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We have measured by spectral ellipsometry the pseudodielectric function e(w) of pure and heavily
doped GaAs in the energy range 2-5.5 eV. A dependence of the Eq, E; + A1, E}, and E; critical-
point energies and the lifetime broadening on doping has been observed. Amplitudes and phase
angles for the corresponding critical points were also obtained. A difference between the behavior
of n- and p-doped materials was found, especially concerning the magnitudes of critical-point ener-
gies and broadening parameters. The results are compared with second-order perturbation-theory
calculations of the effect of substitutional impurities on the band structure of GaAs.

I. INTRODUCTION

It is well known that heavy doping influences consid-
erably the physical properties of semiconductors, in par-
ticular transport and optical response (see, e.g., Refs. 1
and 2). In this paper we investigate the influence of heavy
doping on the linear optical response of both n- and p-
type GaAs. For this purpose we have determined the
pseudo-dielectric function of these materials in the spec-
tral range from 2 to 5.5 eV at room temperature with
the help of spectroscopic ellipsometry.

The influence of doping on the optical properties of
GaAs has been discussed by several authors. Cardona,
Shaklee, and Pollak® observed Burstein-Moss shifts in
both n- and p-type GaAs at 297 K with the help of the
electroreflectance technique. They reported an increase
with doping of the energies of the Ey and Eo + Ag peaks
observed in the electroreflectance spectra of GaAs sam-
ples. An increase with doping was also detected for the
so-called F; and E; + A; transitions. For other transi-
tions, e.g., Ej, Ey+Ayp, Ea, and E;+6, the peak energies
were reported to be essentially independent of the doping
level. The authors of Ref. 3, however, did not give a quan-
titative interpretation of their data. Several additional
papers dealing with optical constants of heavily doped
GaAs near the absorption edge have also appeared. Sell,
and Wecht, for instance,* reported the concentration de-
pendence of the refractive index of n- and p-type GaAs
between 1.2 and 1.8 eV while Casey, Sell, and Wecht®
studied the concentration dependence of the absorption
coefficient between 1.3 and 1.6 €V. Olego and Cardona®
investigated photoluminescence in heavily doped p-type
GaAs. They found that the dependence of the Ej energy
on the concentration of free holes can be qualitatively
described with the help of the expression proposed by
Casey and Stern:”

Eo,doped — Eo,pure = —1.6 x 1078p?/3, (1)
Quantitatively the results of Ref. 6 are about 50% higher
than those in Ref. 7. Vigil, Rodriguez, and Pérez® re-
ported reflectance measurements performed at room tem-
perature in the spectral range from 1.2 to 3.8 eV for

heavily doped n-GaAs:Te with donor concentration up
to 3 x 108 cm~3 and p-type GaAs:Zn with acceptor con-
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centration up to 3 x 10'% cm™3. They found that the
peaks in the reflectivity spectra corresponding to the E;
and F; + A; transitions are broadened with increasing
doping in both types of samples and shift to lower en-
ergies. However, they gave no quantitative treatment or
interpretation of their observations.

Since we used the same experimental technique and
theoretical considerations as Vifia and co-workers used
earlier for heavily doped Si and Ge, we do not repeat
the details described in Refs. 9-11. Let us only note,
however, that in the cases of Si and/or Ge there exist two
distinct phenomena pertaining to the effect of doping on
direct band edges.

(a) Effects of doping on the lowest band edges, demon-
strated, e.g., in the lowest direct transition I'§ — I§,
known as band population effect. They correspond to the
Burstein-Moss shift due to the filling of the conduction
(valence) band by electrons (holes) in n (p)-type materi-
als. These effects manifest themselves in interband tran-
sitions either starting at the top of the valence band for
p-type or ending at the bottom of the conduction band in
n-type samples. These effects appear also on other direct
edges which are not the lowest but involve either tran-
sitions starting at the highest point in the valence band
in p-type or ending at the lowest point of the conduction
band in n-type samples. Besides the Burstein shift, these
edges are strongly affected by exchange and correlation
involving interaction with the free carriers.!?

