and its dependence on
the alloy composition are known to be among the most
important device parameters. Hence considerable atten-
tion has been focused on the study of the direct gap E, at
the I point (I'}-T'¢), on the indirect gap between X and
' points (I'}-X¢),%” and on the crossover of the
conduction-band minimum at the X and I' points occur-
ring for x =0.45.8719 The random distribution of Al and
Ga atoms at cation sites in Al,Ga,_, As alloys implies
phenomena not found in binary III-V semiconductors.
The induced statistical potential fluctuations result in
changes in the alloy’s physical properties. More
specifically, a nonlinear dependence of the band gaps on
alloy composition x is observed®>%117 1% while disorder
effects due to alloy scattering produce an additional
broadening of the electronic states.!* ™1

A knowledge of the fundamental optical properties of
their components is often required for the design of elec-
tronic devices. For many applications of the
Al,Ga,;_,As alloys their dielectric behavior must be
known. The macroscopic linear optical response of the
material is represented by the dielectric function e(w)
(e,+iey) which is closely related to the electronic band
structure of the material. The structure observed in the
€(w) spectra is usually attributed to interband critical
points (CP’s) which can be analyzed in terms of standard
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analytic line shapes:?%2!

elw)=C— Ae*(w—E +il)", (1)

where a critical point is described by the amplitude 4,
the threshold energy E, the broadening I', and the exci-
tonic phase angle ¢. The exponent n has the value —1
for one-dimensional (1D), a—0 for 2D [logarithmic line
shape, i.e., Eq. (1) should be replaced by a
In(E —w—iT)], and 1 for 3D CP’s. Discrete excitons
are represented by n = —1. The CP’s are directly related
to regions of large or singular joint density of electronic
states. Hence the CP’s yield direct information about the
energy separation of the valence and conduction bands
(interband gaps) which can be compared with band-
structure calculations.?

Spectroscopic ellipsometry (SE) is an excellent tech-
nique to investigate the dielectric function and the inter-
band transitions.'>212324 In the past few years our group
has been engaged in the systematic investigation of the
dependence of the critical-point parameters on tempera-
ture of a series of group-IV materials®> 27 and III-V com-
pounds®*?%2° utilizing this technique. In parallel with
this experimental work, a theoretical description for the
renormalization of the energy bands of these semiconduc-
tors through the electron-phonon interaction has been
developed which describes the energy shifts as the real
part of the self-energy and the broadening of states
through the imaginary part of the self-energy.’0~33

The Al,Ga;_,As system shows a complex
conduction-band diagram. Figure 1 shows the band
structure of GaAs and AlAs calculated within the self-
consistent scalar relativistic linear muffin-tin method
(LMTO),?%3 including the location of several direct in-
terband transitions at different parts of the Brillouin zone
(BZ). The fundamental absorption edge of GaAs (E) is
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dominated by the edge exciton, about 4.2 meV (Ref. 35)
lower than the direct band gap E, which is located at the
I' point of the BZ. For the fundamental gap in
Al,Ga,_,As a transition is observed from a direct to an
indirect gap at the composition x ~0.45,"'% whereas the
lower conduction-band minima undergo a crossover from
the sequence I'-L-X in GaAs to X-L-T" in AlAs.>"!° The
second lowest interband critical point E,+A, corre-
sponds to transitions from the spin-orbit-split valence
band to the lowest conduction band at the ' point. At
higher energies the assignment of observed interband
transitions to critical points in the BZ for GaAs is now
well established.?243¢37 Thus the structures labeled as
E, and E|+A, take place along the A lines of the BZ
({(111) directions), whereas the most prominent struc-
tures in the energy region from 4 to 5.5 eV have been
identified as E at the I" point and E,(Z2) including an ex-
tended region in the I'XUL plane.’>3® Weaker struc-
tures, in GaAs, in the region of E transition have been
identified as E{+Aj at the ' point and A direction,*’
while the weak structure very close to E,(Z) at 4.9 eV, la-
beled E,(X), has been attributed to X5 —X¢ transitions.
On the other hand, for AlAs and the Al,Ga,_, As alloys,
due to the lack of accurate experimental data and the
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FIG. 1. Band structure of (a) GaAs and (b) AlAs reproduced
from Ref. 34. The interband critical points relevant to this
work are indicated by arrows.
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complexity of the spectra obtained with increasing x the
assignment is less certain.

Relatively little work has been done on the optical
properties of the Al ,Ga,_, As alloy system. The dielec-
tric function of Al Ga,_,As alloys'? and AlAs (Ref. 38)
has been studied ellipsometrically between 1.5 and 6 eV
at room temperature. In both these works there are no
conclusive identifications of the critical points which give
rise to interband transitions in the E, energy region.
Electroreflectance measurements on the various inter-
band transitions in Al,Ga,;_,As alloys'! and AlAs (Ref.
39) have been carried out at room temperature. Adachi*
has expressed the dielectric function of Al,Ga,;_, As al-
loys in analytical form by using data of Ref. 12 and a
simplified model of the band structure of the materials.

In the earlier paper*® we have presented an
identification of interband transitions of Al, Ga,_, As al-
loys and AlAs in the energy region from 4 to 5.5 eV.
This identification has been accomplished by analyzing
the dielectric function measurements obtained at low
temperatures by SE in a number of Al,Ga,;_,As and
AlAs samples and by using the calculated band structures
and dielectric functions of pure GaAs and AlAs. In Ref.
34 we have reassigned the structure previously attributed
to E, from the 'XUL [E,(P)] as E,(3) and vice versa.
Also, we have found that an inversion of the relative
strengths of the E,(P) and E,(Z) transitions takes place
in going from GaAs to rich Al content, which was attri-
buted to changes in the parallelism of the bands.

In this paper we apply the SE technique to investigate
the temperature dependence of the dielectric function
and the interband critical-point parameters of
Al ,Ga,_,As alloy in the temperature range between 15
and 800 K and energy range from 1.4 to 5.6 eV. We
present data for the E,, Eo+ A, E,, E{, and E, transi-
tions for three different Al compositions. In Sec. I we
describe the experimental setup, in Sec. III we present the
results for our analysis for several interband transitions.
The results are discussed in Sec. IV. As usual, we ob-
serve a decrease (increase) of the CP energies (broaden-
ings) with increasing temperature. Emphasis is given to
the compositional dependence of the CP broadenings ob-
served at low temperatures as well as to the character of
the E, and E;+ A, transitions and their dependence on
both temperature and Al content.

II. EXPERIMENT

Al,Ga,_,As layers with thicknesses ranging from 1 to
5 um were grown by liquid-phase epitaxy (LPE). They
are n-type undoped epitaxial layers grown on a semi-
insulating GaAs(001) substrate. The aluminum content x
was estimated from x-ray studies and from E, and E, en-
ergy gaps at room temperature found from ellipsometric
measurements according to Ref. 12.

