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Optical properties of Al„Ga, As alloys
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A method is described for calculation of the real (e&) and imaginary (ez) parts of the dielectric
function of semiconductors at energies below and above the lowest direct band edge, in which the
model is based on the Kramers-Kronig transformation and strongly connected with the electronic
energy-band structure of the medium. The method reveals distinct structures at energies of the Ep,
Ep+6p Ej (E~ +6&) and E2 critical points (CP s). The indirect-gap transitions also take an impor-
tant part in the spectral dependence of e2. Analyses are presented for Al„oa&, As alloys, and re-
sults are in satisfactory agreement with the experimental information over the entire range of pho-
ton energies (0—6.0 eV). The compositional dependence of the optical-transition strength at ener-

gies of each CP and indirect gap is also given and discussed.

I. INTRODUCTION

The alloy system Al„Ga& „As/GaAs is potentially of
great importance for many high-speed electronic and op-
toelectronic devices, because the lattice parameter
difference between GaAs and Al„Ga& „As (0~x ~ 1.0)
is very small (less than 0.15%%uo at 300 K), which promises
an insignificant concentration of undesirable interface
states.

Investigation of the dielectric behaviors in solids is an
old topic which arises in strong connection with the fun-
damental optical properties of the solids. ' Knowledge of
the refractive indices and absorption coefticients of semi-
conductors forms an important part especially in the
design of heterostructure lasers as well as other
waveguiding devices with the use of these materials.

Spectroscopic ellipsometry is an excellent technique to
investigate the optical response of semiconductors.
Recently, Aspnes et al. ' have studied optical properties
of Al Ga, „As alloys of target compositions
x=0.0—0.80 in steps of 0.10 by spectroscopic ellip-
sometry. They reported room-temperature pseudodielec-
tric function data and related optical constants of
Al Ga, „As alloys for energies E from 1.5 to 6.0 eV.
Garriga et al. ' also presented the pseudodielectric func-
tion data of A1As, a binary endpoint of Al„Ga& „As al-
loys, for energies between 1.7 and 5.6 eV determined by
spectroscopic ellipsometry. However, these spectral-
dependence data have one disadvantage with respect to
theoretical modeling They are not expressed as con-
tinuous analytic functions of the electronic energy gaps
and also of the alloy composition x.

In this paper, we present a method for calculation of
the spectral dependence of the dielectric constants, e, (co)
and e2(co), of Al„Ga& „As alloys based on a simplified
model of the band structure of the materials. This calcu-
lation covers the optical response of semiconductors in
the entire range of photon energies. In Sec. II, we de-
scribe the details of our model which includes the Eo,
Eo+ 40, E„and E2 gaps as the main dispersion mecha-
nisms. The effects of indirect-gap transitions which will

take an important part in the analysis of the ez spectrum
are also discussed. In Sec. III, we show the fits with our
model to the experimental data of Al Ga& As alloys re-
ported by Aspnes et al. ' An excellent agreement between
our calculation and experimental data will be achieved in
the entire range of photon energies. The compositional
dependence of the strength parameter at energies of each
gap is also presented and discussed in Sec. III. Finally, in
Sec. IV, the conclusions obtained in this study are sum-
marized briefly.

II. THEORETICAL EXPRESSION

co 62(co )
E)(co) 1=— — dco' .

0 (co ) co
(lb)

The dielectric function is strongly connected with the
electronic energy-band structures of the material. " The
optical joint density of states becomes large for electronic
transitions in the neighborhood of critical points (CP's).
In the following, we present the model dielectric func-
tions for the CP s of various transition energies (Eo,
Ep +Ap E„and E2). The effects of indirect-gap transi-
tions which will take an important part in the analysis of
the e2 spectrum are also discussed briefly.

A, Ep and Ep +dip transitions

The lowest direct gaps, Eo and Eo+ho, are of the
three-dimensional (3D) Mo-type CP's. Assuming the
bands are parabolic, we obtain the contribution of these
gaps to e2(co) and e, (co) (Ref. 17):

The dielectric function, e(co) =e&(co)+i e2(co), is known
to describe the optical response of the medium at all pho-
ton energies E =%co. ' Real and imaginary parts of this
dielectric function are connected by the Kramers-Kronig
relations"

~&(co')
E2(co)=

2 2
dco

17 0 (co ) co
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e2(co)=[A /(%co) ][(irido —Eo) '
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where C is the strength parameter and y is the damping
factor.

