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The complex dielectric function e(w) of GaAs was measured from 20 to 750 K with a scanning
rotating-analyzer ellipsometer. The structures observed in the 1.3—5.5-eV photon-energy region, at-
tributed to transitions near the T point of the Brillouin zone (Ey, Eo+ Ao, Eg), along the A direction
(Ey, E;+A4)), and near the X point (E;), are analyzed by fitting the second-derivative spectrum
d?e(w)/dw? to analytic critical-point line shapes. The Eg and E, critical points are best fitted in
the whole temperature region by a two-dimensional line shape, whereas the E; and E;+A, transi-
tions are best fitted up to room temperature by a Lorentzian interacting with a continuum of inter-
band transitions (Fano line shape). The excitonic character of the E; and E, + A, transitions is dis-
cussed within several theoretical approaches. The experiments indicate that up to room temperature
the localized Lorentzian interacting with the continuum is dominant, whereas at higher tempera-
tures the modification of the two-dimensional Van Hove singularity due to the electron-hole attrac-
tive perturbation is a better description of the measurements. For all critical points, the energy de-
creases with increasing temperature while the broadening increases. This dependence on tempera-
ture is analyzed in terms of averaged phonon frequencies which cause a renormalization of the ener-
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gies and a broadening of the band gaps.

I. INTRODUCTION

GaAs is a material of great physical interest and tech-
nological importance. Because of the small effective mass
it can yield high electron mobility and thus be used as a
model semiconductor for high-speed electronic devices. It
can also be considered as a prototype of a direct-band-gap
material, germanium and silicon having an indirect gap.
Because of this, the emission of light is very effective in
GaAs and the material is ideal for opto-electronic applica-
tions. In addition, due to the nearly perfect lattice match
of GaAs to AlAs it is possible to grow heterostructures
from GaAs, AlAs, and the mixed crystal Al,Ga;_,As in
order to create artificial materials with tailored electronic
and optical properties. The small effective electron mass
also results in strong optical confinement effects in these
superlattices.

Many applications of GaAs depend on the dielectric
function e€(w). This function is related to the electronic
band structure and can be used as a powerful source of ex-
perimental information on the latter. It has been shown
that spectroscopic ellipsometry is highly suitable to deter-
mine the dielectric function of semiconductors.! Silicon,
germanium, and many III-V compounds have been inves-
tigated by this method in the 1.5—6-eV photon-energy re-
gion.! The structures observed in the e(w) spectra are at-
tributed to interband critical points (CP’s) which can be
analyzed in terms of standard analytic line shapes:*3

elw)=C—Ade'w—E +il)". (1)

The critical-point parameters amplitude A4, energy thresh-
old E, broadening I', and excitonic phase angle ¢ are
determined by fitting the numerically obtained second-
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derivative spectra d’e(w)/dw? of the experimental €(w).
(The exponent n has the value —+ for one-dimensional
(1D), O [logarithmic, i.e., In(w—E +iT')] for 2D, and +
for 3D CP’s. Discrete excitons with Lorentzian line shape
are represented by n=—1). From the fact that CP’s are
directly related to regions of large or singular joint elec-
tronic density of states direct information on the energy
separation of valence and conduction bands (interband
gaps) is obtained, which can be compared with band-
structure calculations.

The band structure of GaAs, as calculated by Cheli-
kowsky and Cohen,* is shown in Fig. 1. Several interband
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FIG. 1. Band structure of GaAs reproduced from Ref. 4
showing the main interband critical points.
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transitions are indicated. The fundamental absorption
edge of GaAs (Ej) is dominated by the free exciton, a fact
which is particularly evident at low temperatures.’ Its en-
ergy is 4.2 meV less than the lowest direct band gap E,
(Ref. 6) which is located at the I' point of the Brillouin
zone (BZ). The second lowest interband critical point,
Ey+ Ay, corresponds to transitions from the larger com-
ponent of the spin-orbit-split valence band to the lowest
conduction band at the I' point. The next higher inter-
band transitions are labeled E; and E;+A,. They take
place along the A lines of the BZ ({111) directions). In
the energy region from 4 to 5.5 eV several CP’s have been
resolved.” The most prominent ones have been assigned
to transitions near the I" point (E( with their spin-orbit-
split counterparts) and at several points or extended re-
gions near the X point (E, CP’s).

Measurements of these interband transitions in GaAs
have been performed by several optical techniques, such
as photoluminescence®® (for the E, transitions), absorp-
tion,> 1013 Faraday rotation,'* resonant Raman scatter-
ing,'® reflectance,'"'=22 and several reflectance-
modulation techniques such as piezoreflectance,>?* mag-
netoreflectance,”® thermoreflectance,2°~2% electroreflec-
tance”?*~3" and wavelength-modulated reflectance.’®~%°
Some authors have systematically investigated the tem-
perature dependence of the gap energies. The E, gap was
studied by absorption,® reflectivity,*! electroreflectance,”
and piezoreflectivity?® from low temperatures to room
temperature. Absorption measurements have been per-
formed up to 1000 K.!° The temperature dependence of
transitions above the fundamental gap has been measured
in the temperature range below 300 K by absorption,'3 re-
flectance,?° wavelength-modulation reflectance,®® ther-
moreflectance,”’ and electroreflectance.?’ Many band-
structure calculations have been performed with various
semiempirical methods,***=* and also with first princi-
ples (“ab initio”) techniques.** Also, the effect of spin-
orbit splitting on the band structure has been studied in
some detail.**47

The temperature dependence of important critical
points in the band structure has been calculated taking
into account the thermal expansion and the electron-
phonon interaction. The latter was included by softening
the pseudopotential form factors with temperature-
dependent Debye-Waller factors.?>#%48—30  However, it
has been shown® ~33 that a second contribution to the
electron-phonon interaction, arising from the so-called
Fan*3% or “self-energy” terms, is of the same order of
magnitude as the Debye-Waller terms and should be in-
cluded in the calculations. This is rather cumbersome and
has, so far, been only done for germanium, silicon, and
the E, gap of GaAs.

In the past few years our group has been engaged in the
systematic investigation of the dependence of the critical-
point parameters on temperature,’®—% concentration of
donors and acceptors,®'®? and composition in mixed crys-
tals.5>% In parallel with this experimental work, calcula-
tions of the shift and broadening with donor and acceptor
concentration®®? and temperature®®~% have been per-
formed, the latter including the Fan or self-energy contri-
bution to the electron-phonon interaction.
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In this paper we investigate the temperature dependence
of the optical constants and the critical-point parameters
of undoped GaAs for temperatures from 20 to 750 K in
the photon-energy range from 1.3 to 5.6 eV. We present
data for the E,, Eq+Aqg, E|, E;+ A, and the transitions
in the uv region, mainly E; and E,. In Sec. II we
describe the experimental setup, in Sec. III we present the
results of our analysis of the several interband transitions.
Generally, we observe, as in other group-IV elemental and
III-V compound®*~>® semiconductors, a decrease of the
CP energies with temperature and an increase of the
broadening parameters. We also observe a decrease of the
excitonic phase angle ¢ [Eq. (1)], indicating that excitonic
interaction decreases with increasing temperature. The
temperature dependence of the CP energies and broaden-
ing can usually be described by empirical relations like
Varshni’s equation’® and also by a more microscopic ex-
pression which contains an average Bose-Einstein statisti-
cal factor for the phonons.’®*’! In some cases, however,
linear fits are performed. The Varshni and Bose-Einstein
relations contain a parameter which is connected to an
average phonon frequency of the phonons which contri-
bute to shift and broadening of the gaps via electron-
phonon interaction.

