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Excitonic eSects in the optical spectrum of GaAs
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We present a calculation of the real (e, ) and imaginary (e2) parts of the dielectric function of
semiconductors at energies below and above the fundamental absorption edge. This model includes
the Eo, Eo+60, El, El +5&, and E2(EO) gaps as the main dispersion mechanisms. The model is
also made to account for the excitonic effects at these critical points (CP s). A model analysis indi-
cates that the inclusion of the excitonic effects in our one-electron model corrects the strength of the
peaks in the correct direction with experimental information (i.e., the El peak becomes stronger
and the E& peak weaker). Detailed analyses are presented for GaAs in the temperature range be-
tween 22—754 K, and results are in satisfactory agreement with the experimental data over the en-
tire range of photon energies (0.0-6.0 eV). The temperature dependence of the strength and the
broadening parameters at each CP are also given and discussed.

I. INTRODUCTION

GaAs is a material of great physical interest and tech-
nological importance for many high-speed electronic and
optoelectronic devices. Investigation of the dielectric be-
haviors in solids is an old topic which arises in strong
connection with the fundamental optical properties of the
solids. ' Knowledge of the refractive indices and absorp-
tion coeScients of semiconductors is especially important
in the design of heterostructure lasers as well as other
waveguiding devices using these materials. The dielec-
tric function, e(co)=e, (co)+i@2(co), can describe such an
optical response of the medium at all photon energies
E=Rco. '

Spectroscopic ellipsometry is known to be highly suit-
able for determining the dielectric function of semicon-
ductors. Recently, Lautenschlager et al. have studied
the temperature dependence of the dielectric function of
GaAs in the temperature range between 20 and 754 K by
spectroscopic ellipsometry (E=1.3 —5. 5 eV). The struc-
tures observed in the e(co) spectra were attributed to in-
terband critical points (CP's), which can be analyzed in
terms of standard analytical line shapes:

e(co)=C' —A 'e'~(Aco E, +i I )" . —

They determined the CP parameters' amplitude A ', en-
ergy threshold E„broadening I, and excitonic phase an-
gle P for each CP [Eo, Eo+b,o, E„E,+A„and E2
(Eo)]. However, unfortunately, this expression is not
suitable for describing the dielectric behavior e(to) over
the entire range of photon energies.

In our preceding papers, " we demonstrated a
method for calculation of the dielectric function e(cu) of
the diamond-type (Si, Ge, and a-Sn) and zinc-blende-
type semiconductors (GaP, InAs, Al„Ga& „As,
In, „Ga„As~P, , etc.). Excellent agreement has been
achieved between our model and experimental informa-
tion over the entire range of photon energies
(E=O.O 6.0 eV). However, —in these analyses we have

paid no attention to the excitonic efFects of the optical
spectra for these semiconductors. This is because our an-
alyzed data were obtained at moderately high tempera-
ture (i.e., room temperature). At low temperatures, opti-
cal spectra may not be explained within the framework of
the one-electron approximation we used, since the exci-
tonic effect may profoundly modify the CP singularity
structure at low temperatures.

There are many theoretical works' dealing with
the excitonic effects on optical spectra of semiconductors.
Some theoretical evaluations' ' ' showed that the exci-
tonic effects account for the discrepancies in the e2
strengths of the E& and Ez peaks in semiconductors: The
inclusion of the excitonic effects in the one-electron band
model corrects the strength of the peaks in the correct
direction with the experimental information (i.e., it leads
to strengthening of the E

&
peak and weakening of the E2

peak). However, these theories have one disadvantage in
the sense that they are not expressed as continuous
analytical functions of the CP parameters and photon en-
ergies.

In this paper we present a method for calculation of
the spectral dependence of the dielectric function e(co) of
GaAs. The model is based on the Krarners-Kronig (KK)
transformation and is strongly connected with the elec-
tronic energy-band structures of the medium. The model
covers the optical response of semiconductors over the
entire range of photon energies at various temperatures.
In Sec. II we describe the details of our model, which in-
cludes the Eo, Eo+ho, E„E,+h„and E2 (Eo) gaps as
the main dispersion mechanisms. A model is also made
to account for the excitonic effects at these CP's. In Sec.
III we show the 6ts with our model to the experimental
data of GaAs reported by Lautenschlager et al. (Ref. 4)
and Aspnes and Studna (Ref. 3). The temperature depen-
dence of the strength and the broadening parameters at
each CP are also presented and discussed in Sec. III. Fi-
nally, in Sec. IV the conclusions obtained in this study
are summarized briefly.

1003 1990 The American Physical Society



SADAO ADACHI 41

II. THEORETICAL MODEL

A. E& and El+LE~ transitions

e2(co)= '

for the E, transitions, and

The E, and E, +5, transitions in GaAs may take
place along the (111)directions (A) or at L points in the
Brillouin zone (BZ). These transitions are of the three-
dimensional (3D) M, type. The contributions to e& of
this type of noninteracting electron-hole pairs are given
by (Refs. 5 —9)

[8,—8„(E, fico)—] (fico &E, ),

2 (la)
irB,y, (fico~ E, ),

ei(co) =ir[Biy, H(y, —I )+Big), H(y„—1)],
where

(4)

1 for z~0,H"=
O ro" &O. (5)

In Eq. (1), the 8's are the strength parameters of the
noninteracting electron-hole excitations at the 3D M,
CP's.