D. Indirect-gap transitions

The transition mechanism at the indirect gap, E', is
expressed by a second-order process in the perturbation.
With the use of the result of second-order time-dependent
perturbation calculation, we can write the contribution of
the indirect optical transitions to e2(co) as

go= Ace/Eo,

X„=kcI3/(Eo+ 60),
and

(6a)

(6b) with

Xg
= (Eg Acoq )—/A'co,

e2(cI3)= (ficI3 E' +—ficI3 ) H(1 —X ),
(g )2

(15)

(16)

1 fory&0
H 0 for y(0.

In Eq. (4), m ' is the combined density-of-states mass and
P is the squares momentum matrix element.

B. E& transitions

Band-structure calculations and some experimental
work indicated' that the E, (and E, +b i ) transitions
take place along the (111)directions (A) or at L points
in the Brillouin zone. These critical points are of the M,
type. The contribution to e2 of this type is'

[Bi—Bii(Ei —A'co) ] (fico (Ei )

e2(~)= B' 2'
(R

'&E') (&)

with

X, =fico/E, ,

where B's are the strength parameters. The longitudinal
effective mass, however, is much larger than its trans-
verse counterparts and one can treat these CP's as two-
dimensional (2D) minima. The contribution to e2(cI3) and
e', (co) of this type of 2D minima is given by

e2(ru) =irB,X, H(x, —1),
e, (co) = —B,x, ln(1 —Xi ),

where H is a function defined by Eq. (7).

(10)

C. E2 transitions

e2(cI3) =CX27/[( I —X2) +X21 ], (12)

The more pronounced structure found in the higher-
energy region than E& is usually labeled E2. The nature
of the E2 transitions is more complicated, since it does
not correspond to a single, well-defined CP. Because of
this fact, we shall characterize the E2 structure as that of
a damped harmonic oscillator:

where D is the indirect-transition strength parameter,
and %co is the phonon energy taking part in the indirect
transitions. In Eq. (15), only the phonon absorption pro-
cess is taken into account. The phonon emission process
remains possible, however, the only difference from the
above case is the sign of the phonon energy.

The parabolic bands extending to infinite energies im-
plied by Eq. (15) should be nonphysical. We thus modify
the model by taking into account a cutoff at the energy
E, . This modification provides

e2(co)= (Ace Eg +Ace —
) H(1 —Xg)H(1 —X, ),

with

y, =%co/E, .

Here, the cutoff energy is assumed to be the same value as

Ei (i.e., E, =Ei ).
Unfortunately, there has been no expression for the

contribution to e, (cI3) of the indirect transitions. Analyti-
cal expressions for this contribution from the Kramers-
Kronig transformation are also not yet available. We
thus take into account the contribution of the indirect
transitions only to e'2(co) but not to e, (co).

III. RESULTS AND DISCUSSION

A. A comparison of our model to experimental spectra

The model given in Sec. II can be used to fit the experi-
mental dispersion of E2 and E, over most of the spectral
range (0—6.0 eV). The parameters, such as A, B, , and C
can be commonly used as adjustable constants for calcu-
lations of both Ez and E] ~ The expeIimental data of E& in
the transparent region are, however, usually somewhat
larger or smaller than our model [i.e. , the sum of Eqs. (3),
(11), and (13)]. In order to improve a fit, therefore, we
shall consider an additional term, E& to E]. This term is
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assumed to be nondispersive (i.e., constant) and may arise
from the indirect-gap and other higher-gap transitions
(Eo E o+6 o EI EI +b, ', , etc ).