Special attention is paid to the character of the E; and
E |+ A, transitions. The description of Coulomb interac-
tion (excitonic effects) by a phase factor e’ in Eq. (1),
which allows a mixture of two adjacent CP’s, holds if the
band or continuum character is dominant. If a localized
excitation interacts with a continuum, the line shape is
described by the Fano-Breit-Wigner profile.”>”® In the
case of the E| and E; +A, transitions we find that up to
room temperature the latter gives a better representation
of the experimental second-derivative spectra of e(w). In
Sec. IV we discuss our results on the temperature depen-
dence of the CP parameters and the character of the tran-
sitions, including an attempt to describe the excitonic ef-
fect with the Koster-Slater contact interaction.?

II. EXPERIMENTAL

The measurements were performed on a sample cut
from a n-type GaAs ingot with n < 10'® cm~3 [at room
temperature (RT)] and a [100] surface orientation. Before
mounting the sample into the cryostat, a wet-chemical
etching was carried out to obtain the largest dielectric
discontinuity between sample and ambient by removing
surface overlayers. This can be conveniently done by
maximizing the value of €,(w) in the E, region which is
most sensitive to the presence of overlayers."”* We op-
timized €, at E, by rinsing the sample with H,O followed
by an etch with a solution of 0.05 vol % bromine in
methanol and a 1:1 solution of NH,OH in H,0.! Real-
time ellipsometric measurements at the energy of 4.8 eV
(~E,) were taken while performing the etching. The
treatment was repeated until the largest stable value of €,
[€; (4.8 eV)=22.7] was obtained. During the etching pro-
cedure the sample was kept at room temperature in a win-
dowless glass cell in flowing dry N, so as to minimize sur-
face contamination. After etching, the sample was placed
in the cryostat which was closed also in a N, atmosphere.
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The cryostat consists of a stainless-steel chamber with
high-quality stress-free fused quartz windows®® evacuated
with a turbo-molecular pump. After baking out the sys-
tem at ~ 160°C the vacuum was better than 2 10~2 Torr
(at RT) which is necessary to avoid condensations at low
temperatures.’®’> Two different cold-finger-type sample
holders were used, one for cooling with liquid He, where
the sample was glued with silver paint (“Leitsilber”).”®
The other sample holder can be cooled by liquid N, and
has a heating system built into the cold finger so as to
raise the temperature from 85 K up to 800 K. Here the
sample was held against the sample holder by two copper
strips at the top and the bottom and a commercial ce-
ment’’ at the backside to get good thermal contact with
the holder. The sample temperature was determined with
three appropriately calibrated iron-constantan thermocou-
ples placed above, below, and onto the sample, the latter
with the aid of one of the copper strips. The temperature
stability was typically +3 K up to 80 K and +1 K at
higher temperatures. During the low-temperature mea-
surements the vacuum was better than 108 Torr, slightly
worsening at higher temperatures.

The measurements were performed with an automatic
spectral ellipsometer of rotating analyzer type’® with the
same optical setup as described in Ref. 56. The energy
spacing of the experimental points was 10 meV in the
photon-energy region from 1.7 to 5.6 eV. In the region of
the edge exciton we used a 0.5-meV mesh at low tempera-
tures (spectral slit width ~0.6 meV) and a 2-meV mesh
from 150 K to higher temperatures. All the spectra were
taken at an angle of incidence of 67.5°. The calibration
procedure for the system’® was carried out at each tem-
perature to correct for possible changes of the sample po-
sition due to the thermal expansion of the sample holder.

III. RESULTS

Ellipsometry measures the complex ratio p of the re-
flection coefficients rp and rg (p=rp/rg= tange'®). If
there is no overlayer present, the dielectric function
€(w)=¢€|(w)+€w) is calculated with the two-phase
model:¥ ambient (air or vacuum) crystal. In our case, due
to the transfer of the sample to the cryostat and the pro-
cess of outgassing, an oxide layer was still present as indi-
cated by the decrease of the value of €, at E,, calculated
in the two-phase model, from €, (4.8 eV)=22.7 after the
etching to €, (4.8 eV)=18.1 after baking out the cryostat.
Within a three-phase model (air-oxide of GaAs—bulk
GaAs), and with data for the dielectric function of the ox-
ide taken from the literature,®! we calculated the film
thickness to be 11 A by forcing the value of €, (4.8 eV) of
the sample to become again 22.7. The calculations within
the three-phase model were performed numerically by
solving the equations for the complex reflectance ratio us-
ing the two-dimensional Newton’s method.®?

Aspnes and Studna' obtained a value of €, (4.8
eV)=25.2. From our data, we obtain this value for the
GaAs substrate by assuming a 16.4-A-thick oxide over-
layer. For comparison, we show in Fig. 2 our data ob-
tained at room temperature with the sample mounted in
the cryostat and after a correction for an oxide layer
of 16.4 A within the three-phase model, together with the
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FIG. 2. Solid line, real (€;) and imaginary (e,) part of the
dielectric function of GaAs measured at room temperature with
the sample inside our cryostat. Dashed line, data obtained after
wet-chemical processing (Ref. 1).

data of Ref. 1 obtained directly after wet-chemical pro-
cessing techniques.

In Figs. 3 and 4 we show the real and imaginary parts
of the dielectric function of the GaAs substrate for several
temperatures after correction for a 16.4-A oxide layer.
We assumed that the dielectric function of the layer is in-
dependent of temperature. The main structures are due to
the E,, E| +A,, Ey, and E, transitions which are clearly
observed from 22 K up to 750 K. Other weak transitions,
such as Ey, Eg+ Ay, and some others in the 4.2—5.5 eV
photon-energy region, are observed only at lower tempera-
tures and are partly difficult to distinguish in these fig-
ures.

In order to enhance the structure present in the spectra
and to obtain the CP parameters, we calculate numerically
the second-derivative spectra, d’e/dw? of the complex
dielectric function from our € data. Tabulated coeffi-
cients for fitting a polynomial of degree five to the experi-
mental data and performing directly the second derivative
have been taken from the literature.®3 By taking into ac-
count an appropriate number of points the derivative
spectra can be smoothed out without substantially distort-
ing the line shape.

Figure 5 shows the experimental second-derivative
spectrum of €; at 22 K in the spectral regions where struc-

FIG. 3. Real part of the dielectric function of GaAs for
several temperatures.
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FIG. 4. Imaginary part of the dielectric function of GaAs for
several temperatures.

tures are observed. The lines represent the best fits to
standard critical-point line shapes, derived from Eq. (1):

d% |—nn—1d4e!w0—E+iT)"~% n+0, (2a)
do?  |Ae*(w—E+iT)~2% n=0. (2b)

For the fit we use a least-square procedure where both
real and imaginary parts of d*e/dw? are fitted simultane-
ously.