Spectroscopic ellipsometry measurements were per-
formed with an automatic spectral ellipsometer, essential-
ly the same as that described in Ref. 25. Before mounting
the sample into the cryostat, a wet-chemical etching was
carried out in order to obtain the largest dielectric
discontinuity between sample and ambient. This can be
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conveniently done by maximizing the €,(w) value in the
E, energy region, which is the most sensitive one to the
presence of overlayers. To optimize the €, at E, we fol-
lowed the etching procedure described in Ref. 12. Dur-
ing this procedure the sample was kept at room tempera-
ture in a windowless glass box in flowing dry N,. After
etching, the sample was placed in the cryostat which was
also closed in a N, atmosphere. The cryostat used has
been described in Ref. 24. The sample temperature was
determined with three appropriately calibrated iron-
constantan thermocouples and the temperature stability
was typically +3 K up to 80 K and =1 K at higher tem-
peratures. During the low-temperature measurements
the vacuum was better than 10~ % Torr and slightly worse
at higher temperatures. The energy spacing of the exper-
imental points were (a) in the exciton region 1, 2, and 5
meV (with a spectral slit width better than 1 meV) and (b)
10 meV in the higher-energy region. All the spectra were
taken at an angle of incidence of 67.5°.

III. RESULTS

Spectroscopic ellipsometry measures the complex
reflection ratio p=r, /¥, between the Fresnel reflection
coefficients , and 7, at a given angle of incidence 6 and
energy ».*! In the case where a perfect discontinuity ex-
ists between the measured cubic material and the ambient
material (two-phase model), the dielectric function €(w) is
directly related to the measured ratio p. However, an ox-
ide overlayer grows when the material is exposed to the
atmosphere (during the transfer of the sample to the cry-
ostat and the outgassing process after the chemical treat-
ment) for a period of time. The presence of an oxide lay-
er is indicated mainly by a decrease of the value of €, at
E,, interpreted in the two-phase model. Within a three-
phase model (air oxide of GaAs-Al,Ga,_,As) and using
the dielectric function of the oxide given in Ref. 42, we
calculate the film thickness to be about 8 A.

In Fig. 2 we show the real and imaginary parts of the
dielectric function of Alj ,,Gao.s3As for several tempera-
tures after introducing the 8-A oxide correction men-
tioned above. The main structures below 4 eV corre-
spond to the E, E,+ Ay, E,, and E, + A, interband tran-
sitions, whereas E( and E, contribute to the structure at
higher energies. An energy shift and broadening of the
spectral structures are observed with increasing tempera-
ture. Similar results are obtained for other Al composi-
tions (x =0.53 and 0.69), where the structure around 4.5
eV is mainly due to the E, transition. In order to obtain
the CP parameters, the second or third derivatives of the
dielectric spectra were numerically calculated. The
structure so enhanced was fitted to excitonic or two-
dimensional critical-point line shapes [Eq. (1)].

Figure 3 shows the experimental second-derivative
spectra of €; for three Al compositions (x =0.27, 0.53,
and 0.69) in the spectral region around the E, and
E,+ Ay structures. The lines represent the best fits to ex-
citonic line shapes [Eq. (1) for » = —1]. In this region of
the spectra the fits were performed only for the real part
of the dielectric function because of the poor sensitivity
of our ellipsometer to changes in the €, value around the
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fundamental gap which leads to rather noisy derivatives
of €,. Also, the experimental data points shown in Fig. 3
were taken with a 5-meV energy step which is large in
comparison with the structure broadening at tempera-
tures lower than 300 K, as we will discuss later.

The region around E, and E| + A, was fitted to 2D line
shapes [the logarithmic version of Eq. (1)]. Figure 4
shows the results for the second-derivative spectra of the
samples mentioned above together with the best-fit line
shapes. The structure in the region of the E; and E,
transitions (Fig. 5) was also fitted to 2D line shapes. All
the spectra shown in Figs. 3-5 were obtained between 12
and 22 K, except for the AlAs sample which was mea-
sured at 80 K.

In Fig. 6 we plot the temperature dependence of the
exciton energies E;, and E,+A; of Al ,Ga,_ As, for
x =0.27, 0.53, and 0.69, obtained by the procedure just
mentioned. We also show in Fig. 6 the variation with
temperature of the E, transition of GaAs.?* The data in
Fig. 6 have been fitted with two different functions. One
of them (solid lines in Fig. 6) is based on the theory of the
temperature shift of the gap produced by electron-
phonon interaction,?*3? and is given by
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FIG. 2. (a) Real part and (b) imaginary part of the dielectric
function €, +ie, of Al ,;Gag 13As for several temperatures.
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E(T)=Ep—agz(2ng+1),
(2)
nB=(e®/T—l)7l

where ® is a temperature related to an average phonon
frequency. The other corresponds to the phenomenologi-
cal expression

aT?
T+B’
proposed by Varshni.** The parameters of the fits with
Egs. (2) and (3) are listed in Table I.

The linewidths of critical points versus temperature are
usually described with an expression similar to Eq. (2):

D(T)=T,+Tony , @)

E(T)=E(0)— (3)

where T'; represents the broadening due to additional
temperature-independent mechanisms (Auger processes,
electron-electron interaction, impurities, surface scatter-

Al,Ga_4As
— d%e,/dw?
6000 - Fo, Jrew
- l ——-d“g,/dw
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FIG. 3. Fits to the second derivatives of the real (solid lines)
and imaginary (dashed lines) parts of the dielectric function of
Al,Ga,_,As around the E, and E,+ A, structures at low tem-
peratures. The dots represent experimental data for d’e,/dw?.
Note the different energy scales and that the vertical scale has to
be divided by the factor given under each structure.
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ing, and also instrumental effects). Equation (4) is based
on the assumption of broadening by interband scattering
via phonon absorption and holds only for the lowest gap.
For the other gaps one has to replace ny in the above ex-
pression with 2nz + 1 since now both phonon absorption
and emission processes can take place. Figure 7 shows
the broadening obtained from our line-shape analysis for
the E, exciton in Al,Ga,;_, As as a function of tempera-
ture for different x. The temperature dependence of the
E, broadening of GaAs (Ref. 24) is also shown (dashed
line). The scatter in the data of Fig. 7 suggests that a
linear equation

N(T)=T,+yT (5)

may equally well describe the behavior of the E;
broadening in the whole temperature range. The param-
eters and their corresponding uncertainties obtained by
fitting the data in Fig. 7 to Egs. (4) and (5) are listed in
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FIG. 4. Fits to the second derivatives of the real (solid lines)
and imaginary (dashed lines) parts of the dielectric function of
Al,Ga,_,As around the E| and E, + A, structures at low tem-
peratures. The solid circles represent experimental data for
d?e,/dw? (those for d’e,/d®” are not shown but the quality of
the fit is similar).
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FIG. 5. Second derivatives of the real (crosses) and imaginary
(circles) parts of the dielectric function of GaAs, Al,Ga,_,As,
and AlAs around the E, region at low temperatures. The solid
lines are fits to the critical-point line shapes. Note that the vert-
ical scale has to be divided by the factor given at the right of
each spectrum.
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FIG. 6. Temperature dependence of the (a) E, and (b)
Ey+A, energies of Al,Ga,_,As. The solid straight lines
represent the best fits with Eq. (2). The fit parameters are given
in Table I. The dashed line in (a) gives the temperature depen-
dence of the E, energies of GaAs from Ref. 24.