(b) Effects of the interaction with the random impurity
potentials on all edges, demonstrated clearly in higher
interband transitions which do not start (end) at the top
of the valence band (bottom of the conduction band) in
the case of p (n) -type semiconductors.

Band calculations often reveal two three-dimensional
critical points (CP’s) associated with these transitions
for either the E; or E1 + A; gap: a minimum (M) at
the edge of the Brillouin zone [L point, (7 /a) (1,1,1)] and
a saddle point (M;) around (7/4a) (1,1,1). The separa-
tion in energy of each of these two sets of My and M;
CP’s is rather small, probably smaller than the lifetime
broadening of the F; and E; + A; excitations. Nonlo-
cal pseudopotential calculations, however, shift the M;
CP close to L thereby eliminating the My CP but still
leaving the initial and final bands nearly parallel over a
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TABLE I. Samples of n- and p-type GaAs used in our
measurements. Typical estimated accuracies of the quoted

free-carrier concentrations are 20-30 %.

n-type GaAs p-type GaAs:Zn

Sample Dopant n (cm™3) Sample p (cm™3)
Al 104 P1 6 x 10'8
A2 106 P2 1.5 x 10*°
N1 Sn 6 x 106 P3 1.6 x 10*°
N2 Sn 1.9 x 107 P4 2.5 x 10*°
N3 Se 28x10'7 P5 3.8 x 10*°
N4 unknown 3.5 x 107  P6 7 x 10*°
N5 Se 5 x 107 P7 9 x 10*°
N6 Te 1 x 108 P8 9.3 x 10'°
N7 Si 3.1 x 108 P9 1 x 10%°
N8 Sn 5 x 1018

N9 Si 5.2 x 1018

N10 Te 5.8 x 108

large region along A.1* It is therefore usual to represent
these two CP’s by two-dimensional ones. For GaAs these
two-dimensional CP’s are located at 2.915 eV (F;) and
3.139 (E; + A,). 1315

The details of the E5 transitions are more complicated.
In GaAs there exist several CP’s which contribute to the
E, structure.!3 In Si E is ascribed mainly to 3§ — 2§
transitions with E = 4.33 eV at about 10 K (Ref. 13)
and in Ge to transitions near the (27/a) (0.75,0.25,0.25)
point with E5 = 4.31 eV at 5 K. Because of the complex
nature of these transitions we may expect some complica-
tions when interpreting the results obtained for E5 tran-
sitions in GaAs.!® A recent theoretical and experimental
investigation for Al,Gaj_,As (Ref. 16) attributes the E,
transitions to a large region of k space in the ' XU L plane
[including (27/a)(0.75, 0.25,0.25)] plus a region along the
{110} directions near the K point.

All p-type samples measured, as well as several n-type
samples, were commercial bulk doped. Some of the n-
type samples were layers prepared by liquid-phase epi-
taxy at the MPI, Stuttgart. The dopant concentration
was either given by the manufacturer or was taken to
be the free-carrier concentration corresponding to the
plasma edge obtained from infrared reflectivity measure-
ments. The concentrations and the dopants are summa-
rized in Table I.

In order to obtain the energies of the CP’s and their
Lorentzian broadening I', a line-shape analysis of the ex-
perimental data, i.e., €; and e, versus E = hw, was
performed by fitting the numerically obtained second-
derivative spectra with respect to the photon energy, i.e.,
d?c1/dE? and d%e;/dE?, with suitable analytical expres-
sions. The details are discussed in Sec. III.

II. EXPERIMENTAL SETUP

The Zn-doped GaAs samples (p-type) were cut from
commercial single crystals. Sn-, Se-, and Te-doped sam-
ples (n-type) were grown by liquid-phase epitaxy on
GaAs substrates. Sample N7 (Table I) is bulk mate-
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rial doped with Si, sample N9 (Si doped) was grown by
liquid-phase epitaxy on GaAs substrates.

The bulk samples were mechanically lapped and pol-
ished with Al,O3 powder. Prior to measurement, they
were chemically polished or etched with a bromine-
methanol (0.05% Brs in methanol) solution.