If the angle ¢ in the phase factor e’ in Egs. (1) and (2)
takes values which are integer multiples of 7/2, the line
shape corresponds to transitions between uncorrelated
one-electron bands while noninteger multiples represent
the inclusion of excitonic effects by allowing a mixture of
two CP’s.2%35 In Eq. (1), taking 4 >0 and n=+ for a
3D CP, ¢=0, w/2, 7, and 37 /2 correspond to M, M,,
M3, and M, CP’s, respectively. By taking 4 >0 and
n=0 for a 2D CP, ¢=0, 7w/2, and 7 correspond to a
minimum, saddle point, and maximum, respectively. For
a discrete excitonic line shape (n=—1) a phase angle of
¢~0 corresponds to a Fano-profile, i.e., the line shape
which results from the interaction of the discrete excita-
tion with a continuous background, as discussed below.

We have fitted the E, and E+ A, structures with exci-
tonic line shapes [n = —1 in Eq. (2)]. Because of the poor
accuracy of the values of €, for small €, in rotating
analyzer ellipsometers without compensator,"'%¢ we have
analyzed these structures only in the real part of the
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FIG. 5. Fits to the second derivatives of the real (solid line)
and imaginary (dashed line) parts of the dielectric function of
GaAs as a function of energy at 22 K. When reading from the
vertical scale, the value has to be divided by the factor, given in
the box under each structure. Note the change in the energy
scale for the E, transition.
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dielectric function. In the case of the E; and E,+A,
CP’s both €; and €, were fitted. The best fits were ob-
tained with an excitonic line shape from the lowest tem-
peratures up to room temperature, whereas at higher tem-
peratures a 2D line shape [n=0 in Eq. (2)] yielded the
best representation of the experimental data. At every
temperature E; and E,+A, were fitted simultaneously
with the same phase angle ¢ for both CP’s and a fixed
spin-orbit splitting of A;=224 meV, which was obtained
from the spectra at low temperatures. The two structures
in the near-uv region, Ej and E,, were also fitted simul-
taneously with two 2D line shapes, which gave the best
fits over the whole temperature range. For the fit of the
three weak structures in between [labeled Ej+ A and
E,(2) in Fig. 5] a 2D line shape was used as well.

In Fig. 6 we show the CP energies obtained from our
line-shape analysis for the main transitions observed in
GaAs as a function of temperature. In spite of the change
of the line shape of the E, and E, +A, transitions from
excitonic to 2D at RT, the data for the CP energy match
smoothly in both regions. The energies of the E;+A,,
CP’s are not shown, they run parallel to E,, displaced by
224 meV. At low temperatures the gaps depend quadrati-
cally on temperature and linearly at higher temperatures.
This behavior can be described by two equations:
Varshni’s empirical relation™

aT?
T+B’

E(T)=E(0)— (3a)

L 1 1 |
0 200 400 600 800

T(K)

FIG. 6. Temperature dependence of the interband critical-
point energies of GaAs. The solid lines represent the best fits
with Eq. (3a); the dashed lines correspond to the fit with Eq.
(3b). Typical error bars for the experimental points are given in
Table III, the fit parameters in Table I.
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TABLE 1. Values of the parameters E(0), a and S obtained by fitting the critical-point energies versus temperature to the equa-

tions E(T)=E(0)—aT?/(T+pB), and values of Ez, ap, and O obtained by fitting with the equation
E(T)=Ep—ap[1+2/(e®T—1)]. The numbers in parentheses indicate error margins.
E0) a B Epg ag (0] Line
(eV) (107* eVK™!) (K) (eV) (meV) (K) shape
E,y 1.517(8) 5.5(1.3) 225(174) 1.571(23) 57(29) 240(102) Excitonic
Eo+Ap 1.851(5) 3.54) 225(fixed) 1.907(9) 58(7) 240(fixed) Excitonic
E, 3.041(3) 7.2(2) 205(31) 3.125(9) 91(11) 274(30) Excitonic
(—300 K)
2D (300—760 K)
E§ 4.509(8) 4.0(7) 241(177) 4.563(21) 59(26) 323(119) 2D
E, 5.133(21) 6.6(4) 43(66) 5.161(33) 38(33) 114(95) 2D

and an average Bose-Einstein statistical factor for pho-
nons with an average frequence ®,%%’

2

1+————— (3b)
+ ®/T_1

E(T)=EB —dapg

The values of the parameters obtained through fits with
Egs. (3a) and (3b) are given in Table I for the transitions
shown in Fig. 6 with the corresponding uncertainties
representing 95% reliability. The temperature dependence
of the Lorentzian broadening parameters I for E, and
E, +A, CP’s are shown in Fig. 7(a) for the fit of these
structures with an excitonic line shape up to 550 K and

-
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FIG. 7. Temperature dependence of the broadening parame-
ters of the critical points. (a) Broadenings of the E; and E; + A,
transitions, fitted with an excitonic (Ex) line shape up to 550 K
and a 2D line shape. The solid lines are fits to the data which
represent best the experimental line shape [for 20—300 K: fit to
Eq. (4), for 300—760 K: linear fit]. The inset shows the
broadening of the E, transition. (b) Broadening of the E; and
E, CP’s, together with the fit to Eq. (4) and a linear fit, respec-
tively.

with a 2D CP over the whole temperature range. Fits to
the broadening versus temperature have been performed
only in the temperature range where the corresponding
line shape yields the best fit to the experimental second-
derivative spectra, i.e., for 22—300 K for the data from
the fit to the excitonic line shape and for 300—760 K for
the 2D one. The discontinuity in I" near 300 K is due to
the fact that the absolute values of the broadenings de-
pend on the dimensionality of the CP chosen for the fit.>
The temperature dependence of the broadening has been
described by a formula similar to Eq. (3b):°%%8

2

NT)=Ty (1+—F7—
0 e®/T_1

+T;. (4)

When fitting our data in the 20—300 K temperature range
for E, and E;+A; we found that the inclusion of the
third parameter I'| does not significantly improve the rep-
resentation of the data. A linear equation

(T)=I,+yT (5)

was used to describe the temperature dependence of the
broadenings obtained from the 2D fit in the 300—760 K
range. The fitted parameters with their corresponding un-
certainties are listed in Table II.

In the inset of Fig. 7(a), the I'’s obtained for the E,
transition are shown up to 300 K, fitted with Eq. (4). In
Fig. 7(b) the broadening parameters for the Eg and E,
CP’s are shown, the solid line being the best fit with Eq.
(4) for the Eq CP and Eq. (5) for the E, CP. The param-
eters are also listed in Table II.

In Fig. 8 we show the temperature dependence of the
phase angles ¢ for the E, transition, fitted with an exci-
tonic line shape and a 2D CP, and for the Ej and E, CP
fitted with a 2D CP, respectively. The phase angles for
the E|+ A, CP are the same as for E,. The parameter ¢
represents the mixture of contiguous CP’s for the dif-
ferent transitions or the interaction with a background in
the case of the excitonic line shape. Finally, the ampli-
tudes A of the main structures observed are plotted versus
temperature in Fig. 9.