TABLE 1. Values of Ep, ag, and © parameters obtained by fitting the E, and E,+ A, critical-point energies vs temperature with
Eq. (2), and values of E(0), @, and j3 obtained by fitting the same data with Eq. (3). The numbers in parentheses indicate error mar-

gins.
Eg ap 0 E(0) a B
x (eV) (meV) (K) (eV) (107*eVK™h (K)

0 1.571(23)* 57(29) 240(102)* 1.517(8)* 5.5(1.3) 225(174)*

0.18 1.771(7)° 6.3(5)° 236(73)°
E, 0.27 2.011(10) 85(11) 295(32) 1.932(3) 6.48(40) 248(54)

0.53 2.347(9) 104(11) 326(29) 2.251(3) 7.04(26) 261(38)

0.69 2.401(12) 122(13) 355(31) 2.485(3) 7.88(36) 302(49)

0 1.907(9) 58(7) 240(fixed) 1.851(5) 3.5(4) 255(fixed)
Eq+ A 0.27 2.399(9) 147(88) 390(135)

0.53 2.689(4) 127(45) 379(106) 2.567(10) 8.38(1.74) 435(238)

0.69 2.846(14) 43(17) 175(62) 2.808(6) 5.22(56) 117(70)

“Reference 24.

"H. Shen, S. H. Pan, Z. Hang, and F. H. Pollak, Appl. Phys. Lett. 53, 1080 (1988).
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FIG. 7. Temperature dependence of the broadening of E, in
Al,Ga,_,As. The solid lines represent fits with a linear expres-
sion of the broadenings obtained by analyzing spectra with an
energy step of 5 meV. The solid line labeled GaAs is a fit of the
broadening data for GaAs from Ref. 24 with Eq. (4). Crosses
for x =0.27 and open squares for x =0.69 represent the
broadenings obtained by fitting spectra with an energy step of
either 1 or 2 meV. The dashed lines for x =0.27 and 0.69
represent fits with Eq. (4). The fit parameters are given in Table
II.

Table II.

The statistical fluctuation of the alloy composition,
which is caused by the random distribution of Al and Ga
on the cation sites, is responsible for an additional “inho-
mogeneous” broadening of the band-gap energy which
can be estimated from a model proposed by Schubert
et al.,?

172

) (6)

x(1—x)

4 dE
T, (x)=2.36 KV (x)

a dx

where dE /dx is the rate of band-gap variation with alloy
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composition, K =4/a(3, is the cation density, and V(x) is
the minimum scattering volume. This model has been
successfully applied to the alloy broadening observed in
photoluminescence spectra of ternary alloys such as
Al _Ga,_,As,"” Ga,In,_,As,* and Cd,Hg,_,Te,* and
generally to interpret the alloy broadening of the E|
gap'®!® of ternary alloys. One assumes that this alloy
broadening I',(x) is temperature independent'>'? and is
simply added to the 'y and I'; terms of expressions (4)
and (5), respectively.

In the region around the E; and E;+A, transitions
(Fig. 4) the second-derivative spectra were fitted to 2D
line shapes. At every temperature the two structures
were fitted simultaneously up to 500 K for x =0.27, 450
K for x =0.53, and 330 K for x =0.69. Figure 8 shows
the temperature dependence of the E, and E, +A; CP
energies of Al ,Ga,;_,As obtained in this fashion. The
dashed line in the upper part of this figure represents the
dependence of the E, CP of GaAs.?* The data of Fig. 8
were fitted to Egs. (2) and (3). The resulting parameters
are listed in Table III. We can see from Fig. 8 and Table
III that there are no significant differences in the energy
dependence on temperature of the E; and E, +A, struc-
tures. The energies of the two structures run almost
parallel and the spin-orbit splitting for all Al composi-
tions is found to be temperature independent, as expected
for an atomiclike property. Figure 9 shows the broaden-
ing of the E, and E,+ A, structures versus temperature.
Also in this figure the dashed line represents the tempera-
ture dependence of the E, broadening of GaAs (Ref. 24)
that was fitted with a 2D line shape.

In order to complete the description of the CP parame-
ters of the E; and E;+A, transitions of Al Ga,;_,As
and to compare them for different Al content we plot in
Figs. 10 and 11 the dependence of the strength A4 and the
phase angle ¢ on temperature, respectively.

The region between 4 and 5.5 eV of the low-
temperature spectra (Fig. 5) is complex and rich in struc-
ture,>*37 where the number and character of resolved

TABLE II. Values of the parameters obtained by fitting the broadening I" of the E, and E, + A, critical points of Al,Ga,_,As vs
temperature to Eq. (4) or Eq. (5). The numbers in parentheses indicate error margins.

r, Ty r, v Temperature
X (meV) (meV) (K) (meV) (107*eVK™} range (K)
0 1(2)? 48(30)* 430(240)? 20-300
0.27 13.8(14) 51.6(15) 615(210) 8.5(1.8) 0.49(6) 15-600
E, 12(4) 18.2(9) 295(fixed) 15-600
7.3(6)° 27(14)° 340(150)° 15-600
0.53 16.6(1.5) 0.61(3) 12-800
0.69 36.1(8) 27.4(2) 355(fixed) 30.3(1.8) 0.66(4) 16-750
31(5)¢ 42(3)° 335(fixed)® 16—-460
0
E +A 0.27 29(2) 0.66(14) 15-350
0 0 0.53 37(24)¢ 37(26)¢ 449(215)4 64.6(4) 1.17(13) 12-600
0.69 44.5(7.2) 1.78(29) 16-500

2Reference 24.

"Values obtained below 300 K by analyzing spectra with an energy step of either 1 or 2 meV.
“Values obtained below 120 K by analyzing spectra with an energy step of 2 meV.

9The results fitted with the expression T(T)=T",+ y(2ng +1).
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FIG. 8. Temperature dependence of the E; and E, + A, ener-
gies of Al,Ga,_,As. The solid lines represent fits with Eq. (2).
The fit parameters are given in Table III.