One p-type sample was mounted and optically aligned
in a windowless cell in flowing nitrogen to minimize sur-
face contamination. It was repeatedly etched in situ prior
to measurement until the ellipsometric data showed no
further changes and the highest values of 5 were ob-
tained at energies around that of the Fy peak. We found
that the second derivatives d%c,/d?E and d?c,/dE? cal-
culated from the data obtained in this way were within
experimental error the same as when the sample was
placed on the ellipsometer table in air immediately af-
ter etching, and remained nearly the same until the next
day. Therefore we investigated all other samples only in
air while performing the measurements immediately after
etching.

The dielectric function spectra e(E) = €1(FE) + ie2(E)
were measured at room temperature between 2.0 and
5.5 eV with an automatic rotating analyzer ellipsometer
described in Ref. 9.

III. RESULTS

The experimentally determined ellipsometric parame-
ters A and 1) were used to calculate the pseudodielectric
functions €1 (F) and e2(F) which were not corrected for
the presence of an overlayer and/or surface roughness.
The data for a pure and a heavily doped p-type GaAs:Zn
are shown in Fig. 1. The change of the e5(F) curve of
the heavily doped sample with respect to the pure one is
qualitatively the same as in the cases of Si (Ref. 9) and
Ge:11 we observed a “redshift” of the peak and a decrease
of its magnitude for the heavily doped sample. The max-
imum value of e2(F) corresponding to the E; transitions
decreases with doping faster than the maximum of the
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FIG. 1. Solid curves, real (¢1) and imaginary (e2) parts of
the pseudodielectric function of bulk GaAs, zinc-doped (p =
5x 10'° cm™3); dashed lines, the same for an undoped crystal
(n = 1 x 10 cm™3). The inset gives a blowup of e2(w) in
the E1, E1 + Ai region in order to display the redshift of the
critical points with increasing doping (vertical arrows).
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FIG. 2. Imaginary part of the pseudodielectric function
e2 of GaAs samples: undoped crystals (n =~ 1 x 10'* cm™3),
dotted line (C); tin doped (n = 5.8 x 10'® cm™2), solid line
(B); epitaxial layer, silicon doped (n = 5.2 x 10'® cm™%),
dashed line (A).

E; + A; transitions. Similar effects have been obtained
for Ge.!! Corresponding changes are much smaller for
the E, transitions, again in agreement with the effects of
doping on the E5 of Si (Ref. 9) and Ge.!

The situation is more complicated in n-type GaAs. We
found that Si on the one hand and Te, Se, and Sn on
the other influence the form of the dielectric functions,
especially e2(FE), in different ways. Si doping in GaAs
leads to a strong supression of the detailed structure of
both E; and E; + A; peaks when compared with the
effect of Sn or Te (Fig. 2).

The slight redshifts of the €;(F) and £2(FE) spectra
found from the data of Figs. 1 and 2 are clearly seen in
the second-derivative spectra of both dielectric functions
presented in Figs. 3-6. This shift is characteristic of all
heavily doped samples, both n- and p-type, similarly to
the cases of Si (Ref. 9) and Ge.!! The magnitudes of these
shifts differ for different transitions and, even more im-
portant, for n- and p-type. This last fact contrasts with
observations for Si and Ge, for which shifts and broaden-
ings depend only on the transitions at hand and the im-
purity concentration, but not on the carrier type (donors
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FIG. 3. Second derivatives with respect to the photon en-
ergy of the real (e1, dotted line) and imaginary (e2, solid
line) parts of the pseudodielectric function of a tin-doped bulk
GaAs crystal with n = 5.8 x 10!® cm™3,
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FIG. 4. Second derivatives with respect to the photon en-
ergy of the imaginary part of the pseudodielectric function
(e2) of n-type crytals. Pure bulk crystal (n ~ 1 x 10* cm—3),
dashed line (vertical scale A). Epitaxial layers, tin doped
(n = 5 x 10'® cm™3), dotted line (B). Silicon doped (n =
5.2 x 10*® cm™3), solid line (C).

or acceptors). The Lorentzian broadening parameter T’
increases with increasing doping, as expected.