IV. DISCUSSION

Comparing our data for the dielectric function of GaAs
at room temperature with those from Ref. 1 (see Fig. 2)
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TABLE II. Values of the parameters obtained by fitting the Lorentzian broadening I" of the critical points of GaAs versus tem-
perature to the equation I(T)=To[14+2/(e®T—1)]+ T, or I(T)=T, +yT. Ex: CP fitted with excitonic, 2D: fitted with 2D line

shape. The numbers in parentheses indicate error margins.

r, | ® r, Y Temperature

(meV) (meV) (K) (meV) (107* eVK™!) range (K)
E, (Ex) —22(27) 23(29) 337(259) 20—300
E, (Ex) O(fixed) 41(3) 293(26) 20—-300
E, 2D) —19(6) 1.84(11) 300—760
E, +A, (Ex) O(fixed) 36(1) 356(17) 20—300
E,+A, 2D) 31(8) 1.34(15) 300—760
E;, (2D) —255(119) 300(123) 1013(218) 20—760
E, 2D) 84(8) 2.28(19) 20—760

the main differences occur in the uv spectral region and in
the values of €, at energies smaller than 2.5 eV. The last
discrepancy should be due to the inherent poor accuracy
of rotating analyzer ellipsometers for small values of ¢,.
In this case, €, is proportional to sinA and A is close to
—m.! However, rotating analyzer ellipsometers measure
cosA rather than sinA, so that the uncertainty in the
determination of A is largest for | cosA | =1. The differ-
ences in the higher photon-energy region could arise from
the windows used for the cryostat. Although we have
used high-quality stress-free fused quartz windows, a
small systematic error is present in our measurements be-
cause of residual changes in the polarization of the light
due to the windows. The changes have been estimated to
be at worst 8(¢) <0.3° and 8(A) <0.7° in the uv spectral
region.’® This corresponds to a maximal uncertainty in
the values of the dielectric function of &8(€;)=~0.7 and
6(€;)=0.9 at 5 eV. These changes do not alter signifi-
cantly the critical-point parameters, which are the subject
of the present investigation.

A. Ej and E(+ Ay transitions

The transitions of the lowest direct gap E, take place at
the I point of the BZ between the I's valence-band and 'y
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E + DDDD \
© Frhe L+ Qiu E,
100 oo -
00 +  +IF go o4,
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FIG. 8. Temperature dependence of the phase angle ¢ de-
fined in Eq. (1) for the E, transitions, fitted with an excitonic,
X, and a 2D line shape, 0. Also, phase angle ¢ for the E;, + ,
and E,, Q transitions.

conduction-band states (double group notation).!’” The
Ey+ A, transitions are between the I'; splitoff valence-
band state to the I'¢ state. These transitions, however, are
very weak, so that structure in the real part of the dielec-
tric function is only visible to the naked eye at low tem-
peratures for the E, transitions (see Fig. 3). In the
second-derivative spectra d’e,/dw? it was possible to fol-
low this structure up to 520 K, whereas the Ej+ A struc-
ture could be analyzed only up to 200 K. In the €, spectra
because of the poor accuracy of our equipment at low ¢,
no significant change of €, was observed in the E, and
Ey+ Ag region.

The E| transitions are dominated by an edge exciton
whose binding energy is 4.2 meV.® Hence a fit of the
second-derivative spectrum was performed using a
Lorentzian line shape.

In Table III we have listed the energies of the interband
critical points of GaAs for energies up to 5.5 eV, as ob-
tained by various techniques and at several temperatures,
together with our values from ellipsometry at 22, 85, 297,
and 696 K. Our results agree well with those reported by
other authors.
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FIG. 9. Temperature dependence of the strength A, defined
in Eq. (1). (a) Amplitudes of the E,, B; E,+A,, O; Eo, +;
and E,, O, transitions, all fitted with a 2D line shape. (b) Am-
plitudes of the E, and E,+A, transitions, fitted with an exci-
tonic line shape.
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In order to compare the results for the temperature
dependence of the E, gap we show in Table IV the linear
temperature coefficients obtained both experimentally and
theoretically by several authors, in most cases averaged
between 100 and 300 K. The temperature shift for the
E,+ Ay gap should be the same as for E; because of the
intra-atomic nature of the spin-orbit splitting, a fact
which is supported by earlier electroreflectance measure-
ments between 25 and 300 K.?

The temperature dependence of the E, and E;+Ag
transitions was fitted with the Varshni equation [Eq. (3a)]
as well as with Eq. (3b). In the case of the Eq+ Ay CP the
parameters 3 and ® were forced to be the same as for the
E, CP. In these fits, the effect of thermal expansion and
electron-phonon interaction are not explicitly separated.
This leads to an increase of the parameters 8 and ® when
compared with those for the pure electron-phonon in-
teraction. Manoogian and Woolley’' have suggested an
equation to separate the effect of lattice dilation and
electron-phonon interaction, based on a power law for the
first and the Bose-Einstein statistical factor for the latter,
identical to Eq. (3b). Moreover, they showed that the
Varshni equation [Eq. (3a)] is a second-order approxima-

TABLE IV. Linear temperature coefficients of critical-point
energies in GaAs; all values in 10~* eV/K. The numbers in
parentheses indicate error margins.

—dEy/dT —dE,/dT —dEy/dT —dE,/dT

Experimental

Between 100 and 300 K

3.9% 5.38 3.0t 3.68
3.95° 4.8" 2.7(5)¢ 3.3b
3.9¢ 5.4 6.3(4)°
3.7¢ 4.2
3.99)¢ 5.2(1)¢

Between 400 and 500 K
4,94 6.5(2)° 3.5(6)¢ 6.5(4)°
5.0(1.2)

Theoretical

Between 100 and 300 K
4.452 4.7% 3.7%
4.5f 3.5

Between 400 and 500 K
5.2f

2Reference 23.

PReference 14.

‘Reference 70.

dReference 10.

“Present work.

fReference 69.

8Reference 39.

hReference 20.

iReference 20, for the E; +A, CP.
JReference 13.

kReference 49.

IReference 48, within the Penn model.

tion of Eq. (3b) and the parameter 3 is related to the De-
bye temperature ®, by B=(3)®p. If we subtract from
our data for the temperature dependence of the E, gap of
GaAs the contribution of thermal expansion, as calculated
in Ref. 69 from the experimental pressure coefficients,
and refit the remaining contribution with the Varshni
equation [Eq. (3a)], we obtain B=127 K, in good agree-
ment with (§) @p =129 K, when ®,, =344 K is used.®

We note that recently a calculation of the temperature
dependence of the E, gap of GaAs has been performed®’
based on realistic band structure and lattice dynamics and
including thermal expansion, Debye-Waller, and Fan
terms. This calculation reproduced the experimental data:
the temperature dependence becomes nonlinear at lower
temperatures resulting in a decrease in the temperature
coefficient which tends to zero for T—0. Also, the quan-
titative agreement is very good; a temperature coefficient
between 100 and 300 K of —4.5x107* eV/K was ob-
tained® in comparison with —3.9x10~* eV/K from our
ellipsometric results.