CP’s depends on the alloy composition. With increasing
temperature the structures broaden and weak features ob-
served in the low-temperature spectra ‘‘disappear” under
the main structures, hindering a detailed analysis of the
temperature behavior in this region. The two main struc-
tures E( and E,(X) for x =0.27 could be fitted together
in the whole temperature range (solid circles in Fig. 12).
Below 250 K, however, a model with three CP’s [Ej,
E,(X), and E,(X)+A,] gave a better description of the
derivative spectra (open symbols in Fig. 12). The
difference in the two values of E,(X) in Fig. 12 is due to
the fact that the E,(X) value for the two-CP case is the
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FIG. 9. Temperature dependence of the E, and E,+A,
broadening of Al,Ga,_,As. The solid lines represent fits with
Egs. (4) and (5). The fit parameters are given in Table VI. The
dashed line represents the E| broadening of GaAs from Ref. 24
obtained by fitting the experimental data between 300 and 760
K with a 2D line shape.

600 800

weighted average of the E,(X) and the weak E,(X)+A,
structures.

In the x =0.53 case (Fig. 13) the spectra were fitted
with three different models: (a) only one CP [E,(X)], (b)
with two CP’s [ E,(X) and E,(X)+A,], and (c) with three
CP’s [E,(X), E,(X)+A,, and E,(=)]. Finally, for the
spectra of the x =0.69 sample a model with three CP’s
[E,(X), E,(X)+A,, and E,(2)] was used through the
whole temperature range.

It should be mentioned that although a model with
three CP’s usually gives the best description of the low-
temperature spectra, the increasing broadening of the

TABLE III. Values of parameters obtained by fitting the E, and E, + A, critical-point energies vs temperature with Egs. (2) and

(3). The numbers in parentheses indicate error margins.

Ey ag (C] E(0) a B Line
x (eV) (meV) (K) (eV) (107*eVK™)) (K) shape
0 3.125(9)% 91(11)? 274(30)* 3.041% 7.2(2)2 205(31)* Excitonic and 2D

E 0.27 3.296(6) 72(8) 235(23) 3.230(3) 6.62(19) 171(25) 2D
! 0.53 3.491(10) 106(12) 308(30) 3.393(3) 7.55(33) 241(44) 2D
0.69 3.641(21) 113(25) 324(59) 3.534(7) 7.8(6) 270( 86) 2D
E +A 0.27 3.486(8) 46(10) 158(32) 3.446(5) 6.04(44) 97(42) 2D
! ! 0.53 3.649(16) 70(18) 261(49) 3.583(3) 6.86(90) 295(100) 2D
0.69 3.898(18) 184(60) 439(236) 2D

*These parameters were obtained in Ref. 24 by using the energies fitted with excitonic line shapes up to 300 K and 2D line shape be-

tween 300 and 760 K.
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FIG. 10. Temperature dependence of the amplitudes of the
E, and E,+ A, structures of Al,Ga,_,As fitted with a 2D line
shape. The temperature dependence of the E, amplitude of
GaAs (dashed line) is from Ref. 24.

structures with increasing temperature results in smeared
out peaks and the fit parameters tend to be more and
more correlated, losing their meaning. Therefore a mod-
el with one or two CP’s may be more suitable to describe
the high-temperature behavior.

The temperature dependence of the energies and
broadenings resulting from the different models used to
fit the derivative spectra in the 4-5.5-eV energy region
have been fitted to Egs. (2)—(5). The best values for the
fitting parameters are given in Table IV (energies) and
Table V (broadenings).
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FIG. 11. Temperature dependence of the phase angle ¢ of the
E, structure fitted with a 2D line shape. The dashed line gives
the phase angle of the E, of GaAs after Ref. 24. The solid line
is drawn as a guide to the eye.
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FIG. 12. Temperature dependence of the E{ and E,(X)
critical-point energies of Alj,;Gag3As. The solid lines

represent linear fits. The fit parameters are given in Table IV.
The results for the E,(X) structure were obtained by fitting the
whole E, structure with two CP’s (solid circles) or with three
CP’s (open squares).

IV. DISCUSSION

A. Edge excitons and E, + A, transitions

The lowest direct gap E, in Al,Ga,_ As is the exci-
tonic transition between the fourfold degenerated Iy
valence band and the twofold I'g conduction band. In the
strained material the degeneracy of the valence band is
partially lifted.*>*® This results in a splitting of the E,
excitonic transition. We have found*!® that the small lat-
tice mismatch between the LPE Al _Ga,_, As layers and
the GaAs substrate produces an observable splitting of
the excitonic recombination given by SEg(x)=11.8x
meV. A detailed discussion of this splitting and its tem-

49 T 1 T } T ‘ T I T ] T ] T | T [ T
Alps3 Gag 47As

48 o 1cP |
Eo(X){e 2CPs
—~ 477 a 3CPs
> E,(X)+dy v 2CPs |
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FIG. 13. Temperature dependence of the E,(X) and

E,(X)+ A, critical-point energies of Al s3Gag 4;As. The solid
lines represent fits with either Eq. (2) or a linear expression.
The fit parameters are given in Table IV. The results for the
E,(X) structure were obtained by fitting the whole E, structure
with one CP (open circles), two CP’s (solid circles), and three
CP’s (open squares).
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TABLE V. Parameters involved in the temperature dependence of the broadening of the Eg and E, critical-point broadenings of
Al,Ga,;_,As. For x =0.69 we have analyzed the experimental data with both the second- and third-derivative spectra of the dielec-
tric function. The numbers in parentheses indicate error margins.

r, Iy ® r, v Number

x (meV) (meV) (K) (meV) (107*eVK™) Transition of CP’s
—255(19)* 300(123)? 1013(218)? E, 1
0 84(8)* 2.28(19)* Ej 1
201(8) 0.68(50) E; 2
149(7) 2.22(39) E,(X) 3
0.27 38(3) 0.91(27) E,(X) 2
108(3) 169(7) E,(X) 1
26(24) 71(26) 365(91) E,(X) 3
0.53 37(2) 0.36(10) E,(X)+A, 3
0.69 —155(77)° 212(79)° 792(145)° E,(X) 3
’ 103(42)° 176(45)° 828(127)° E,(X) 3

#Reference 24.

YFor the analysis of the experimental data we used the second-derivative spectra of the e(w).

°We used the third-derivative spectra of the e(w).

perature dependence is given in Refs. 4 and 19. For tem-
peratures higher than 250 K the broadening of the dou-
blet components is larger than their splitting. Thus the
structure must be treated as a single CP. Table I gives
the parameters obtained by fitting the energy E, of this
CP to Egs. (2) and (3). From the data in Table I the fol-
lowing compositional dependence of the parameters
which describe the temperature dependence can be ob-
tained:

E(0)=1.517+1.39x (eV), (7a)

a=5.5+3.35x (107*eV/K), (7b)
B=225+88x (K), (7Tc)

E(B)=1.571+1.49x (eV), (7d)
ap=57+94x (107 *eV), (Te)
®=240+160x (K). (7

The compositional dependence of a [Eq. (7b)] and ® [Eq.
(70] is plotted in Fig. 14.