The fits with our model to the experimental e2 and e,
of Al„Ga, „As (x =0.315) (Ref. 15) are shown in Figs. 1

and 2, respectively. The A1Q3]5Gao685As is a direct-

band-gap semiconductor. The lowest direct gaps Eo
(I s I &) and Eo+bo (I 7 I 6) are, respectively, 1.83
and 2.15 eV at room temperature. The E, and E, +6,
transitions occur at 3.13 and 3.35 eV, respectively. ' '

The contribution to ez of the E, +b, transitions (3D CP)
can be given in a similar form as Eq. (8), i.e.,

re, ,'[B,—B„(E,+5, Ac—o)"] (A'co (E, + b, , )

e2(co)= '

n.B~y, , (fico~E, +b,)), (19)

with

y), =Ace/(E)+b, , ), (20)

&2(~)=rrB2g~, H(g~, —1),
e, (co)= —B2y„ ln(1 —g, ) .

(21)

(22)

The strength of the E, and E, +6, transitions of zinc-
blende materials can be estimated with the simple expres-
sion

(Et+6, , /3)
B) =44

aoE)
(23a)

where B2 and B2& are the strength parameters corre-
sponding to the E

&
+6

&
transitions. The contributions to

E'2 and e, of the E& +6& transitions with a 2D-CP treat-
ment are also given by

I

0
where ao is the lattice constant in A and E&, A& in eV.
The splitting energies b, in the A1„6a, „As alloy system
are, however, rather small ( ~0.23 eV) (Ref. 20) over the
entire range of alloy composition, and can be successfully
neglected here. (The E~ transitions can take over the
E, +b

& gap contribution. )

The A1Q 3]56ap 685As has indirect gaps, I 8~L 6 near
1.92 eV (Es ) and I s~X& near 1.94 eV (E ). ' The in-

direct transitions, thus, take part at above the onset of
the direct-gap transitions which occurs at 1.83 eV (Eo).
The structure that appeared in the region -4.7 eV is la-
beled to be E2.

In Fig. 1, the solid line is obtained from the sum of
Eqs. (2), (8), (12), and (17). The dashed line is the result of
the sum of Eqs. (2), (10), and (12). The parameters of the
fits are listed in Table I. As discussed in Sec. II, we are

(Ei +26, i/3)
B =44

ao(E)+b, ))
(23b) 30
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FIG. 1. e, spectrum of Al(j 315Gao 685As alloys. The experi-
mental data (solid circles) are taken from Ref. 15. The solid line
is obtained from the sum of Eqs. (2), (8), (12), and (17). The
dashed line is taken by the sum of Eqs. (2), (10), and (12).
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FIG. 2. e& spectrum of Alo z»Gao 6»As alloys. The experi-
mental data (solid circles) are taken from Ref. 15. The solid line
is obtained from the sum of Eqs. (3), (11) (1 =0.11 eV; see text),
and (13). The dashed line is taken by the sum of Eqs. (3), (11)
( I =0 eV; see text), and (13). The nondispersive term,
e„(=0.6) is taken into consideration in these calculations.



12 348 SADAO ADACHI 38

Parameter

TABLE I. Parameters used in the calculation of e(co) and e2(co).

X

0.000 0.099 0.198 0.315 0.419 0.491 0.590 0.700 0.804

Ep (eV)

Ep +6p (eV)
E, (eV)
E, (eV)
E'D (ev)
W (eV'')
Bl
B„(eV-")
I (eV)
C
y
D

1.42
1.77
2.90
4.7
1 73'
3.45
6.37

13.08
0.10
2.39
0.146

24.2
1.6

1.54
1.88
3.00
4.7
1.79'
4.21
6.37
9.99
0.10
2.31
0.129

21.3
1.4

1.67
2.00
3.06
4.7
1.85'
4.58
6.37

11.27
0.11
2.09
0.127

19.0
1.2

1.83
2.15
3.13
4.7
1.92'
8.80
6.05

11.05
0.11
2.30
0.135

16.1
0.6

1.97
2.30
3.19
4.7
&.96b

8.96
5.73

10.89
0.11
2.45
0.138

13.8
0.5

2.08
2.40
3.24
4.7

12.55
5.73

10.22
0.12
2.22
0.127

10.0
0.3

2.24
2.55
3.32
4.7
2.00'

15.40
5.41

10.44
0.12
2.32
0.131
9.2
0.0

2.42
2.73
3.43
4.7
2.03'

23.20
5.41
9.55
0.12
1.76
0.103
8.1

—0.3

2.59
2.90
3.56
4.7
2.07b

30.63
5.09

10.21
0.11
1.35
0.080
7.0

—0.4

'Eg (I"8~L6 transitions).