Since the M] CP longitudinal effective mass mL is
much larger than its transverse counterparts, the mT's,
one can treat these 3D M& CP's as two-dimensional mini-
ma Mo. The contribution to e2 of this type of 2D
minimum is given by

n.X,, [Bi—Bi,(E, +6,—fico) ]
ei( co ) = ~ (fico & E i + b, , ),

irBig, , (tent'co~Ei+5&),

for the E, +b
&

transitions, where

y, =fico/Ei,

yi, =fico/(E, +b i) .

(lb)

(2)

(3)

We have already shown " that a calculation of Eq.
(1) or (4) satisfactorily interprets experimental e2 spectra
(taken at room temperature) of various semiconductors in
these transition regions. However, it is worth noting that
the model of Eq. (1) or (4) does not account for any
thermal-broadening effect. It is well known that the opti-
cal transitions are strongly affected by a thermal-
broadening effect, i.e., a lifetime broadening. We now
thus present a new expression for ei of the E, /(E, +b, , )

transitions;-

ez(co) =y, [Boi —1m[8&ln(fico —E, +iI')] I +g~, [Bo2 —Im[Bzln(fico —Ei —b i+i I")]I, (6)

16

14- E)

where 80, and 802 are the constants and I is the
broadening (damping) energy. The first and second terms
on the right-hand side of Eq. (6), respectively, correspond
to the E& and E, +5, gap contributions. The depen-
dence of ez on frequency cu obtained from this expression
is shown in Fig. 1. The numerical values used in the cal-
culations correspond to those for GaAs at 22 K (see

Table I). The theoretical ez spectrum with I =0 eV
shows a sharp cutoff end at the low-energy side of Et, .
This spectrum exactly agrees with that of Eq. (4) (2D Mo
CP's). A consideration of the broadening efFect decreases
the e2 value with shifting of its peak energy toward the
higher-energy side. The spectrum can then be character-
ized by a steep low-energy side and a broader high-energy
side: it bears a strong resemblance to the spectrum of Eq.
(1) (3D Mi CP's).

The KK transformation of Eq. (4) [Eq. (6)] gives

e, (co) =Re@(co)

=Re[ —B,y, z ln(1 —
gad ) —BzX,,din(1 —g,d )],

where

0,
0

I

s

I
t

iI:t
I

I
/

/
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FIG. 1. Line shape of the EI gap contribution to @2{~)for
GaAs [Eq. (6)] with three different broadening parameters
(1 =0, 0.02EI, and 0.04E&).

y„=(a~+ir)/Ei t

y„d =(f'tco+i1 )/(E, +b, , ) .

(8)

As mentioned in our previous papers, expression (7)
with I =0 eV exhibits a divergence at the E& and E, +6,
CP's. The broadening effect can successfully decrease the
e& strength of the E, /(Ei+5&) structure and lead to a
fact which is coincident with experimental verification.

Excitonic states should, in principle, exist at each type
of CP, since the Coulomb-like interaction is always



41 EXCITONIC EFFECTS IN THE OPTICAL SPECTRUM OF GaAs 1005

TABLE I. Parameters used in the calculations of e&(co) and e&(co).

Parameter

Eo (eV)
Ep +6p (eV)
EI (eV)
El+hi (eV)
E,' (eV)
E2 (eV)
W (ev")
B]
Bo~

B2
Bo2
B]„(eV)
B2„(eV)
I' [E, /(E, +b, , )] (eV)
C(E,')
y(Eo)
C(E~)
y(E2)

22

1.52
1.85
3.04
3.26
4.5
4.95
4.3
4.0

12.36
2.0
6.19
1.1
0.55
0.08
0.922
0.077
1.057
0.059
1.4

253

1.44
1.78
2.94
3.16
4.4
4.85
3.6
4.0

12.30
2.0
6.17
1.1
0.55
0.10
0.736
0.096
1.567
0.092
1.0

Temperature (K)
300

1.42
1.75
2.91
3.14
4.4
4.80
3.6
4.0

12.24
2.0
6.14
1.1
0.55
0.12
0.640
0.095
1.773
0.105
1.2

1.33
1.66
2.78
3.01
4.3
4.70
3.0
4.0

12.18
2.0
6.12
1.1
0.55
0.14
0.239
0.079
2.629
0.159
1.2

1.20
1.54
2.61
2.84

4.60
2.5
4.0

12.06
2.0
6.06
1.1
0.55
0.18

3.864
0.221
0.7

present between the electrons and the holes. There may
be only two analytical equations which enable us to treat
the excitonic effects at the E, /(E, +6, ) spectral region:
(1) the efFective-mass (EM) a~proximation, ' ' and (2) the
Koster-Slater (KS) method. ' '

In the case of the 3D M, CP's (i.e., saddle-point exci-
tons or hyperbolic excitons}, the EM equation is inuch
more diScult to solve. However, in the limit mL =0 the
equation gives a series of the 2D Wannier-type exciton
(discrete exciton), '5

E" (E" )=—R /(n —
—,')