The E,+A, (I'; to I'y) transitions are much weaker
and broader than their E, counterparts. Hence we were
able to analyze this structure in the Al,Ga,;_,As samples
only up to 500 K. The parameters obtained by fitting the
temperature dependence of the CP energies are listed in
Table I.

From the energies of the E, and E,+ A, structures the
compositional dependence of the spin-orbit splitting can
be obtained: A;=337(6)—23(10)x meV. No trace of a
quadratic dependence on x was found within the scatter
of the points.

In the following we discuss the broadening of the E
and E,+A, structures (Fig. 7 and Table II) in the
Al,Ga,_,As alloys.

In Table II the parameters obtained by fitting the
broadening of the E, and E;+A, transitions of
Al ,Ga,_,As to Egs. (4) and (5) are listed, together with
the corresponding value for the E| transition of GaAs.

For the data in the Table, the broadening parameters that
were obtained from fitting spectra taken with a 5-meV-
wide energy step were used. This energy step is too large
for analyzing the E, structure in Al,Ga;_, As at temper-
atures below 200 K. Thus the deviations observed in Fig.
7 between the parameters obtained from spectra with a
5-meV energy step with those from spectra with a 1- or
2-meV energy step are due to this artifact. However, the
spectra with the 5-meV energy step allows us to describe
the E, structure with the same model line shape for all

8eS  ALGaAs
oLy

| = E, (broadening)

600 800

500

0 (K)

400

o (K)

300

200

100|||1|l|1|1

FIG. 14. Compositional dependence of the average phonon
frequency ® [Eq. (2)] and the parameter a [Eq. (3)]. (0,A) and
(@, A) represent results obtained from the analysis of the ener-
gies of the E, and E, transitions of Al,Ga,_,As, respectively;
B represents results obtained from the E,; broadening. The
solid lines represent fits with a linear expression.
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the Al compositions over the whole temperature range, as
well as to compare the results for E, with those for
E,+A, The data of Fig. 7 show an increase of the E,
broadening with increasing Al content. The reasons are
twofold: (a) as the Al content increases in Al Ga,_,As
the exciton structure broadens due to alloy scattering and
(b) for Al content larger than or equal to 0.45 an overlap
of E, with indirect I' - X transitions takes place which
increases the broadening of the E, structure through
phonon and disorder-aided decay into I'— X excitations.
At low Al content the homogeneous broadening of the
E exciton is practically zero for zero temperature and
the observed broadening is due to statistical fluctuations
of the alloy composition. In Fig. 15 we plot the composi-
tional dependence of the E, (solid triangles) and E,+ A,
(solid circles) broadenings that were found from our
analysis at low temperatures. In this figure we also plot
results from our photoluminescence measurements for
x <0.35 and Raman results for x > 0.45 for the E; exci-
ton'8 and x <0.1 for the E,+ A, structure.'® The dashed
line in this figure represents the calculated broadening ac-
cording to Eq. (6). The solid lines are drawn as a guide to
the eye.

Figure 7 indicates that the temperature dependence of
the E, broadening is well described within the scatter by
a linear relationship [Eq. (5)]. Not enough information is
available to obtain significant parameters for the more
physically meaningful Eq. (4). Note that for x =0.53 and
0.69 the term ny in Eq. (4) has been replaced with 2np +1
since now both phonon absorption and emission process-

Al,Gay-xAs
AAD Ece)ff
oe EO + AO
o E1
100} x E1 + A.‘
-—- Calculated

X=

80

I (meV)

FIG. 15. Compositional dependence of the broadening I' of
the interband transitions found at low temperatures in
Al,Ga,_,As: broadening of the E, exciton (A) from ellip-
sometry (SE), from Raman results after Ref. 18 (A) and photo-
luminescence (PL) measurements (l); broadening of the E,+ A,
transition from SE (@) and from Raman results after Ref. 16
(0O); broadening of the E, transition (O) from SE; broadening of
the E |+ A, transitions ( X) from SE. Solid lines are drawn as a
guide to the eye. The dashed line represents the calculated alloy
broadening according to Eq. (6). The dotted and dashed-dotted
lines have been calculated for alloy scattering using perturba-
tion theory and the CPA, respectively (Ref. 56).
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es can take place. In the case of Alj,,Gagy 13As, even
though we could analyze the E; and E,+ A, only up to
350 K, a linear dependence seems to describe the ob-
served broadening versus temperature.

We should mention here that for the E;+ A, broaden-
ing in Al, Ga;_, As at low temperature only a small con-
tribution to I'; or I'; is due to alloy broadening, whereas
the main contribution is essentially determined by the
lifetime of the hole in the split-off band. This is due to
the fact that holes in that band near the I' point have
more decay channels than holes in the v, (heavy-hole)
and v, (light-hole) bands.

B. E,| and E, + A, transitions

The E| and E, + A, peaks in GaAs and AlAs are due
to transitions from the upper two valence bands to the
lower conduction band,?*? the main contribution to the
E| and E, +A, transitions coming from the A direction
of the BZ, although a region in the I'LK plane?? gives
also a significant contribution to the corresponding ¢,
(the critical points, emphasized by the derivative spectra,
are localized along A). Band-structure calculations?®3°
and experimental”®~ % work indicated that the E, and
E |+ A, transitions in other III-V compounds and group-
IV materials also take place along A. A detailed analysis
of the line shape of the E; and E;+A, transitions in
GaAs has been performed in Ref. 24; these transitions are
best represented below room temperature by a Fano-
modified Lorentzian line shape, whereas at higher tem-
peratures a 2D line shape gives a better description of the
measurements. The 2D or 3D character of these CP’s
have also been investigated ellipsometrically versus tem-
perature for Ge,?® @-Sn,?® InSb,?® and InP.? At all tem-
peratures, the best fit was found with a 2D CP, although
the phase angle ¢ in Eq. (1) at low temperatures has a
large value of about 100°. The same situation holds for
our fits of the E| and E| + A, transitions of Al, Ga,_  As.
In view of this and also for reasons to be discussed later,
we have used a 2D line shape to describe the E; and
E | +A| structures.