Eg ( I 8~X& transitions).

able to fit the EI CP structure with either a 2D [Eq. (10)]
or 3D model [Eq. (8)]. The 3D model well explains the
experimental lower-energy shoulder of this structure.
The fit in the 2 —3 eV region also becomes satisfactory
when the indirect-gap contribution [Eq. (17)] is taken into
account. The Ez structure is seen to be well fitted by the
damped harmonic oscillator [Eq. (12)].

In Fig. 2, the solid and dashed lines are obtained from
the sum of Eqs. (3), (11), and (13). The nondispersive
term, eI„(=0.6), is taken into consideration in these
calculations. The theoretical eI spectrum [Eq. (11)] ex-
hibits a divergence at the E& edge. It is well known that
the optical transitions are strongly affected by a damping
effect, i.e., a lifetime broadening. The damping effect can
be easily introduced in Eq. (11) in a phenomenological
manner by replacing co by co+I'( I /III'). Variation of eI(co)
for a particular choice of the damping energy I is shown
in Fig. 2 by the dashed (I =0 eV) and solid lines
(I =0.11 eV). As seen in the figure, the damping effect
can decrease the strength of the E, structure and lead to
a fact which is coincident with experimental verification.
It is also seen that a dramatic change in EI(co) near the E&
edge region can be well fitted by the damped harmonic
oscillator model of the Ez structure [Eq. (13)].

A comparison of our ez and e, models to the experi-
mental data of Al„Ga, „As (x =0.700) (Ref. 15) is
shown in Figs. 3 and 4, respectively. There have been
several determinations of the compositional dependence
of the fundamental absorption edges in Al Ga& As.
These studies indicate that the I -X crossover occurs in
the eompositional range of 0.4 ~ x & 0.5. This region of x
where the bands cross is relatively uncertain at the
present time. In AlQ 7QQGRQ 3QQAS, an indirect-gap materi-
al, the lowest conduction minimum is located at X and
the second and third set of conduction minima, respec-
tively, lay 0.13 eV (L6) and 0.39 eV (I 6) above the X
minima. ' The lowest direct gap Eo (Eo+ b,o) of
Alo 7OOGao ~OOAs, I s I'6 (I ~ I 6), is 2.42 eV (2.73
eV), and the indirect gaps E~ (I'tI~X6) and Eg

(I s~L6) are, respectively, 2.03 and 2.16 eV at room
temperature. ' The indirect transitions in

AlQ 7QQGaQ 3QQAs, thus, take part at below the onset of the
direct-gap transitions which occurs at 2.42 eV. This is in
contrast with the case for A1Q 3]5GaQ «5AS in which the
indirect transitions occur after the onset of the direct
transitions. The E& and E2 transitions occur at 3.43 and
4.7 eV, respectively. ' '

In Fig. '3, the solid line represents the result of the sum
of Eqs. (2), (8), (12), and (17), and the dashed line corre-
sponds to the sum of Eqs. (2), (10), and (12). The fit in the

)0=
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0.0i =

Ex
9

I

I

I

I

~I

I

I
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I

~ I

I

~x~i-X~'
( X =0.7QQ)

0.00l
0 & 2 3 4 5 6 7 8 9 10 1)

4cu (ev }
FIG. 3. e& spectrum of Alp, ppGap &N}As alloys. The experi-

mental data (solid circles) are taken from Ref. 15. The solid line
is obtained from the sum of Eqs. (2), (8), (12), and (17). The
dashed line is taken by the sum of Eqs. (2), (10), and (12).
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fundamental absorption edge region becomes quite satis-
factory when the indirect-gap contribution [Eq. (17)] is
taken into account. The 3D saddle-point term [Eq. (8)]
also well interprets the E, region of the ez spectrum. An
excellent agreement can, thus, be achieved between our
model (solid line) and experimental data over a wide
range of the photon energies.