~yi (0)~ = 16VD

ir(ciP ) (2n —1)

(10a)

(10b)

where E„", (E„"a) is the exciton energy, ~(()„(0)~ the en-
velope function of the nth exciton, R the exciton Ryd-
berg energy, Vo the volume of the unit cell, and aP the
exciton Bohr radius. The contribution of the 2D-exciton
transitions to e(co} can now be written with Lorentzian
line shape as

e(co)= g [Bi„(Ei+E"i fico iI'}- —
n=I

+B2„(Ei+6i+E„"a fico i I ) '], — —

where 8
&

and Bz„are the exciton-strength parameters
[proportional to ~P„(0)~ ] at the E, and E&+6& CP's,
respectively, and E"& and E„"&are the corresponding exci-
ton energies [see Eq. (10a)]. The 2D EM approximation
also gives the continuum part of the excitonic states. '

However, one can consider that the contribution of this
part is similar to that of the one-electron approximation
[i e., Eqs. (1}, (4}, or (6)]. We thus neglect the
continuum-exciton contribution to e(co) in the present
analysis.

'E(co) 1—
e(co) —1=,g )0

1 —g[e(co}—1]
(12)

where Z is the one-electron dielectric function and the pa-
rameter g is proportional to the depth of the assumed
square-well potential. This expression was successfully
used to show the presence of the excitonic effects in the
E, structure of low-temperature electroreflectance data
of Ge. '

In Fig. 2 we show calculated line shapes of the E& gap

25

20-

15-

0
2.0 2.5 3.0 3.5 4.0

{eY)
45 5.0 5.5

FIG. 2. Line shape of the E] gap contribution to e& of GaAs
(at 22 K). The solid line corresponds to a sum of the discrete
exciton [Eq. (11); dashed line] and the one-electron terms [Eq.
(6); dashed line]. The dotted line is the result of Eq. (12) with

g =0.065.

In the KS method the electron-hole interaction
(Coulomb potential) is evaluated in the tight-binding ap-
proximation and its attraction is approximated by an on-
site contact interaction. An approximate expression of
e(co) based on this model is written as (Refs. 16 and 17)
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contribution to ez of GaAs (at 22 K). The solid line cor-
responds to a sum of the discrete exciton [Eq. (11);
dashed line] and the one-electron terms [Eq. (6); dashed
line]. Here in Eq. (11) we considered only the n =1
ground-state exciton, since the strengths of the n ~ 2 ex-
cited states are extremely weaker than that of the n =1
state [see Eq. (10b)]. The dotted line is the result of Eq.
(12) with g=0.065. A difficulty arises in obtaining the
one-electron dielectric function Z(co) to be inserted into
Eq. (12), since this function is not directly measurable.
We therefore assumed the dielectric function of Eq. (6) to
be Z(rd ). The numerical values used are listed in Table I.

As we will see later, optical spectra in the
E, /(E, + b, , ) structure region of GaAs become sharp
when the temperature is lowered. Such spectral change
cannot be explained within the framework of the one-
electron approximation with lifetime-broadening correc-
tions. This fact is clearly suggestive of the contribution
of excitonic effects to the E, /(E, +5, ) transitions. As
seen in Fig. 2, not only the EM approximation (solid line)
but also the KS method (dotted line) dramatically
modifies and sharpens the E, /(E, +b, , ) CP structure.
However, the degree of sharpness is larger for the EM ap-
proximation than for the KS method. We found a better
fit with the experiment using the EM approximation [i.e.,
taking into account the discrete exciton term of Eq. (11)].

B. E2 (Eo) transitions

The more pronounced structure found in GaAs in the
region higher in energy than E, is labeled E2. The na-
ture of the Ez transitions is more complicated, since it
does not correspond to a single, well defined CP. Because
of this, we shall characterize the E2 structure as that of a
damped harmonic oscillator (DHO):

z(co) =CXzY/[(1 —
zx) +X&' ],

e&(co)=C(1 —Xz)/[(I —Xz) +Xzl' ],
with

(13)

(14)

X2
=Rrd /E2, (15)

where C is the strength parameter and y is the broaden-
ing energy divided by E2 (i.e., y=I /Ez, where I is in
eV).

The E2 transition region in GaAs evidences a multipli-
city of the CP structure. ' ' High-resolution
electroreAectance measurements for GaAs at 4.2 K, ' in
fact, revealed various interband CP s in this transition re-
gion: Eo (I s I'7), Eo+bo (1 s

I's), and Eo+ho+bo
(I 7~I s) at the I point, Eo(b) and Et+ho (b, ) along
the (100) directions (b, ) of the BZ, Ez (X7~X6,
X6~X6 X7 ~X7 and X8 X7 ) at the X point, and Ez
with X symmetry in an extended region of the BZ.
Second-derivative spectroscopic ellipsometry at 22 K
(Ref. 4) also revealed five structures (three Eo CP's and
two E~ CP's) in the E2 transition region. However, at
higher temperatures only a few structures could be dis-
tinguished in this spectral region.