The broadening of the E| structure at 22 K, the lowest
temperature reached with our cryostat, was determined to
be 1 meV [see the inset of Fig. 7(a) and Table II]. This
broadening is largely due to the limited experimental reso-
lution of ~0.6 meV. It is known that there is a strong
temperature dependence of the broadening all the way
down to ~0 K. From reflectance measurements*' a
broadening <0.1 meV was found at 2 K, whereas the
broadening parameter increases to about 0.8 meV at 30 K.
Therefore we believe that our data at least at temperatures
between 50 and 300 K are reasonable (except for the in-
strumental broadening of ~0.6 meV). At higher tem-
peratures the Ej structure becomes too weak to determine
meaningful broadenings. This also applies to the Ey+ A,
structure in the whole temperature range.

The negative value of I'| for the E, transition, given in
Table II can have no physical meaning. Indeed, Eq. (4) is
based on the assumption of broadening by interband
scattering via phonon emission and absorption whereas
for the lowest gap only intraband scattering through pho-
non absorption is expected. In fact, it is possible to
rewrite Eq. (4) with the fitting parameters for the E, tran-
sition as (in meV):

(T)=—22+23(2ng+1) (6a)

=1446ng , (6b)

where ng=(e®/T—1)~! is the phonon occupation num-

ber. The second term in Eq. (6b) corresponds to the in-
creasing broadening with temperature solely through pho-
non absorption. The negative summand —22 is simply
needed to remove the phonon emission part from Eq. (4).

B. E, and E, +A, transitions

The E, and E|+ A, transitions take place along the A
directions of the BZ,*’ where the valence and conduction
bands are nearly parallel (compare Fig. 1). If they were
strictly parallel, the E; and E; + A, transitions would be
2D CP’s. Fits of the experimental line shape of these
CP’s have shown that for GaAs (Refs. 7 and 32) the 2D
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model density of states yields the best representation. Re-
cently, the CP’s of Ge,”® @-Sn,*® and InSb (Ref. 57) have
been investigated ellipsometrically as a function of tem-
perature. Also for these materials the best fit was found
with a 2D CP at all temperatures. Nevertheless, as al-
ready pointed out in Ref. 56, a conjunction of two 3D
critical points nearly degenerate in energy (i.e., closer to-
gether than their broadening parameter I') cannot be dis-
tinguished from a 2D CP.

When fitting the second derivative spectrum d’e/dw?
of the E| and E; + A, structures at low temperatures with
a 2D line shape, i.e., n =0 in Eq. (2), we noticed that the
quality of the fit at the wings of the structure is rather
poor whereas at higher temperatures (from ~300 K) the
fit is excellent everywhere. In Fig. 10 we illustrate this
problem for a spectrum measured at 22 K. The dashed
line shows the fit with the 2D line shape according to Eq.
(2) (n=0). A phase angle of ¢ =141° was obtained which
corresponds to a mixture of a 2D maximum and a saddle
point.

The phase angle ¢ describes [Eq. (1)] a metamorphism
of critical-point line shapes or Van Hove singularities due
to excitonic effects by allowing a continuous admixture
between two adjacent CP’s (Ref. 84) with ¢=0°, . ..,360°
in the case of a 3D and ¢=0°...,270° for a 2D CP.
When treated as uncorrelated one-electron transitions, the
E critical point should correspond to interband minima,
ie., to ¢=0. The excitonic metamorphism should
transform ¢ into 0 < ¢ <90°. Hence the value ¢ =141° ob-
tained from our fit seems to be unphysical. Also, as
shown in Fig. 10, the 2D representation of the E; transi-
tions at low temperatures in GaAs is not wholly suitable
to describe the experimental line shape. Similar con-
clusions can be made by examining modulated-reflectivity
measurements.?”3% 8

Many-particle effects on critical points in the interband
continuum of semiconductors have been treated with
similar models as for the bound excitons.”® One of them
is the effective-mass approximation (EMA). For the M-

T s T T T
o d2gy/ dw?

1104 22K +d252/dw2 -

d2e /dw?(eV?)

-1104

30 32 34
E (eV)

FIG. 10. Second derivatives of €, and €, with respect to ener-
gy in the E, spectral region for GaAs at 22 K. The dashed lines
represent fits with a 2D CP, the solid lines to an excitonic line
shape. The arrows indicate regions where an improvement of
the fit is achieved by using an excitonic instead of a 2D line
shape.
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type CP, i.e., for the so-called saddle-point exciton, it was
possible to include the untruncated Coulomb interaction
screened by the macroscopic dielectric constant ep,*? us-
ing the adiabatic approximation. This method is accurate
if one of the principal reduced masses is much larger
(=~ o0 ) than the two others. The starting point is then a
two-dimensional Wannier exciton.

An approach based on a Frenkel or tight-binding ap-
proximation is the Koster-Slater model.>*""*> Within this
model, the Coulomb interaction is truncated beyond a cer-
tain value of the electron-hole separation. The simplest
assumption is that of a Koster-Slater contact interaction
potential V(r)=—5&(r)g which is equal to zero except
when the Wannier electron and hole are in the same unit
cell. Velicky and Sak®!' have shown that the absorption at
an M, CP is enhanced and weakened at an M, CP by in-
troducing an attractive electron-hole interaction. The
contact-interaction can be parametrized to describe exper-
imental deviations of the measured dielectric function

from the one-electron picture>!-%*
e(w)—l:———a—ai——l———, g>0, (7)
1—g[elw)—1]

where €(w) is the one-electron dielectric function and the
parameter g is proportional to the depth of the assumed
square-well potential.

In a similar manner, also replacing the Coulomb poten-
tial by a finite-range potential, it was shown®* that the ef-
fect of such a potential on a singular line shape in the vi-
cinity of an M;-type CP is to mix the M; line shape with
the M; , ;-type CP (with M,=M,). These results, applied
to the one-electron line shape of CP’s provide the theoreti-
cal underpinning of Eq. (7) which can be transformed into
Eq. (1) provided g is small.

Recently, the optical response of a semiconductor has
been calculated using a local-orbital treatment of the two-
particle Green’s function for the electron-hole interac-
tion.’>% In these calculations the experimental €, spectra
around E; and E, 4+ A, were shown to be enhanced above
those within the one-electron approximation. It was also
shown that a qualitative agreement between the experi-
mental and calculated €, spectra was only achieved when
screened electron-hole interaction as well as local-field
corrections are included in the calculations.