In Fig. 4 we show the second-derivative spectra of the
dielectric function versus energy in the E, spectral region
for Al,Ga,_,As at low temperatures. The solid and
dashed lines represent fits with a 2D CP. We can see that
except for the upper wing of the E, structure in
Al ,7Gag 73As, the 2D representation of the E, transi-
tions is wholly suitable to describe the experimental line
shape at low temperatures. We have been able to fit
simultaneously the E; and E,+A; CP’s up to 760 K for
x =0.27, 400 K for x =0.53, and 300 K for x =0.69. In
Table IIT we have listed the parameters obtained by
fitting the critical-point energies versus temperature with
Egs. (2) and (3). We can see an increase in ®, a, and 8
with increasing Al content. Unfortunately, we cannot
compare these parameters with the corresponding ones of
GaAs (also shown in Table III) since the GaAs E; and
E |+ A, results were obtained by fitting the derivative
spectra with a Lorentzian exciton up to 300 K and a 2D
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line shape between 300 and 760 K.2* The same situation
is observed for the parameter ® (see Table VI) obtained
by fitting the temperature dependence of the E, broaden-
ing of Al,Ga,_,As with Eq. (4). The ® parameter found
from the energy shift of the E, transition does not have
to be necessarily the same as the one found from the
broadening. Calculations of the electron-phonon spectral
functions for Si, Ge,*! and GaAs (Ref. 32) have shown
that acoustical as well as optical phonons contribute to
the energy shifts due to electron-phonon interaction,
whereas for the broadening of the E; CP mainly optical
phonons are responsible. Thus one would expect a higher
average phonon frequency ® from the fit of Eq. (4) to the
broadening parameters than for the electron-phonon con-
tributions of the energy shift with temperature. This fact
is confirmed by comparing the values ® of the E; and E,
transitions listed in Tables I and III (i.e., the energy
shifts) to those listed in Tables II and VI (i.e., the
broadenings), respectively (see also Fig. 14). The Debye
temperature"*’ as well as the mean frequency of pho-
nons"'®47 taking part in the scattering process increase
in going from GaAs to AlAs. If the parameter ® from
our fits is related to these quantities, it should increase by
similar amounts. A linear dependence of the parameter a
in Eq. (3) is shown in Fig. 14 for both the E, and E tran-
sition with increasing Al content.

The temperature dependence of the E;, and E,+A,
CP’s broadening obtained from the 2D fit is displayed in
Fig. 9; in the case of the E,+ A, CP it is practically
linear. The broadening of an electronic state is roughly
proportional to the electronic density of states at its ener-
gy.’! Thus the broadening of E,+A, transitions should
be at least as large as that for E, since for the lower
split-off valence band there is a larger electronic density
of states than for the upper one. This conjecture is borne
out by comparing the E; and E,+A, broadenings of
Al ,Ga,;_,As at low temperatures (LT) in Fig. 9. Howev-
er, we can see in this figure that a crossover of the E| and
E,+ A, broadenings occurs at high temperatures. The
E,+ A, broadening increases more slowly with increasing
temperature than the E, broadening. A noteworthy de-
crease (increase) in the temperature dependence of the
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E,+A, (E)) broadening is observed with increasing Al
content. Also, the crossing of the E, and E,+A,
broadenings occurs at lower temperatures with increasing
Al content. Since this doublet arises from the spin-orbit
splitting of the valence band, it is generally presumed
that both structures arise from transitions in the same re-
gion of k space and thus the temperature dependence of
their widths should be similar. We thus tend to believe
that the crossings observed in Fig. 9 are artifacts of the fit
resulting from not being able to separate E; and E|+ A,
transitions when sufficiently broadened.

Amplitudes for 2D E; and E |+ A, transitions of zinc-
blende materials can be estimated within the one-electron

approximation by*%4°
44(E,+A,/3)
Adg =———5 (8a)
aoEq
) _ 44(E +24,/3) &)
E, +4, 4o E, +A)?

where the lattice constant a, is in A and the energies E
and A, in eV. In Table VII we display the amplitudes
A E, and 4 E +4, that were calculated according to Egs.

(8) as well as the energies found from our fits at low and
room temperature. The amplitudes and the phase angle
of the E| and E, + A, transitions obtained from the 2D
line-shape fits versus temperature are shown in Figs. 10
and 11. In these figures the corresponding parameters of
GaAs (Ref. 24) are also displayed (dashed lines). The am-
plitudes of the E; CP (see Fig. 10) are nearly constant:
(a) over the whole temperature range for x =0.69, (b)
T >100 K in the case of x =0.53, (¢) T >200 K for
x =0.27, and (d) T > 300 K in the case of GaAs. These
facts indicate a change in the character of the E, transi-
tions which takes place at lower temperatures as the Al
content increases. This change is also supported when
looking at the phase angle (see Fig. 11). A phase angle
smaller than 90° is obtained in the above constant ampli-
tude temperature range.

According to Ref. 24 the E, and E,| + A, transitions in
GaAs are an example for the coexistence of local and

TABLE VI. Values of the parameters obtained by fitting the broadening I of the E, and E, + A, critical points of Al, Ga,_,As vs
temperature to the equation I'(7)=TI"+'((2nz+1) or I'(T)=TI"; +yT. The numbers in parentheses indicate error margins.

r, | ® r, Y Line Temperature

x (meV) (meV) (K) (meV) (107*eVK™h shape range (K)

—19(6)* 1.34(11)* 2D 300-760
0 O(fixed)? 41(3)? 293(26)* Excitonic 20-300

0.27 4.4(4.0) 36.8(5.7) 399(47) 2D 15-700
E, 0.53 —4.3(5.0) 71(16) 525(89) 2D 12-800
0.69 —52(37) 123(40) 620(138) 2D 16-750

O(fixed)? 36(1)* 356(17)2 Excitonic 20-300

0 31(8)* 1.34(15)* 2D 300-760

0.27 53(2) 1.12(5) 2D 15-600

E,+A, 0.53 74(1) 0.71(7) 2D 12-450
0.69 51(50) 137(80) 826(600) 80(4) 0.74(15) 2D 16-350

2Reference 24.
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TABLE VII. Parameters used to calculate the amplitudes 4 E, and A4 B +a, according to Eqgs. (8), together with the experimental

amplitudes at low and room temperature.

Temperature a, E, E, +A, A
x (K) (A) (eV) (eV) (meV) Ag, Ap +a,
20 3.038(1)° 3.262(2)® 2242 7.3 3.26
0 RT 5.6535° 2.915(2)2 3.139(3)? 4.6 3.3
2.8° 2.5
15 3.2255(14) 3.4393(47) 219 5.6 3.6
0.27 RT 5.6554° 3.104(2) 3.309(6) 205 4.5 3.1
2.6° 2.3¢
12 3.3869(13) 3.5796(36) 193 5.4 34
0.53 RT 5.6574° 3.2630(21) 3.4708(48) 208 4.4 1.9
2.4° 2.2¢
16 3.5354(31) 3.7226(84) 187 3.8 2.7
0.69 RT 5.6587° 3.4064(71) 3.6085(120) 202 3.9 1.7
2.3° 2.1¢
80 3.994(2) 4.132(10) 138
1 RT 5.6611° 3.899¢ 4.048¢ 149¢ 7.1
2.02¢ 1.9¢

#Reference 1 obtained by linear interpolation [ay(x)=5.6535+0.0078x] at room temperature.