If the Eo transitions occur at I (6), then the CP

should be of 3D Mo (3D M, ) type. These transitions
dominate the E2 transitions in the case of InP. Howev-
er, we found that neither a 3D Mo nor the 3D M& model
represents the line shapes of e(cd) in the Eo region. The
best fit was found with the DHO, as in the case of the E2
CP's for some III-V binaries (such as GaP, GaSb, and
InAs) (Ref. 5), Al„Ga& „As (Ref. 6), In& „Ga„As P&

(Ref. 8), Si (Ref. 7), Ge (Ref. 7), and a-Sn (Ref. 9). There-
fore, we shall treat both the Ez and Eo transitions in
GaAs as the DHO's [Eqs. (13) and (14)].

The DHO is thought to be a different representation of
a 2D M, CP. The contribution to ez of the 2D M, CP is

E2(cd)=7TXp (C)lnI 1 —x21 —Cz ), (16)

where C's are the strength parameters. Equation (16) ex-
hibits a divergence at X2=1.0 (Aco=E2), and its spec-
trum resembles that of the DHO when we introduce the
broadening energy I in the expression. The broadening
effect ensure that the smaller the I value, the narrower
the spectrum.

Many-particle effects on CP's in the interband continu-
um of semiconductors have been treated with their de-
tailed electronic-energy band structures. ' ' Results
have shown that the absorption at the Ez CP is markedly
weakened, with no drastic change in its shape, by intro-
ducing the excitonic interaction. Unfortunately, howev-
er, no analytical line shape suitable to fit the excitonic-
effect-influenced E2 line shape has been reported to date.
We find later that the DHO model is a good representa-
tion for the E2 CP both with and without the presence of
the excitonic interaction. The strength parameter C in
Eqs. (13) and (14) (DHO) may, in principle, be indepen-
dent of the temperature. Thus, the change in C values
can account for the excitonic interaction strength at the
E2 CP (see Sec. III B). [The y (I ) in Eqs. (13) and (14)
accounts for the electron-phonon interaction strength,
i.e., broadening interaction. ]

C. Eo and ED+ho transitions

e, (cd)= AE "If(X )+ ,'[E /(E +5 )]' f(X—,, )),

with

~ = 4(3m')"~'
3 2

(19)

f(Xo) =Xo '[2 —
( I+Xo)"—(1—Xo)"H(1—Xo)] (20a)

The Eo and Eo+ho transitions in the diamond- and
zinc-blende-type semiconductors occur in the center of
the BZ. These transitions are of the 3D Mo CP's. As-
suming the bands are parabolic, and using the KK rela-
tions, we obtain the contribution of these band gaps to
ez(co) and e, (co) (Refs. 5-9):

e2(a)) =[A /(irido) ][(A'a) —Eo) ' H(Xo —1)

+ —,'(%co —Eo —bo) 'H(X, , —1)],
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f(X,..}=X...'. [2—(1+X...)"

yo =Ace/Eo,

y, , =heel(Eo+ bo),

(20b)

(21)

(22)

0.5—

04-

T=21K

where m ' is the combined density-of-states mass, P is
the squared momentum matrix element, and the H's are
functions defined by Eq. (5).

Let us now consider the contribution of the exciton
transitions to e(co} at the lowest-direct band edge. It is
well known' that the discrete lines and continuum exci-
tons in the neighborhood of the lowest-direct band edge
(3D Mo CP) drastically change the optical spectrum.
The discrete series of exciton lines at the Eo gap can be
simply given with Lorentzian line shape by

c(ru)= g Ao„(Eo+E„"o—A'co —iI")
n=1

(23)

where Ao„ is the exciton-strength parameter, and E p is
the exciton energy written as

En R3D jn2 (24)

In Eq. (24), R is the 3D exciton Rydberg energy. Like
the 2D Wannier excitons presented in Sec. II A, the 3D
Wannier-type exciton parameter Ao„ in Eq. (23) is pro-
portional to the envelope function [~$„(0)~ ] of the nth
exciton:

0.3-

0.2-

I0 I 11 I

1.40

I
I

I
I
l
I
I
1

I
I

I

I

I

I

I I I I I I I I II I I I I I I I

1.45 1.50 1.55
(eV)

1.60

III. ANALYSIS AND DISCUSSION

A. Comparison of our model to experimental spectra

The fit with our model to the experimental ez of GaAs
at 22 K is shown in Fig. 4. The solid line is obtained
from the sum of Eqs. (6), (11), (13), and (17). The dashed

FIG. 3. Calculated spectral dependence of e&(co) in the neigh-
borhood of the Eo edge of GaAs. The solid circles are the ex-
perimental data taken from. Ref. 24. The dashed line is obtained
without taking into account the excitonic effects at the Eo edge,
and the solid line is the result taking into account the discrete
exciton series [i.e., Eq. (23)].

~

y3D(0)
~

2 Vo

1T(agp} n
(25)

where a~ is the 3D exciton Bohr radius.
The continuum-exciton transitions at the 3D Mo CP

behave like the noninteracting electron-hole-pair charac-
teristics. The contribution of these transitions to e(ru)
can therefore be considered with expressions similar to
Eqs. (17) and (18).