Another, quite general approach to the treatment of ex-
citons at the fundamental edge, as well as in the continu-
um, was developed by Stahl.”’ =% Here, the exciton polar-
iton, which behaves as a quasiboson field within a linear-
response theory, is described by a coherent macroscopic
pair wave function, whose linear response to an electric
field is given by a wave equation in electron-hole configu-
ration space. This approach can in principle handle
saddle-point exciton polaritons with an unrestricted range
of mass ratios, in contrast to the EMA of Refs. 91 and 92.
It allows simultaneously the calculation of the real and
imaginary part of the susceptibility as well as a combined
treatment of the exciton resonances and the continuum.’’
This approach has been applied to the M,-type E; CP of
ZnTe, the calculated line shapes agree well with the exper-
imental ones.!® Unfortunately, it seems that no analyti-
cal line shape suitable to fit CP line shapes is obtained
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within this method.®’

The only two analytical equations which include exci-
tonic effects, Eq. (1) with a phase factor e’¢ and Eq. (7)
with the g factor in the denominator, are based on short-
range electron-hole interaction. Thus we have also tried
to use Eq. (7) for the fit of our second-derivative spectra
of e(w) with respect to the photon energy with the equa-
tions:

2
d%&4,E,T) de4,E,T)
d% do’ do

do’  [—gle—DF | [1—gle— 1

The one-electron dielectric function not differentiated
with respect to the photon energy in the denominator of
Eq. (8) is labeled as €*. However, a difficulty arises in ob-
taining the one-electron dielectric function €* to be insert-
ed into Eq. (7): This function is not directly measurable.
We have tried the following quasi-self-consistent fit pro-
cedure.

(1) Determine g by using the experimental values of
€(w) (see Figs. 3 and 4) for €* in the denominator of Eq.
(8) and for the derivatives in the numerator the 2D one-
electron line shape of Eq. (2) with the three parameters A
(amplitude), E (CP energy), and I" (broadening) as fit pa-
rameters and ¢ =0 (phase angle) as fixed parameter. ¢ =0
was chosen because for the fit with Eq. (2) (n=0), ¢ de-
creased monotonically from ¢=141° at 22 K to ¢=56° at
754 K (see Fig. 8); excitonic effect should disappear for
¢=0.

(2) With the g factor obtained from step (1) determine a
new quasi-one-electron dielectric function €*(w) using the
inversion of Eq. (7):

2g

(8)

S ) Lt S 9)
1+g[e*(w)—1]

where €*(w) is the dielectric function used in the denomi-
nator of Eq. (8) when performing step (1).

(3) With the new quasi-one-electron dielectric function
€* in the denominator of Eq. (8) again determine the pa-
rameters A4, E, I', and g of the two CP’s.

(4) With the new g factor determine again a corrected
quasi-one-electron dielectric function and repeat step (3).

Unfortunately, the values of g obtained with this pro-
cedure did not converge. After the first fit the value of g
was 0.039 (2). It increased after every step by about
Ag =0.020 so that for example after the fifth step we ob-
tained g=0.120 (1). At the same time the quality of the
fit to the data in Fig. 10 improved only slightly. The resi-
dual sum of squares which measures the deviation of the
fit to the experimental values, decreased only from 1< 10°
after the first step to 0.4 10° after the fifth step in the
energy range chosen for the fit (2.8—3.5 eV). This was no
improvement with respect to the simple fit with a 2D line
shape from Eq. (2), where the residual sum of squares was
0.4x10% In addition the magnitude of the quasi-one-
electron dielectric function €*(w) obtained in step (2) de-
creases with every step of the procedure and its structure
is flattened. For example, after five steps the real part of
€*(w) lies between 6 and 8 and the imaginary part be-
tween 1 and 3 in the 2.8—3.5-eV photon-energy range.
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These values are much too low for the one-electron dielec-
tric function and decrease even further when more fit
steps are performed. In theoretical calculations of the
dielectric function in the approximation of noninteracting
electron-hole pairs in the case of Si (Ref. 95) and GaP
(Ref. 96) the values of the imaginary part of the dielectric
function at E; are found to be at most only about a factor
of 2 lower than the experimental €,(E ).

Note that the one-electron dielectric function €* in the
denominator of Eq. (8) cannot be obtained from the pa-
rameters A, E, and I', which are determined from the fit
to the derivative spectra, because the constant background
has been removed. In summary we conclude that the con-
tact interaction as described by Eq. (7) is not appropriate
for large phase shifts which are beyond 90°, as it would be
necessary to fit our CP line shapes for the E; and E; +A,
transitions over the whole measured temperature range.
Finally we would like to mention that also for a 3D line
shape, assuming that the one-electron dielectric function
corresponds to a M CP, yielded a fit of only poor quality
with g=0.040 (8) and a residual sum of squares of
2% 10° The intriguing question thus remains as to why
Eq. (1) gives such good representation of the experimental
data. Its only known link with theory is through Eq. (7)
for small values of g.%°""** For large values of g this link
breaks down, Eq. (7) has been shown to represent the data
poorly and nevertheless Eq. (1) represents them well.

Although it is desirable to fit the CP’s with the same
model over the whole temperature range, we have found
that at temperatures up to 300 K the best fit was per-
formed with a Lorentzian line shape, i.e., with n=—1 in
Eq. (1). At room temperature the quality of the fit with a
Lorentzian and a 2D line shape is about the same. At
higher temperatures the 2D line shape yields the better re-
sult.

In the case of a Lorentzian line shape [Eq. (1) or (2),
n=—1] the phase factor e’¢ can be interpreted as a cou-
pling parameter between the discrete exciton interacting
with an overlapping continuum of interband transitions.
In this case the resulting line shape is more commonly
described by the so-called Fano-Breit-Wigner profile’®
which can be written in the following form:

2
ImF(w)=BL2FEL" (10)
& +1
where { is a reduced frequency {=(w—E)/T, T the
linewidth parameter, Q a complex parameter, and B the
amplitude.
The complete function F(w) is given by

2 2
Flo)=o—Bl@tEl” _, pe_jlQ+el® (4

E+i E+1

Here we have assumed Q to be real which can always be
done by adding an additional noninteracting scattering
continuum ¢.”> By comparison of the Fano-Breit-Wigner
profile [Eq. (11)] and the Lorentzian line shape [Eq. (1)
for n=—1] in the second derivative, one can find the fol-
lowing relationships between the parameters:
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Q:—cotqﬁ—»;i%‘z- ,

A (12)
2 2 2

B =(Q°—1)"44Q°,

i.e., the line-shape parameter Q and the amplitude B from

the Fano-Breit-Wigner profile [Eq. (11)] can be deter-

mined from A4 and ¢ of Eq. (1).

Obviously, the E; and E;+A, transitions in GaAs are
an example for the coexistence of local and band charac-
ters in the optical spectra of solids, as discussed by Toyo-
zawa et al.3* For temperatures smaller than 300 K, their
line shape is described by a quasilocal state superposed
upon the background of continuous states which leads to
Fano-Breit-Wigner interference effects. On the other
hand, for temperatures above 300 K, the line shape of the
E, and E,;+A; CP’s is better described by the modifica-
tion of the Van Hove singularity due to local perturba-
tions, as done in the general line-shape formula [Eq. (1)]
by the phase angle ¢.