In Fig. 4, the dashed line represents the dependence of
E, on co obtained from the sum of Eqs. (3), (11) (I =0 eV),
and (13). The experimental value of e& at the E, peak is
20.334.' As discussed before, the smaller the damping
energy gives the larger the E, peak value. The calcula-
tion of Eq. (11) with I =0. 12 eV agrees well with this
value (solid line). Equation (13) also well interprets the
peculiar line shape of the Ez structure.

An individual contribution to ez of the Eo/'(ED+ho),
E', E„and Ez gaps for AlQ»5GaQ «5As and
AlQ 7QQGaQ 3QQAs alloys is shown in Figs. 5 and 6, respec-
tively. They are obtained from Eq. (2) for the
Eo l(E&+bo) gap contribution, from Eq. (17) for the E'D

gap one, from Eq. (8) (solid line) and Eq. (10) (dashed line)
for the E, gap one, and from Eq. (12) for the E, gap one.

The transitions at the Mo edges [Eo/(ED+50)] yield a
continuous absorption obeying the well-known —,'-power
law [i.e., cc(A~ —Eo) ]. The transitions at the E' gap
provide a gradually increasing absorption spectrum
characterized by a power law of (fire Eg ) B—ecause . of
the low probability for indirect transitions, one can only

expect to realize them experimentally below the direct
threshold as a tail of the direct absorption edge (see Fig.
3). The steep high-energy end of the E' gap contribu-
tion in Figs. 5 and 6 is the result of the E, cut-off energy
modification. The E' transitions may also occur at en-

ergies above E, . However, the ensuing E, and Ez transi-
tions can provide sufficient strength and, thus, take over
the indirect-gap oscillators present at above E, .

The E, gap is of the 3D M, (2D M~) type. Hence, the
lineshape of corresponding ez spectrum should be charac-
terized by a steep low-energy side and a broader high-
energy side. This line shape is in good agreement with
the experimental data.

As seen in Figs. 1 —4, the Ez structure can be well
characterized by the damped harmonic oscillator model
[Eqs. (12) and (13)]. This model of e& gives a Lorentzian-
like line shape (see Figs. 5 and 6), and in the limit y~O
e& spectrum exhibits a divergence at Aco=E~. We can
also consider the E~ gap as the CP of 2D M, type. The
contribution to ez of this type is

&p(~)=~Xp '(C)»ll —
Xpl (24)

where C's are the strength parameters. Equation (24) ex-
hibits a divergence at gz=l. O (Rco=Ez), and its spec-
trum resembles that of the damped harmonic oscillator
when we take into account the damping effect in the
model. Thus, the Ez structure may be of the 2D M, type
in good representation.

Wemple and DiDomenico have proposed a semi-
empirical single-effective-oscillator (SEO) model to ana-
lyze refractive-index dispersion in more than 100 widely
different solids and liquids. Their model requires two pa-
rameters, E and Ed, where the imaginary part of the
dielectric constant (e~) of the material was assumed to be
a 5 function at energy E and the strength of an effective
oscillator at energy E was defined to be ~Ed i2. In Figs.

15-
25

&0-
20—

Al „Ga As

( X =03)5)
SEO

10—

-&0-

-l5
0 2 3 & 5 6

(eV )

7 8

FIG. 4. t. , spectrum of Ala 70OGao 3OOAs alloys. The experi-
mental data (solid circles) are taken from Ref. 15. The solid line
is obtained from the sum of Eqs. (3), (11) {1=0.12 eV; see text),
and (13). The dashed line is taken by the sum of Eqs. (3), (11)
(I =0 eV; see text), and (13). The nondispersive term,
e„(= —0.3) is taken into consideration in these calculations.

0
0 3 4

(eV )

FIG. 5. Individual contribution to e~ of the Eo/(ED+60),
Eg, E, , and E, gaps for Alo 31&Gao &»As alloys. They are ob-ID

tained from Eq. {2) for the Eo /(Eo+ 50) gap contribution
(marked by Eo/b(, ), from Eq. (17) for the E' gap one, from Eq.
(8) (solid line) and Eq. (10) (dashed line) for the E, gap one, and
from Eq. (12) for the E& gap one. 5 function (SEO) represent a
single-effective-oscillator model (Ref. 23).
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A(„Ga,
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0 0.5 &.0

X

FIG. 9. The strength parameter C and broadening factor y
(E2 transitions) as a function of alloy composition x for
Al, Ga, ,As.