In Fig. 3 we show the calculated spectral dependence
of ez(~u) in the neighborhood of the Eo edge of GaAs.
The solid circles are the experimental data taken from
Ref. 24. The dashed line is obtained without taking into
account the excitonic effects, and the solid line is the re-
sult taking into account the discrete exciton series [i.e.,
Eq. (23)]. The band-gap energies and the noninteracting
strength parameters used are as follows: EO=1.5227 eV
(Eo =1.423 eV) and A =4.3 eV" ( A =3.45 eV") at 21
K (294 K). The exciton parameters used are
Ao„=2.35X10 eV (Ao„= Ao„ln eV) and R D=4. 7
meV (Ref. 25). The exciton-broadening energies (I )

determined from these fits are 5.0 and 25 meV at 21 and
294 K, respectively. It is evident from the figure that the
inclusion of the discrete-exciton contribution (solid lines)
is a great improvement over the noninteracting electron-
hole —pair model (dashed lines}. However, the discrete-
exciton states are present only in the limited region close
to the Eo edge and their strength is considerably weaker
than that of the ensuring E&, E, +b,„and Ez (Eo) (see
Fig. 4). The contribution of these states is thus not so im-
portant, and can be neglected in the following analyses.

E

1 1

E' E

T= 22K

0.01
0 3

(eV )

FIG. 4. ez spectrum of GaAs at 22 K. The experimental data
are taken from Refs. 24 (T=21 K; open circles) and 4 (solid cir-
cles). The solid line is obtained from the sum of Eqs. (6)
(I =0.08 eV), (11)(I =0.08 eV), (13), and (17). The dashed line
is the result of the sum of Eqs. (6), (13), and (17) [i.e., without
taking into account the saddle-point exciton contribution, Eq.
(11)].
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line is the result of the sum of Eqs. (6), (13), and (17) [i.e.,
without taking into account the saddle-point exciton con-
tribution, Eq. (11}].The numerical parameters of the fit
are listed in Table I. We have made the assumption

Ry 0 since the detailed value is not yet well known.
Since the 2D ground-state exciton term (n =1) in Eq.
(11) contains 95% of the total oscillator strength, we
neglected the excited-state terms (n ~ 2) in our calcula-
tion. The experimental data are taken from Refs. 24
(open circles) and 4 (solid circles).

There is an accumulation of interband CP's in the en-
ergy range 4.5 —5.5 eV. This accumulation consists of the
Ez and Eo multiplets. ' We considered for simplicity
only two DHO's [Eo ( =4.5 eV) and Ez ( =4.95 eV)] in
this spectral region. As discussed in Sec. IIA, we are
able to fit the E, /(E, + b,

~
) CP structure with either the

3D M, [Eq. (1)] or the 2D Mo model [Eq. (4)]. Both
models explained the peculiar structure of the
E, /(E, +b, , ) CP well, but, unfortunately, they required
other dispersion mechanism, namely the indirect-band-
gap-transition mechanism, in the region below the
E, /(E, +b, ) CP's. ' Although the mechanism should
exist in actual optical transitions, the strength parameter
determined by this fitting is seemed to be considerably
large. Our new expression of Eq. (6), on the other hand,
can account reasonably well for such a compulsory con-
tribution as a low-energy-tail component of the
E

~
/( E, +b, , } gap contribution when we properly take

account of the broadening energy I (=0.08 eV) in the
expression. It is clear from Fig. 4 that the sharp peaks
appearing at the E, /(E, +6, ) edge region cannot be ex-
plained only by this one-electron approximation (dashed
line). The saddle-point exciton model of Eq. (11)can suc-
cessfully improve the fit in this energy region. The best-
fitted exciton parameters are 8'„=l.l eV, Bz, =0.55
eV, and I =0.08 eV. Excellent agreement is then
achieved between our calculation and the experimental
values over the entire range of photon energies.

A comparison of our calculated e~(cu) to the experi-
mental data of GaAs at 22 K is shown in Fig. 5. The cal-
culated curve is obtained from the sum of Eqs. (7)
(I =0.08 eV), (11) (I =0.08 eV), (14), and (18). The solid
circles are the experimental data taken from Ref. 4. The
data of e, (co) in the transparent region are usually some-
what larger than those of our model. In order to improve
a fit, therefore, we considered an additional term, e, „,to
e, (co) (see Table I}. This term is assumed to be nondisper-
sive (i.e., constant) and may arise from other higher-lying,
interband transitions (E', , E', + b, '„Ez+6~, etc.).

When we insert I"=0 eV into Eq. (7} or (11), their cal-
culated spectra exhibit a divergence at the E& and
E&+6, edges. As shown in Fig. 5, a properly chosen
value of I can decrease the strength of the E, /(E, +6, )

peak and leads to a fact which is coincident with the ex-
perimental verification. [It is also noteworthy that the
value of I (=0.08 eV) determined from e, (co) is in quite
good agreement with that obtained from ez(co) (Fig. 4).]
We also recognize in Fig. 5 a considerable deviation of
our model from the experimental data in the energy re-
gion at -4.5 eV (Eo —Ez), i.e., the calculated e, spec-

30
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FIG. 5. e] spectrum of GaAs at 22 K. The solid circles are
the experimental data taken from Ref. 4. The solid line is ob-
tained from the sum of Eqs. (7) (I =0.08 eV), (11) (I =0.08 eV),
(14), (18), and e]„(=1.4).

trum shows a distinct structure in the -4.5-eV region.
This seems nonessential: if one consider (an) additional
oscillator(s) [DHO('s)] in this energy region, the
discrepancy may be lost or a better fit may be achieved,
not only for e, (co), but also for ez(co) (see Fig. 4), although
we have not actually performed such a fit.