The change from local to band character is supported
when looking at the phase angles and amplitudes obtained
from the line-shape fits. In Fig. 8 the phase angle for the
fit with a Lorentzian decreased from 55° at 22 K to near
zero above 300 K. A phase angle of zero corresponds to
no interaction of the discrete state with the continuum.
At higher temperatures (T > 300 K) the picture of a con-
tinuum influenced by a discrete excitation, expressed by a
metamorphism of the 2D CP line shape, becomes more
suitable. At 300 K a phase angle of ¢ =100° is obtained
which decreases to about 50° at 750 K, i.e., the line shape
is a mixture between a 2D saddle point and a minimum.

The amplitudes of the E; and E;+A; CP (see Fig. 9)
are nearly constant in the 20—250 K temperature range
when fitted with a Lorentzian and then increase, a fact
which indicates a change in the character of the transi-
tions. For the fit of the E; CP with a 2D line shape we
observed a decrease of the amplitudes with temperature
remaining about constant for T > 300 K (see Fig. 9).

From measurements on Ge (Ref. 56) and InSb,”” how-
ever, it is known that the ratio of the amplitudes
Ag /4 E,+A, for a 2D CP shows only a weak dependence

on temperature, so that the decrease of 4 g, at T<300K

must reflect the inappropriate description by the 2D line
shape. We finally note that evidence of the excitonic na-
ture of the E; and E; + A, transitions of CdTe has been
shown by analyzing thermoreflectance spectra.?

Over the whole temperature range the E, and E; + A,
CP’s have been fitted simultaneously, assuming for both
the same phase angle ¢ and a temperature-independent
spin-orbit splitting A; =224 meV, as determined from the
low-temperature spectra. This is justified by the intra-
atomic nature of the so splitting as much as by earlier
measurements,?’ also on other materials.’®~>® In Table
III we give a comparison of the E; and E, + A, CP ener-
gies at several temperatures. Differences between the data
might be due to the fact that for the evaluation of unsym-
metric peaks, e.g., in the reflectivity spectrum, a line-
shape analysis is necessary because the maximum position
does not correspond to the real CP energy.

Figure 6 shows the temperature dependence of the E;

CP energies. Those for the E| + A, transitions are shifted
by 224 meV to higher energies. The solid line represents
the best fit to the Varshni formula [Eq. (3a)], the dashed
line to Eq. (3b). As already pointed out in the preceding
section, the parameter 8 in Eq. (3a) and ® in Eq. (3b),
respectively, are not directly related to an average fre-
quency of the phonons involved in the electron-phonon in-
teraction which causes the shift of the CP’s with tempera-
ture.

In Fig. 7 we show the temperature dependence of the
broadening parameter I" of the E; and E, + A, transitions
obtained from the fit with a Lorentzian excitonic (Ex) line
shape as well as with a 2D line shape. The broadening de-
pends on the assumed line shape. To describe the tem-
perature dependence for T <300 K (Lorentzian line
shape) Eq. (4) was used, whereas for T > 300 K a linear fit
[Eq. (5)] was performed, represented by the solid lines in
Fig. 7.

The temperature dependence of the broadening of the
CP’s is due to electron-phonon interaction and can be
described by the imaginary part of the self-energy, whose
real part represents the energy shift of the bands.®® A
constant broadening I'; in Eq. (4) is due to additional
temperature-independent mechanisms (Auger processes,
electron-electron interaction, impurities, surface scatter-
ing, and also instrumental effects). This parameter, how-
ever, turned out to be zero within the error of the fit. It
was thus set equal to zero. In contrast to the case of the
energy shift, the parameter ® in Eq. (4) corresponds to an
average phonon frequency obtained after weighting the
phonon density of states by an electron-phonon spectral
function.® The value of ® =293 K for E, and ®=1356 K
for E|, + A, indicates that mainly optical phonons are re-
sponsible for the broadening, the energy of the LO pho-
non at I" corresponding to a temperature of about 420 K.

The temperature ® obtained when fitting the tempera-
ture dependence of the I' of a CP is not necessarily the
same as the one for the shift of the corresponding CP en-
ergies, after correcting for the thermal expansion contri-
bution. Calculations of the electron-phonon spectral
functions for Si and Ge have shown that for the energy
shift due to electron-phonon interaction acoustical as well
as optical phonons contribute (see e.g., Figs. 1 and 2 of
Ref. 67), whereas for the broadening of the CP mainly op-
tical phonons are responsible (see Figs. 2 and 3 of Ref.
68). This must lead to a higher average phonon frequency
® from the fit of Eq. (4) to the broadening parameters
than for the electron-phonon contribution of the energy
shifts with temperature. This conjecture is borne out by
comparing Tables I and II.

The amplitudes of the E; and E,;+A; excitons are
nearly constant in the 20—250 K temperature range (see
Fig. 9). They are for E, about a factor of 2 larger than
for E;+A,. They can be estimated theoretically by writ-
ing the dielectric function for the interband contribution
due to the exciton:?

w)=1+473 F 5 (13)

j coj—(w+i17)

where w; represents the energy of any excited electron-
hole pair with respect to the ground state |0) and F/ is
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the oscillator strength for transitions from the ground
state to an excited pair state
2

2 <j >p o>2
Fi= : (14)
@j
Using the relationship?
<j Sp o>=¢<o><c|p|u> (15)

and taking into account the geometry for the transitions
along the eight (111) directions, assuming that the tran-
sitions take place over a distance Ak =mV'3/a, (a, is the
lattice constant) and | ¢(0) | 2 for the 2D case given by’

16m]
16(0)|2=—2, (16)
3
we obtain
16m;
()= 167 8 pomV3 1 16ma 1 (17)

27 1T6§ ©—wy+il" "’

wZ 3 agp
where P=(c |p |v), m, is the reduced effective mass,
and ¢ is the dielectric constant responsible for the screen-
ing of the Coulomb potential of the exciton interaction.
The matrix element P in zinc-blende materials can be as-
sumed to be:'"! P ~2m/a,. The reduced effective masses

can be calculated with the k-p method:!°!

1 3p? 1 ___ 3p?
md(E])NCO1+A1/3’ md(E1+A1) w1—+—2A1/3 ’

(18)

The amplitude of the £, and E| + A, excitonic transitions
now follow:

3
64V3 ap ;
Ap, = —(0,+A,/3)%,
B g1gt %€ ! !
oviah "
A= g g M

With the parameters ay=5.653 A. w;=w=3.038 eV,
A;=0.224 eV, and €,=12.5 for the static dielectric con-
stant we obtain the values Ag =0.029 eV and

Ag,+4,=0.027 eV, one order of magnitude less than the
experimental values (Ag =0.32 eV, Ag ;5 =0.15¢€V).

In Eq. (19) the amplitude, however, is strongly depen-
dent on the value of €, i.e.,, on the screening of the
Coulomb potential. A quantitative calculation of the
space-dependent microscopic dielectric function &(r) (Ref.
102) shows that for GaAs at a distance of about five Bohr
radii from the nucleus the value of &r) begins to decrease
from the long-wavelength infrared value of 10.9 down to
one for the unscreened potential. If we assume that the
“Bohr radius” of the exciton wave function is smaller
than the lattice constant, a smaller value of €; should be
used for the theoretical estimate of the amplitude. The
experimental value (4 =0.32 eV) is obtained with Egs.