The detailed comparison of the second-derivative spec-
tra leads to the following conclusions.

A. E,; gap

The structures related to the E; and E, + A; tran-
sitions may be best expressed by two-dimensional criti-
cal points (2D CP). We also tried to represent our data
by excitonic-type curves for pure samples (i.e., zero-
dimensional CP’s: Lautenschlager et al.!® reported that
up to about 300 K it is possible to describe the F; and
E; + A; structures by discrete exciton-type Lorentzians
although above 300 K 2D CP’s are required). Both types
of line shapes led to similar fit quality, considering the
quality of the agreement between the model and the ex-
perimental spectra for pure samples. Since the spectra
of highly doped samples can be represented by a 2D
CP (or by a mixture of 2D CP’s as expressed by the
excitonic phase angle @) better than with the help of
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FIG. 5. Second derivatives with respect to the photon

energy of the imaginary part of the pseudodielectric func-
tion (e2). Lightly doped crystal (n ~ 1 x 10'® cm™3):
crosses, experiment; solid line, theory. Zinc-doped, bulk crys-
tal (p = 9.3 x 10%° cm—3): open circles, experiment.
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FIG. 6. Second derivatives with respect to photon energy

of the measured imaginary part of the pseudodielectric func-
tion. Pure crystal (n ~ 1 x 10* cm™3), solid line (A). Epi-
taxial layer (Si doped, n = 5.2 x 10'® cm™%), long-dashed
line (C). Bulk crystal (Zn-doped, p = 7 x 10*® cm™3), short-
dashed line (B). CP fit to the pure crystal data, dotted line.
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the discrete excitonic curve, we used 2D CP’s as rep-
resentatives of these structures for all samples in order
to be able to compare the line-shape parameters of dif-
ferent samples and to ascertain the dependence of E;
and E7 + A; on doping. The dependence of E; and
E; + A; on free-carrier concentration is shown in Fig.
7(a) for p-type GaAs and in Fig. 7(b) for n-type GaAs.
AE, = Eyp — B9, AE; = (E1 + A1), — (E1 + Ax)o,
where the subscript p means the corresponding value of a
heavily doped sample while 0 indicates pure samples. Al-
though the magnitudes of AE; and AE; for p-type GaAs
are comparable with those found for Si and Ge, the cor-
responding changes in n-type GaAs are approximately
4 times larger for n = 10!° cm™3 (this reference value
was obtained by extrapolation from lower concentrations
since our most heavily doped n-type GaAs sample had
n = 5.8 x 10'® cm™3, see Table II). We found that AE;
and AE; may be expressed as functions of free-carrier
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FIG. 7. Dependence on doping concentration of the critical-point energies E; represented by the redshifts AFE; referred to
the undoped sample. (a) p-type GaAs:Zn, black dots, AE;1; crosses, AE; = A(E; + A1). The solid line represents the best fit
to the experimental data to a p* law, yielding a, = 0.43+0.04. The short-dashed line displays theoretical results which lead to
ap = 0.44 for critical point (CP) at k = (7/a)(3/8,3/8,3/8). The long-dashed line also gives the theoretical results (o, = 0.48)
for the CP at k = (7/a)(1/4,1/4,1/4) while those for the CP at L [k = (7/a)(1/2,1/2,1/2)] are represented by the dotted line
(ap = 0.40). (b) n-type GaAs, dots, AE1; crosses, AE;. Solid line, experiment (a, = 0.60 & 0.05). (c) p-type GaAs:Zn, dots,
APF,. Solid line, fit to those dots (ap = 0.49 £ 0.08). Long-dashed line, theory (o, = 0.51, CP at the X point). Short-dashed
line, theory [ap = 0.58, CP at k = (7/a)(3/4,1/4,1/4)]. (d) n-type GaAs, solid circles, E2. Solid line, fit to the experimental
points (an, = 0.60 £ 0.06). Whenever only one point is shown for a given n or p in (a) and (c) both values of AE; and AE;
are the same. (e) AE; for p-type GaAs (Zn-doped). Open circles, experimental data. Solid line, fit to the experimental points
(ap = 0.53 £0.03). n-type GaAs: solid circles, experimental data. Solid line, fit to the experimental points (a» = 0.21 £ 0.05).
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TABLE II.