In Fig. 6 we show the fit with our model to the experi-
mental ez of GaAs at 300 K. The solid line is obtained
from the sum of Eqs. (6) (I =0. 12 eV), (11) (I =0.12 eV),
(13), and (17). The dashed line is the result of the sum of
Eqs. (6), (13), and (17) [i.e. , without taking into account
the saddle-point exciton contribution, Eq. (11)]. The ex-
perimental data are taken from Refs. 24 (294 K; open cir-
cles) and 3 (solid circles). It is clear that the saddle-point
exciton model of Eq. (11) (solid line) successfully im-
proves the fit in the E, /(E, +5, ) structure region. The
I value at 300 K is 0.12 eV, which is larger than that
determined at 22 K (I =0.08 eV).

The fit with our model to the experimental e, of GaAs
at 300 K is shown in Fig. 7. The theoretical curve is ob-
tained from the sum of Eqs. (7), (11), (14), (18), and e, „
(=1.2). The experimental data are taken from Refs. 26
(open circles) and 3 (solid circles). The I value used in
Eqs. (7) and (11) is 0.12 eV, which is the same as that
determined from c&(co) (Fig. 6). Excellent agreement can
be achieved between our model and the experimental
data over a wide range of photon energies.

Figure 8 shows the fit with our model to the experi-
mental ez(co) spectrum of GaAs at 504 K. The solid line
is obtained from the sum of Eqs. (6) (I =0. 14 eV), (11)
(I =0. 14 eV), (13), and (17). The dashed line is the result
of the sum of Eqs. (6), (13), and (17) [i.e., without taking
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FIG. 6. e2 spectrum of GaAs at 300 K. The experimental
data are taken from Refs. 24 (T=294 K; open circles) and 3
(solid circles). The solid line is obtained from the sum of Eqs.
(6) (I =0.12 eV), (11) (I =0.12 eV), (13), and (17). The dashed
line is the result of the sum of Eqs. (6), (13), and (17) [i.e.,
without taking into account the saddle-point exciton contribu-
tion, Eq. (11)].

FIG. 8. t.2 spectrum of GaAs at 504 K. The solid circles are
the experimental data taken from Ref. 4. The solid line is ob-
tained from the sum of Eqs. (6) (I =0.14 eV), (11)(I =0.14 eV),
(13), and (17). The dashed line is the result of the sum of Eqs.
(6), (13), and (17) [i.e., without taking into account the saddle-
point exciton contribution, Eq. (11)].
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FIG. 7. e] spectrum of GaAs at 300 K. The experimental
data are taken from Refs. 26 (open circles) and 3 (solid circles).
The solid line is obtained from the sum of Eqs. (7) ( I =0.12 eV),
(11) ( I =0.12 eV), (14), (18), and t. 1 „(=1.2).

into account the saddle-point exciton contribution, Eq.
(11)]. The solid circles are the experimental data taken
from Ref. 4.

As seen in the figure, the calculated e2(ro) spectrum at
504 K becomes quite satisfactory when the saddle-point
exciton contribution is taken into consideration (solid
line). This is just as in the cases at 22 (Fig. 4) and 300 K
(Fig. 6). However, the exciton-induced sharp peaks
disappeared at 504 K in both the calculated and experi-
mental spectra. This is a consequence of a relatively
strong exciton-phonon interaction at this temperature.
The best-fitted I value at 504 K is 0.14 eV, which is con-
siderably larger than that determined at 22 K (I =0.08
eV). We can also see that the E2 (Eo) structure at 504 K
becomes much broader and the spectral region is success-
fully explained only by two DHO's [Eo (=4.3 eV) and

E2 (=4.70 eV); Eq. (13)], in contrast to that at 22 K,
where, as mentioned before, a few more oscillators should
be required in the region at 22 K for achieving complete
agreement with the experimental data. Relatively poor
agreement of the fit can be seen in the neighborhood of
the Eol(Eo+ho) structure region. Because of the poor
accuracy of the experiment at this low-ez region, we do
not discuss this problem in detail.

The fit with our model to the experimental E'& of GaAs
at 504 K is shown in Fig. 9. The theoretical curve is ob-
tained from the sum of Eqs. (7), (11), (14), (18), and e,„
(=1.2). The experimental data are taken from Ref. 4
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FIG. 11. An individual contribution to e2 of the
E&/(E&+6&), E2 (Eo), and Eo/(Eo+bo) gaps for GaAs at 504
K. They are obtained from Eqs. (6) and (11) (I =0.14 eV) for
the E&/(E~+A~) gap contribution, from Eq. (13) for the E~
(Eo) gap contribution, and from Eq. (17) for the Eol(EO+60}
gap contribution.