YReference 24.

“Calculated amplitudes at room temperature, small differences exist with the corresponding ones at low temperatures.

dReference 38.

band characters in the optical spectra of solids (see for
example Ref. 48). Thus for 7" <300 K in GaAs these two
structures could be described by a quasilocal state super-
imposed upon a background of continuous states which
leads to Fano-Breit-Wigner interference effects. For tem-
peratures above 300 K, the line shape of the E, and
E,+A; CP’s in GaAs is better described with a 2D line
shape according to Eq. (1). The phase angle ¢ in this ex-
pression describes the metamorphism of critical-point
line shapes due to excitonic effects by allowing a continu-
ous admixture between two adjacent CP’s.’® In the case
of 2D critical points this limits ¢ to the range 0°-270°.
However, when the E | structure is treated as an uncorre-
lated one-electron transition it should correspond to in-
terband minima and the phase angle is further restricted
to the range 0°<¢ <90°. As already discussed, in the
case of Al,Ga,;_, As with x =0.27 and 0.53 and for tem-
peratures smaller than 200 and 100 K, respectively, we
have found a situation similar to that for GaAs. Thus the
coexistence of local and band character also occurs in the
E, and E;+A; CP’s of the Al,Ga;_,As system. How-
ever, the quasilocal character shifts to lower tempera-
tures, as soon as the Al content increases, and disappears
around x =0.6 becoming strong again for AlAs. Corre-
spondingly, the values of Ag, calculated with Eq. (8a)

agree better with the experimental ones for x =0.53 and
0.69 than for x =0 and 1. This is also supported by the
E, and E,+ A, broadenings found at low temperatures.
For example, Fig. 15 shows that the compositional
dependence of the E, and E, + A, broadenings is similar
to that described by Eq. (6). It is obvious that alloying
considerably increases the intrinsic broadening of the E;
and E,+ A, transitions with increasing x, until x reaches
a value between 0.7 and 0.8 and then decreases again.

Thus the broadening of these two transitions may be
partly due to the suppression of excitonic effects with al-
loying. A similar asymmetric compositional dependence
of the broadening of E, and E| + A, structures was found
from ellipsometric measurements at room temperature in
the Cd, Hg,_, Te system.”! The maximum in the compo-
sitional dependence of the E, and E, + A, broadening in
Cd,Hg,_,Te was found at x =0.8, a bit higher max-
imum (x=0.9) having been found from photolumines-
cence measurements of the exciton broadening in
Cd,Hg, ,Te.?

The coherent-potential approximation (CPA) provides
a theoretical framework which can be used to study al-
loys in the case of relatively weak disorder. In Ref. 53 by
using the CPA a measure of the scattering strength 8 for
band-edge electrons due to alloy disorder in Cd,Hg,_,Te
was obtained. The disorder in Cd, Hg,_ , Te manifests it-
self primarily in the difference of cation s-level energies
associated with relativistic shifts. The s character of the
higher conduction bands above 2 eV and the valence
bands below about —5 eV show effects associated with
strong disorder. The alloy scattering broadening in the
conduction and valence bands along the A direction was
found to be about 3 times stronger in the Cd-rich than in
the Hg-rich region. This result is in agreement with the
increased broadening reported in Ref. 51 for the Cd-rich
region. It is also found in Ref. 53 that the alloy scatter-
ing lifetime is stronger in the first conduction band than
in the two uppermost valence bands. As mentioned in
Ref. 51, a possible explanation for the asymmetry ob-
served in the E; and E, + A, broadening of Cd, Hg,_,Te
is that for larger x the final states involved in the E, tran-
sitions lie in an energy region where the minority com-
ponent has a large density of states giving a larger alloy
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broadening. In Ref. 54 (see also Ref. 9) it has been found
that for GaP, sAs, s the alloying lifetime broadening is
much larger in the upper valence bands along both A and
A directions than in the lowest conduction band with the
exception of the I" point.

CPA calculations have also been performed for
Al,Ga,_, As alloys.’>>® We show in Fig. 15 the results
of CPA calculations (dashed-dotted line), as well as those
of second-order perturbation theory calculations involv-
ing the full pseudopotential difference (dotted line).>® It is
interesting to note that they both describe well the in-
crease in ' above the band crossing point (x =0.5) but
not below it. The sum of these results plus the contribu-
tion of concentration fluctuations to the excitonic energy
[Eq. (6), dashed line in Fig. 15] seems to give an excellent
description of the measured I'(x).

A related feature is also displayed in Fig. 16. The
phase angle of the E; and E + A, transitions in Fig. 16(a)
shows a minimum (lowest excitonic effects) around
x =0.7, which is likely to be related to the behavior of
the E, and E;+ A, broadening (Fig. 15). It is obvious
from Fig. 16 that the phase angle has the same composi-
tional dependence at low and room temperature. In the
case of the strength A4 [Fig. 16(b)] a similar compositional
dependence for the E, transitions appears at 16 K and
room temperature.

The amplitudes calculated according to Egs. (8) [solid
lines in Fig. 16(b)] are on the average about half the ex-
perimental ones (note, however, that they become closer
for x =~0.6, as mentioned above). This fact has been also
found in most group-IV and III-V materials. Calcula-
tions for Si (Refs. 57 and 58) and GaAs,” by taking into
account a correction for the terms linear in k for k per-
pendicular to (111), increase the strength of the E,
structure relative to £, +A,. However, this effect should
be small (~20%) for our materials.”® A portion of the
observed differences in the absolute magnitude of calcu-
lated and experimental 4 E, can also be attributed to exci-

tonic interaction.%%¢!

We have obtained, for the compositional dependence of
the A, spin-orbit splitting (in meV) at low temperature
and room temperature (RT) by fitting the experimental
results with either linear or quadratic expressions,

233(20)—83(30)x

A _ | 22321~ 10(40)x —74(40)x? | at LT
171 229(30) — 64(40)x
218(30)+23(50)x —87(80)x2 | at RT . ©)

A negative bowing parameter (coefficient of x2) is found,
in agreement with other alloy systems.'""®? The difference
in bowing parameter found between LT and RT is not
significant in view of the error margins.

It has been suggested®® that the A, spin-orbit splitting
can be predicted from the spin-orbit splitting A,, of the
separate atoms from which the alloy AMB,_ IIICY is
formed according to relation

— 2
A=a,—cx*,

(10)
¢y :aA[A;?(

AIII( A ) ]
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where a, = 2.

For comparlson with Eq. (9), values of A, have been
taken to be Ga=170 meV and A1=20 meV. The calcu-
lated ¢; =56 meV is in good agreement with that of Eq.
9).