7075

Values of o obtained from fits to the AE,; of different band gaps of GaAs with

doping concentration (free-carrier concentration) n (p) to n* or p* laws. The experimental AE; ,

and AFE; , are given for n = p =1 x 10*® cm™3,

an®

Theor. Expt.

Theor.

ap AFE;n
Expt. E (meV)

AE;,

AFE, 0.5 0.60 &+ 0.05

0.40°

0.43 + 0.04 79 20

0.44°

AE; 0.5 0.60 = 0.06

0.58¢

0.49 £ 0.08 72 19

0.51°

AE) 0.5 0.21 + 0.05

0.53 + 0.03 89 32

®Analytical calculation, see Eq. (16).
PAt k = (7/a)(1/2,1/2,1/2).

°At k = (m/a)(3/8,3/8,3/8).

dAt k = (7/a)(3/4,1/4,1/4).

°At k = (r/a)(1,0,0).

concentration in the form
AE, ~n® or p%, (2)

ap = 0.43 £ 0.04, o, = 0.60 £ 0.05. It is evident (see
Fig. 7) that AE; and AE; are the same for a given sam-
ple within the experimental error, with the exception of
the values for both Si-doped samples. For these samples
both AFE; and AE; lie clearly above the line represent-
ing the AE; ~ n® dependence, AE; being much larger
than AFE; for both samples. We have already seen that
the pseudodielectric function e, (Fig. 2) and the second
derivative of €5 with respect to energy (Fig. 4) for Si-
doped samples differ from the corresponding curves for
Sn-doped crystals with approximately the same carrier
concentration. Similar observations have been made for
some (but not all) of the remaining critical-point param-
eters. It is difficult to express quantitatively the depen-
dence of ATy (for Ey) and AT’y (for E; + Ay) with a
reasonable degree of confidence [Figs. 8(a) and 8(b)]. If
we assume the dependence

AT = I‘l,cloped - I‘ll,pure ~n* or p° (3)

(and likewise for AT';) then o, seems to be close to 0.3 for
both E; and E;+A; transitions in n-type GaAs, but with
rather large error bars (a, = 0.28 £0.09). The values of
oy, for p-type GaAs are 0.28 +0.05 for I'y and 0.28 £0.07
for AT';. In p-type GaAs we found systematically lower
values for AT; than for AT';.

We also were able to determine with reasonable accu-
racy the angle ¢ which represents the mixture of contigu-
ous 2D CP’s as expressed by the equation

e=A—1In(Ey— E —ihl') e*. (4)
In Fig. 9 we plot the dependence of ¢ on carrier con-
centration for the E; and Ey, + A; CP’s (¢1), E§ (¢p)
and Ej (p2). Generally this dependence, if any, is weak.
o1 is close to /2 for both E; and E; + A; transitions
irrespective of the type of sample, in contrast with the
dependence of AE;, AFE;, and T';, T'; on electron and
hole concentrations. The only exceptions are the ¢; val-
ues of Si-doped GaAs which are considerably lower (by
about 35°) than m/2.
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FIG. 8. Increase in Lorentzian broadening of critical point
AT'; with doping. (a) p-type GaAs (Zn-doped). (a1)Dots,
AT';. Crosses, Al';. Short-dashed line, fit to the experi-
mental AI'1 (o, = 0.28 £ 0.05). Solid line, fit to the ex-
perimental AT'1 (ap = 0.28 £ 0.07). Long-dashed line, the-
ory [ap = 0.47, CP at k = (w/a)(1/4,1/4,1/4)]. Dotted
line, theory [a, = 0.41, CP at k = (w/a)(3/8,3/8,3/8)].
(a2) Open circles, AT'2. Solid line, fit to the open circles
(ap = 0.46 + 0.08). Short-dashed line, theory [a, = 0.48,
CP at k = (n/a)(3/4,1/4,1/4)]. Long-dashed line, theory
[ap = 0.53, CP at k = (7/a)(1,0,0)]. (b) n-type GaAs: solid
circles, AT';. Crosses, Al';. Open circles, AT'z. Solid line,
experiment (AT'1), an = 0.28 & 0.09. Short-dashed line, ex-
periment (AT'; and AT2), an = 0.34 £ 0.09.
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FIG. 9. Dependence on doping of the excitonic parameter