FIG. 9. ei spectrum of GaAs at 504 K. The solid circles are
the experimental data taken from Ref. 4. The solid line is ob-
tained from the sum of Eqs. (7) ( I =0.14 eV), (11) ( I =0.14 eV),
(14), (18), and e& „(=1.2).
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(solid circles). The I value used in Eqs. (7) and (11) is
0.14 eV, which is the same as that determined from e2(co)
(Fig. 8). As can be seen in the figure, this I value inter-
prets the experimental E

&
/(E

~
+6

~
) peak value at —2. 7

eV well. Excellent agreement can then be achieved be-
tween our model and the experimental data over a wide
range of photon energies.

An individual contribution to e2 of the E
~ I(E

~
+b

&
),

E2 (Eo ), and Eo l(Eo+ho) gaps for GaAs at 22 and 504
K is shown in Figs. 10 and 11, respectively. They are ob-

tained from Eqs. (6) and (11) (I'=0.08 eV at 22 K,
I =0.14 eV at 504 K) for the E, /(E, + b, , ) gap contribu-
tion, from Eq. (13) for the E2 (Eo ) gap contribution, and
from Eq. (17) for the E&&/(Eo+ ho) gap contribution.

The E, and E, +5, gaps are of the 3D M, (or 2D Mo)
type. Hence, the line shape of the corresponding e2 spec-
trum should be characterized by a steep low-energy side
and a broader high-energy side. The calculated exciton
contribution at the E, /(E, +b, , ) edges at low tempera-
ture (22 K) gives sharp e2 peaks in this spectral region, in
good agreement with the experimental data. At higher
temperature (504 K), these peaks are strongly influenced
by the exciton-phonon interaction and, as a result, they
become considerably broader.

The Ez structure can be characterized by the DHO
well [Eq. (13)]. This model of e2(co} gives a Lorentzian-
type line shape, and ensures that the higher the tempera-
ture, the broader the spectrum. The broadening parame-
ters obtained are @=0.059 (I =yE2=0.29 eV) at 22 K
and y =0.159 (I =0.75 eV) at 504 K. The corresponding
e, (co) spectra [Eq. (14)] interpreted the strong negative
peaks which appeared experimentally in this structure re-
gion (see Figs. 5, 7, and 9).

The transitions at the 3D Mo edges [Eo/(Eo+Ao)]
yield a continuous absorption obeying the well-known —,

'-
power law [i.e., 0- (%co Eo ) ]. T—hese transitions
strongly contribute to the dispersion of e'~(~), but not to
its absolute value. The 3D Mo excitonic transitions are
very weak, so the structure in ez(co) is only visible at the
Eo edge at low temperatures (see Fig. 3).

FIG. 10. An individual contribution to e2 of the
E I /(E

&
+b I), E, (Eo ), and Eo I(Eo+ Ao) gaps for GaAs at 22

K. They are obtained from Eqs. (6) and (11) (I =0.08 eV) for
the E, l(E, +5, } gap contribution, from Eq. (13} for the E2
(Eo) gap contribution, and from Eq. (17) for the Eol(Ep+60)
gap contribution.

8. Strength and broadening parameters
as a function of temperature

The strength of the E, /(E, +6, ) transitions is
represented by B, (E& ) and B2 (E&+b,

&
} [see Eqs. (6) and

(7)]. In Fig. 12 we show the variation of B„B2,and I as
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FIG. 12. The strength parameters 8& and 82 and broadening
parameter I [E, /(E, + b, , ) transitions] as a function of temper-
ature T for GaAs.

a function of temperature (T=22 754 K) —for GaAs.
The strength of the E, /(E, +b, , ) transitions of zinc-
blende-type materials can be theoretically estimated with
the simple expressions '

Ei+(b, , /3)
8) =44

aoE)

Ei+(2b, , /3)
82 =44

ac(E, +5, )

(26a)

(26b)

0
where Ao is the lattice constant in A and E& and 6, are
in eV. The calculated results suggest that both 8, and

82 are only slowly increasing functions of temperature
from 2.6 (22 K) to 3.1 (754 K) for B, and from 2.3 (22 K)
to 2.7 (754 K) for Bz, while the experimentally deter-
rnined 8& and 82 do not depend on the temperature
within our fitting accuracy. The sum of the calculated 8,
and Bz is between 4.9 (22 K) and 5.8 (754 K), while the
sum of the experimental B, and Bz is 6.0 over the whole
temperature range (22 —754 K). The agreement seems to
be good in view of the crudeness of the theory used. The
ratio of the calculated B, /Bz at 22 K is 1.1, while the ex-
perirnent gives 8

& /82 =2.0. Some calculations
showed that a correction for terms linear in k for k per-
pendicular to (111) increases the strength of the E,
transitions relative to the E, +5,. This tendency is in
qualitative agreement with the present result.