C. Egand E, transitions

The nature of the E, transitions is more complicated
since they do not correspond to a single, well-defined CP.
The strong structures observed in GaAs (see Fig. 5) have
been identified as E at 4.5 eV and E,(3) at 5.12 eV.2%%7
The E structure corresponds to transitions in the vicini-
ty of the I" point (I'3—T',), whereas E,(T') has been attri-
buted to transitions in a wide region of the I'XUL
plane.?>3¢ Also several weaker structures have been ob-

served in the low-temperature electroreflectance’’ and el-
190
(a) Al,Gaq.,As
170 |- LT
150 *5; RT
I SEa {gfr
—~ 130+
o
@
Z ot
= |
90 -
70 ! ‘
50 | | 1 1 |
0O 02 0% 06 08 1
X
®) Al G- XAS
8 2E1{LT -E1+A1 RT
---Calculated
< B h*
- 6 %\
—
o
c
D
= 4—
(9]
2+
o PRI S S N S S T
00 0.5 1.0

FIG. 16. Compositional dependence of (a) the phase angle ¢
and (b) the strength A4 of the E, and E,+A, transitions of
Al,Ga,_,As. The solid lines in (a) and the dashed ones in (b)
are plotted as a guide to the eye. The solid lines in (b) represent
the calculated E, and E| + A, strengths according to Eq. (8).
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lipsometry?* spectra of GaAs. These structures have
been identified as two groups of transitions.>” One group
corresponds to transitions at and close to I' in the A
direction [E((A) and Ej+Ap] and the other group has
been assigned to transitions in the A direction near the X
point [E,(X) and E,(X)+A,]. In a recent paper** we
have modified the previous assignment and notation,
which led to some difficulties, and have extended it to the
whole Al Ga,;_,As range. Thus the strongest structure
in GaAs coming from transitions in the TXUL plane is
called E,(P), the weaker transitions at X (X,;—X4) or
near it (As— As) are called E,(X) whereas the transitions
around the K point are called E,(2). We have found that
the main changes in the electronic structure of
Al ,Ga,_,As alloy occur at low Al content. For in-
stance, the shift of E to higher energies and that of E, of
about 200 meV to lower energies as well as the appear-
ance of the E,(X) (As—A) transitions are already ob-
servable in Alj ,,Ga, ;;As (Fig. 5).

The complicated structure around E, in GaAs, which
extends over the 4.4-5.2-eV energy range, becomes in
Al,Ga,_, As more complex since now the As—> A, transi-
tions appear and all the transitions take place in the re-
duced energy range from 4.6 to 5.0 eV. To analyze this
region, we have performed a fit of the second-derivative
spectra assuming up to five structures in Al ,Ga;_, As.
Unfortunately we could not resolve the E|, structure for
x >0.27 (it seems to disappear). A comparison of these
results with band-structure calculations suggested** that
the separation As;—As is almost constant over a large
portion of the A direction whereas the same separation
increases near the I' point when going from GaAs to
AlAs. Therefore the E transition in AL, Ga;_,As is ex-
pected to be at nearly the same energies as the E,(X) and
E,(X)+ A, transitions. With increasing temperature the
sharp features of the low-temperature spectra smear out
and the weak structures can no longer be resolved even in
the derivative spectra.

We have chosen the 2D line shape to fit the experimen-
tal data over the whole temperature range in
Al,Ga;_,As. For x =0.27 two different models were
used. Figure 12 shows the temperature dependence of
the energies obtained with a model with two critical
points E and E,(X), as well as the values for E,(X) ob-
tained when a model with three CP’s, E(, E,(X), and
E,(X)+ A, was used.

An energy difference of about 25 meV was found be-
tween the two procedures. The spectra of Alj 53Gag 47AS
show two main features [E,(X) and E,(X)+T,]. The
derivative spectra were analyzed with three different
models assuming either one, two, or three 2D critical
points. The results are displayed in Fig. 13. Finally, the
spectra of the x =0.69 alloy show three main structures,
E,(X), E,(X)+A,, and E,(Z). Most of the energies and
broadenings of the fitted CP’s show a linear dependence
with temperature (Figs. 12 and 13). The parameters ob-
tained by fitting the temperature dependence of energies
and broadenings with a linear expression or with Egs.
(2)-(4) are given in Tables IV and V.

We should mention that the large broadenings found
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for the E, and E,(X) structures in Al ,Ga,_,As for
x =0.27 are artifacts of the shift of E| transitions to
higher energies, since a number of weak structures con-
tribute in this region. For x =0.69 E seems to coincide
with E,(X) while in the case of AlAs the E| seems to
occur close to the E,(X)+ A, structure. This is in agree-
ment with the increase in the strength A4 of the E,(X) or
E,(X)+ A, structures as the E|, is shifted to higher ener-
gies (see also Fig. 6 in Ref. 34).

V. CONCLUSIONS

We have measured the temperature dependence of the
dielectric function of three Al, Ga,_,As alloys by means
of spectroscopic ellipsometry in the 1.4-5.6-eV region
from 12 to 800 K. By performing a line-shape analysis of
the structures observed, the parameters of the E exciton
and the Ey+ Ay, E|, E;+A,, E, E,(X), and E,(X)+A,
critical points were obtained as a function of tempera-
ture. An analysis of the E, transitions shows a systemat-
ic change in the character of these transitions from a lo-
calized Lorentzian in GaAs to a 2D character modified
by the electron-phonon interaction, both with increasing
Al content and temperature. Large changes are observed
around the E| and E, structures in the Al ,Ga,_,As
samples with low Al content. At higher Al concentra-
tions the changes are not sp drastic but in this composi-
tional regime contributions from the two upper valence
bands to the two lower conduction bands occur in a limit-
ed energy range, a fact which increases the complexity of
the structure observed around E,. An attempt was made
to analyze the main transitions that occur in this energy
region versus temperature, while a detailed analysis of the
whole structure was made only at low temperatures.

A strong weakening of excitonic effects in the E,
E,+A, and E, transitions of the Al ,Ga,_, As alloys
was found to occur due to statistical fluctuations of the
alloy composition. The effect of these fluctuations also
appears as an additional inhomogeneous broadening in
the CP’s of Al,Ga,_,As. For x =~0.5 it yields the main
contribution to the broadenings at low temperatures
where the thermal broadenings are small. The tempera-
ture dependence of the energy shift and broadening of the
Ey, Ey+ Ay, E|, and E| +A, transitions as well as a num-
ber of transitions around the E, region was obtained for
various Al compositions and compared with those of
GaAs. The compositional dependence of the parameters
involved in the temperature dependence of CP’s was also
obtained. It can be extrapolated to AlAs, a material
difficult to measure versus temperature.
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