¢ defined in Eq. (4) for E1, E,, and Ej} critical points. Only
experimental results are given since no quantitative theory
is available. Open circles, triangles, and x correspond to n-
type GaAs; solid circles, triangles, and + correspond to p-type
GaAs.

B. E; gap

We have already mentioned that the structure of the
E, transition in GaAs is rather complicated since it is
composed of several CP’s in different regions of the Bril-
louin zone having approximately the same energy. We
tried several possible fits to the experimentally deter-
mined second derivative of the pseudodielectric function
near E5. Our conclusion is that it may be best fitted
with a 2D CP, in agreement with Lautenschlager et al.1®
We did not investigate in detail whether this fit is jus-
tified from the point of view of the band structure of
GaAs (Ref. 16) since this point is not essential for the
evaluation of the dependence of E; on doping.

It is, however, of questionable value to express the de-
pendence of I's on doping level since especially this pa-
rameter is considerably influenced by the fact that the
E, region has contributions from several transitions: the
separation between these transitions, which may depend
on doping, contributes to the fitted value of I'. In spite
of it we find that I'; grows with increasing free-carrier
concentration in both n- and p-type GaAs, as expected.
Rather surprisingly, (2 is constant within the experimen-
tal error in the whole free-carrier concentration range,
namely, @2 = 7, which corresponds to a maximum 2D
CP. This value agrees within the experimental accuracy
with the results.®

It is known (see, e.g., Ref. 15) that at room temper-
ature the peak in e2(E) which represents the E; transi-
tions is rather broad. The same holds also for the cor-
responding structure in the second derivative of e (Fig.
6). In the latter we recognize a weak structure which
we found difficult to express with the help of additional
critical points, especially for heavily doped samples. Al-
though we succeeded in representing some of the experi-
mental curves, especially those for samples with low car-
rier concentration, with two CP’s we decided to use only
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one CP in order to represent the E; transitions for all our
samples. Therefore the accuracy of our results concern-
ing the dependence of E,, and especially the meaning of
the fitted value of I';, on carrier concentration is ques-
tionable.

Similarly to the case of the E, transitions we fit our
experimental results for F; with the relation

AE; ~n% or p%. (5)

We obtained by this procedure a;,, = 0.60 £ 0.06 and
ap = 0.49+0.08 [Figs.7(c) and 7(d)]. Hence both o, and
oy, for E, are the same, as for E, within the experimental
accuracy. Moreover, while the data for Si-doped n-type
GaAs differ from those characterizing n-type GaAs doped
with either Sn, Se, or Te in the case of the E; transitions,
there is almost no difference for the AE5 and AT'; values.
Also ¢y is about 13° smaller for Si-doped GaAs than
for the other samples with the same n or p (Fig. 9), a
difference much smaller than found for ¢; (61 = 35°).
We conclude qualitatively that Si atoms substituting for
Ga influence considerably the E; band gap (along A)
while their influence on the band states which contribute
to E» is smaller than for other donors. Let us note that
our ¢; and 3 for undoped samples agree with those
given in Ref. 15.