0 I 1 1 I I 1 I I I

0 0.5 i.0
X

FIG. 10. The strength parameter D (indirect-gap transitions)
as a function of alloy composition x for Al, Ga& „As.

ed to excitonic enhancement of the E, transitions (see
also Ref. 28).

The strength of the Ez transitions is represented by C
[see Eqs. (12) and (13)]. The variation of C and y as a
function of alloy composition x for Al„Ga, As is
shown in Fig. 9. Both C and y are nearly constant up to
x -0.5, and decrease abruptly with increasing x

Information on material properties of Al, Ga~ As al-

loys has been usually hampered by a lack of accurate ex-
perimental data on these alloys. One of the reasons of
this scarcity of experimental data is the high reactivity
and hygroscopicity of the Al Ga, „As alloys. The be-
havior of e, (co) at Ace=1. 5 eV and of the E2 peak in

e2(co) showed' that scatter in these data is less than 1%
of the peak values of the spectra for x ~ 0.5. For x ~ 0.6,
the peak data appeared to show systematic discrepancies
indicating that chemical cleaning cannot completely re-
move surface overlayers on high Al content alloys. The
e~ (fico=1.5 eV) quantity, on the other hand, was rela-
tively independent of surface effects. Thus, the decrease
in C and y for samples with a higher Al content would be
the result of distortion by surface degradation (i.e., oxide
overlayers).

The strength of the E' (indirect interband) transitions
can be represented by D [see Eqs. (15) and (17)]. The D is
the matrix element of the combined interactions HER
(electron-radiation) and H E„(electron-lattice) coming
from the second-order perturbation. In Fig. 10, we show
the variation of D as a function of alloy composition x for
Al Ga, „As. The plots suggest that D varies almost
linearly with x for x (0.5. For x )0.5, it also varies
linearly with x but relatively slower.

The Al Ga, As alloy system shows a transition be-
tween the direct and indirect structures at compositions
of x -0.45. The conduction-band L-X crossover also
occurs at compositions of x -0.4: ' the lowest conduc-

tion (satellite) band is located at L for x (0.4 while it is
located at X for x &0.4. Such a complex conduction-
band diagram may produce additional interactions be-
tween the I, L, and X bands in the indirect transition
processes. To exactly describe the compositional depen-
dence of D, these type of interactions must be taken into
consideration. Because of the originally higher-
perturbation processes of the E' transitions, its optical
density is weaker than that of the direct-gap transitions
(see Figs. 5 and 6). This may litnit an accurate experi-
mental determination of the Eg strength. We, therefore,
resignedly undertake no detailed discussion on the alloy-
compositional dependence of the E' strength (D).
However, to our knowledge, the present data is the first
one informing us of the compositional dependence of the
indirect optical-transition strength in alloys.

IV. CONCLUSION

We have developed a method for calculation of the real

(6) ) and imaginary (e~) parts of the dielectric function of
semiconductors at energies below and above the lowest-
direct band edge. The model is based on the Kramers-
Kronig transformation and takes into account the effects
of optical transitions at the Eo, Eo+Ao, E, , and E2 criti-
cal points (CP's) and indirect gaps. Analyses are present-
ed for Al Ga, As alloys, and the results are in satisfac-
tory agreement with the experimental data over the en-
tire range of photon energies (0—6.0 eV). Line-shape be-
haviors of e& and ez suggest that the Eo (Eo/bo), E&, and
Ez CP's are of the three-dimensional Mo, two-
dimensional Mo (or three-dimensional M, ), and a
broadened two-dimensional M, type, respectively. The
composition al dependence of the optical-transition
strength at energies of each CP and indirect gap is also
obtained and discussed. Dielectric-connected optical
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constants, such as the refractive indices and the absorp-
tion coefficients, are easy to obtain from the present study
in the form of practical functions. Since these expres-
sions are purely analytical functions of the electronic

energy-band parameters, the model would also be applic-
able to the analysis of some perturbation-induced effects
of the optical constants (e.g. , the pressure and tempera-
ture dependence of the refractive indices).
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