The experimental 2D-exciton strengths are 8& =1.1

eV and 82 =0.55 eV over the whole temperature range.
These values are considerably larger than those of the 3D
Mo excitons ( A O„=2.35 X 10 eV). The corresponding
ratio 8 &„/82 is 2.0, in exact coincidence with the exper-
imental ratio B, /Bz of the one-electron transitions. (The
result seems to be reasonable as the first principle, al-
though it is difficult to attribute a physical significance to
this result. )

If we label the electron (exciton) —LO-phonon coupling
as the main broadening mechanism, its parameter value

can be expressed by a sum of two different contributions:
1 (T)=I'o+I'=(T), where 1 o is independent of the tem-
perature T, arising mainly from crystalline imperfections,
and I -( T) is a contribution through emission and ab-
sorption of LO phonons of average frequency =, propor-
tional to [exp(:-/T) —1] . This expression ensures a
relatively constant I value from low T up to, in many
cases, T=50—200 K, at which point a component I - be-
comes discernible, and then increases nearly proportion-
ally to T for high T. As seen in Fig. 12, this behavior of
I ( T) is the same as that obtained for the E, /(E, + b, , )

transitions (one-electron and saddle-point excitonic tran-
sitions).

The strength of the E2 transitions is represented by C
[see Eqs. (13) and (14)]. The variation of C and y as a
function of temperature for GaAs is shown in Fig. 13.

As is clearly seen in Figs. 2 and 3, the 3D Mo and
saddle-point excitons profoundly modified the CP (Van
Hove singularity) structures. However, we can find no
clear change in the spectrum at the E2 region due to the
excitonic interaction. In a broad class of group-IV ele-
mental and III-V and II-VI compounds, the calculated
spectrum within the one-electron approximation yielded
an E& peak with less strength than measured, but elicited
an Ez peak with more strength than the measured one.
These discrepancies have prompted studies of excitonic
effects on the optical spectra of these semiconduc-
tors, ' ' ' and the inclusion of the excitonic effects has
led to an improvement over the one-electron approxima-
tion in the sense that the E& peak becomes stronger and
the E2 peak weaker. These studies also indicated that if
one takes into account the excitonic effects, the E& struc-
ture becomes relatively sharp, but the E2 structure shows
no rigorous change in its line shape.

The excitonic effects may dominantly take part in spec-
tra at low temperatures. The experimental variation of C
suggested that the lower the temperature, the smaller the
C value. This temperature dependence is in reasonable

—0.3

—0.2

—0.1

Q. I I I I I I I I I 0
0 200 400 600 800 1000

(K)

FIG. 13. The strength parameter C and broadening parame-
ter y (E& transitions) as a function of temperature T for GaAs.
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4

3

exciton states in our ana1yses. %e can therefore consider
that relatively large values of A at lower temperatures
are the result of the continuum-exciton modification of
e(to} at the 3D Mo CP. Unfortunately, however, it is
di%cult to proceed with detailed discussion on this prob-
lern because of the poor accuracy of the experimental e
for small e (and also the poor fits of our analyses) in this
spectral region.

IV. CONCLUSIONS

0'
0 200 400 600 800 1000

T (v)

FIG. 14. The strength parameter A [Eo/(ED+50} transi-
tions] as a function of temperature T for GaAs.

agreement with that expected from the theoretical con-
sideration, i.e., the smaller C value at lower T may be due
to the excitonic interaction at the E2 edge. There is also
only one theoretical report that suggests a formation of
E2-related excitonic bound states below the Ez edge in Si
and Ge. Our fit, however, required no bound states in the
region near the E2 edge even at low temperatures. The y
value obtained is almost constant up to T=100 K, and
increases nearly proportionally to T. This temperature
dependence of y is the same as that observed for the
E, /(E, +6, ) transitions (Fig. 10). The sharpening of the
Ez structure with reduced T (see Figs. 10 and ll) may
thus be only due to the reduction of the electron-phonon
interaction (but not due to any intrinsic excitonic effect).

The strength of the Eo/(Eo+b, o) transitions is
represented by A [see Eqs. (17) and (18)]. The numerical
values of A as a function of temperature for GaAs are
shown in Fig. 14. The parameter A may, in principle, be
independent of the temperature. The plots, however,
suggest that A decreases almost linearly with increasing
temperature. As mentioned in Sec. II C, the continuum-
exciton transitions at the 3D Mo CP behave like the
noninteracting one-electron characteristics [i.e., Eqs. (17)
and (18)]. However, we did not take into account these

We have presented a calculation of the real (e, ) and
imaginary (c'2) parts of the dielectric function of semicon-
ductors at energies below and above the fundamental ab-
sorption edge. This model includes the Eo, ED+50, E„
E, +b, and E2 (Eo) transitions as the main dispersion
mechanisms (the noninteracting electron-hole excita-
tions}. At low temperatures, optical spectra cannot be
explained within the framework of this noninteracting
approximation, since the excitonic effect may profoundly
modify the critical-point (CP) singularity structure at low
temperatures. Therefore, the model accounts for the ex-
citonic effects at these CP's [the three-dimensional
discrete excitons at the Eo CP, the saddle-point (discrete)
excitons at the E& and E&+6& CP's, and the continuum-
state excitons at the E2 CP]. A model analysis has shown
that the inclusion of the excitonic effects in our nonin-
teracting, one-electron model corrects the strength of the
peaks in the correct direction with experimental informa-
tion (i.e., the E, peak becomes stronger and the E2 peak
weaker). Detailed analyses are presented for GaAs in the
temperature range between 22 and 754 K, and the results
are in satisfactory agreement with the experimental data
over the entire range of photon energies (0.0—6.0 eV).
The temperature dependence of the strength and the
broadening parameters at each CP are also given and dis-
cussed.
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