(19) for €,=5.6. In the calculation of Ref. 102 this corre-
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sponds to a radius of 1.2 A, half the bond length in GaAs
(2.45 A).

The amplitudes for 2D E, and E;+ A, transitions, as-
sumed in the 300—750 K interval, can be calculated in the
one-electron approximation with!0193

44(E 4+ A,/3)

A ~m——————=2.8,
i aoE}
20
44(E | +2A,/3) @0
E1+Al~ ao(E1+A1)2 ’

where the lattice constant ay is in A and the energies E,
and A, in eV, were taken at 400 K. From our fits at 400
K we found A ~4.4 and Ag, 1a,~3.4 which corre-

sponds to a ratio of Ag /Ag, 1a,=13. An improvement

of the already good theoretical estimate is possible by in-
cluding a correction for terms linear in k for k perpendic-
ular to (111). Calculations for Si (Refs. 104 and 105)
and GaAs (Ref. 106) have shown that these terms increase
the strength of the E, transition relative to the E; +A,.
If we use an average matrix element II of p equal to that
for Si (II~0.1 bohr—!, Ref. 104), we get A51=3'0 and

Ag, +a,=2.3. The calculated ratio Ag, /Ag 4o, =13isin

good agreement with the experimental one (also 1.3) at
400 K. The differences in the absolute magnitudes of cal-

culated and experimental A4 E,’S can be attributed to exci-

tonic interactions. %>

Linear temperature coefficients, calculated from the fit
parameters for the Varshni equation [Eq. (3a)] are given
in Table IV for the temperature ranges 100—300 K and
400—500 K, together with other data from the literature.

C. Ejand E, transitions

In the energy range of 4.2—5.5 eV there is an accumula-
tion of interband CP’s for GaAs. In high-resolution elec-
troreflectance measurements’ at 4.2 K a triplet of CP’s
was identified and attributed to transitions at the T" point:
Ey(T3—T9) at 4488 eV, Eq+Ay(Ty—T%) at 4.659, and
Ey+Ap+Ag(T5—Tg) at 5.014 eV (for the notation see
Fig. 1). Also, a doublet E((A) and Ey+ Ay(A), attributed
to transitions along the (100) directions (A line) of the
BZ with energies of 4.529 and 4.712 eV, was found.

The E, complex was attributed to four transitions at
the X point (XY —X§ with 4.937 eV, X{—X¢ with 5.014
eV, X5 —X5 with 5.339 eV, and X§—X$ with 5.415 eV).
A further E, transition with = symmetry (5.137 eV)
should take place in an extended region of the BZ.”

From nonlocal pseudopotential calculations* one ex-
pects four CP’s in the 4.2-5.5 eV energy region: AZ—A$
at (0.1,0,0) (in units of 27 /a,), 4.54-eV energy, and along
the same symmetry line, 4.70-eV energy. From a plateau
located near (0.75,0.25,0.25) in the BZ a CP at 5.07 eV
should arise. At the X point a CP with an energy of 5.28
eV is expected. In our second-derivative spectrum of the
dielectric function at 22 K, shown in Fig. 5, we have per-
formed a fit assuming five structures in the 4.2-5.5 eV en-
ergy range. We have identified the strong structure at
4.498 eV with the E transition, where Ey(I") and E4(A)
are not resolved, and the other pronounced structure at
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5.118 eV to an E, CP, labeled E,(X) in Fig. 5, whose
contribution seems mainly to arise from points along =
and the plateau near (0.75,0.25,0.25).%7 Another, much
weaker E, CP at 4.898 eV, labeled E,(X) in Fig. 5,
should be attributed to X5 — X§ transitions. Two further
weak CP’s at 4.599 and 4.777 eV are probably due to
E,+ Ag transitions at the I’ point and along the A lines,
but the assignment of these features is less certain due to
the deviation of about 60 meV from the value obtained in
Ref. 7. Possibly the differences arise from an artifact in
the fit and the assumed dimensionality of the CP line
shapes, all chosen to be 2D. In Table III we give a com-
parison of the CP energies available in the literature with
our results at several temperatures.

When going to higher temperatures only the two main
structures Ey and E, could be distinguished. Figure 6
shows the temperature dependence of the E; and E, ener-
gies, where both are fitted together with a 2D line shape
which gave the best representation of the experimental
data over the whole temperature range. The E CP shifts
less than the E, counterparts; the linear temperature coef-
ficients are —2.7X10~* eV/K for Ej and —6.3x10~*
eV/K for E, in the 100—300 K temperature range. The
larger shift of E, with respect to the Ey CP seems to be a
general fact, also observed for Ge (Ref. 56) and InSb.>’
The temperature dependence of E, is nearly linear, only a
few points at low temperature cause a small quadratic
contribution, as is evident from the small parameter
B=43 K obtained through the fit with the Varshni rela-
tion [Eq. (3a)].

The fit of the temperature dependence of the broaden-
ing parameters of the Ey to Eq. (4), shown in Fig. 6,
yields a negative value for I'; and an average phonon fre-
quency of 1013 K which is nearly a factor of 2.5 higher
than the highest phonon energy in GaAs (~420 K). We
believe that this is an artifact due to the complicated
structure of the E transitions near the I" point.

Individual bands, contributing to the broadening, can
shift differently with temperature and thus the number of
intermediate states for the interband scattering of the elec-
trons changes. This can cause an anomalous behavior of
the broadening. Similar arguments may be involved for
the E, transitions. We have described their temperature
dependence by a straight line because of the large scatter
of the data.

The phase angles ¢(E) and ¢(E,), displayed in Fig. 8,
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decrease with increasing temperature nearly by the same
amount as in the case of the E; and E,+ A, transitions.
This suggests that also for the E and E, CP excitonic ef-
fects are important. However, the complicated character
of these CP’s cautions us against attributing this fact
purely to excitonic interaction.

In Table IV, we compare the linear temperature coeffi-
cients, obtained from our data, with those from other au-
thors. We note that our value of —6.3X10~*eV/K from
a detailed line-shape analysis of the E, structure in the
dielectric function is about 2 times higher than those
found with the wavelength-modulation® and electroreflec-
tance® techniques.

V. CONCLUSIONS

Data for the dielectric function of GaAs in the 1.3—5.5
eV range have been presented for several temperatures be-
tween 20 and 750 K. A detailed analysis of the critical
points has been performed, leading to the temperature
dependence of critical-point energies, amplitudes,
Lorentzian widths, and phase angles. Perhaps the most
interesting result obtained is the fact that the E, and
E |+ A, critical points are best fitted below room tem-
perature by a Fano-modified Lorentzian line shape, thus
confirming that these transitions are mainly a strongly lo-
calized excitonic resonance. An analysis of the strength
of these excitonic transitions suggests a deviation from
Wannier behavior in the form of central cell localization
and thus a deep (rather than shallow) nature for these ex-
citons. Such transitions may depend critically on the pa-
rameters of the semiconductor.!”” It has been observed
recently to be less pronounced in InP,!%® another more
ionic material of the family.
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