C. Ej gap

The E§ structure in undoped Si is ascribed to the
I'ys, — I'{s transition and its energy almost coincides
with that of the E; transitions [E§ = 3.40 eV, E; =
3.45 eV at 10 K (Ref. 13)]; in Ge Ej = 3.25 eV at
15 K (Ref. 13) and the Ej transition is isolated but
rather weak. In GaAs Ej = 4.488 eV, corresponding
to I'§ — I'¢ transitions, while Ej + A} = 4.659 eV.13 E}
is well separated from the FE; structure but, especially
for highly doped samples at room temperature, we can-
not completely neglect the influence of E; on Ej when
we try to describe analytically the experimental spec-
tra (second derivatives of £; and 5 with respect to en-
ergy). This fact complicates the interpretation of our
experimental results. When comparing our experimen-
tal d?%;/dE? = f(E) (i = 1, 2) functions with model
line shapes we conclude that 2D CP’s represent the data
well, in agreement with Ref. 15. Similar to the case of
the E; and E. transitions we attempted to approximate
the experimental results with

(o3

AE{j~n* or p%* ATg~n®* or p<.
This ansatz worked rather well for p-type GaAs but only
poorly, if at all, for n-type GaAs. [Fig. 7(e)] The results
of our calculation expressed in terms of o, o, (Eg) and
o, ap (Ig) are summarized in Tables II and III.

IV. THEORY

We use for calculating the influence of doping on the
band structure of GaAs the general approach which was
successful in the case of Si (Ref. 9) and Ge.!! It in-
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TABLE IIL

Values of o obtained from fits to the I';’s of different band gaps of GaAs vs

carrier concentration n (p) with a n® or p® law. Experimental AI';, and AT, are given for

n=p=1x10" cm™3.

as, ap Al n AT,
Theor.? Expt. Theor. Expt. E (meV)
AT 0.5 0.28 + 0.09 0.47° 0.28 + 0.05 42 18
0.41°
AT, 0.5 0.34 + 0.09 0.48¢ 0.46 + 0.08 46 23
0.53°
AT 0.5 0.18 + 0.03 0.88 + 0.06 98 17

2 Analytical calculation, see Eq. (16).

PAt k = (7/a)(1/2,1/2,1/2).
°At k = (/a)(3/8,3/8,3/8).
dAt k = (7/a)(3/4,1/4,1/4).
°At k = (7/a)(1,0,0).

volves the evaluation of first- and second-order pertur-
bation terms in the screened impurity potential. Like in
the cases of Si and Ge, the first-order perturbation terms
can be neglected. This is particularly true of our results
since the free-carrier concentration of our most heavily
doped sample (GaAs:Zn, p = 1 x 1020 cm™3) is more
than one order of magnitude lower than that of the most
heavily doped Si and Ge samples. It was concluded in
Refs. 9 and 11 that the first-order perturbation term (lin-
early proportional to the impurity concentration) could
only manifest itself for samples with the highest doping
levels: this effect was not identified in Ge and Si even for
the highest dopings available (~ 1020 cm™3).

The calculation of the second-order perturbation term
should be, for GaAs, similar to the case of Si and Ge.
The structure of the valence band is very similar to that
of Ge, not only qualitatively but also quantitatively (Ge:
mpn = 0.347, my, = 0.042; GaAs: mpp = 0.50, my, =
0.076). The calculation of the effect of acceptors on the
gaps of GaAs should thus parallel that for p-type Ge and
lead to similar results. The calculation for p-type GaAs
was performed numerically; the results are summarized
together with experimental data in Tables IT and ITI and
in Figs. 7 and 8.

The case of n-type GaAs should, in principle, be easier
than that of n-type Ge since the structure of its conduc-
tion band is simpler: no near degeneracy of the lowest
direct and indirect gaps occurs in GaAs, in contrast to
Ge. Also, there is only one absolute minimum at I'§ with
a scalar electron effective mass. Let us start with the
second-order perturbation term for the shift Ay,, of a
band energy (I is the band index) [see Ref. 9; Eq. (16)]:

im 2
Aa=N.T | (kn |Vi™P|k +q,m) |

6
€kl — €k+q,m ( )
with
4me? 4me?
Vime(q) = (7)
@) 2

where N, is the number of free electrons, q a wave vector,
er(q) the dielectric function of the pure host semicon-
ductor, ek, the electron energy, Vi™P the localized per-
turbing impurity potential. The Lindhard polarizability
F.(q}) is defined and discussed in Refs. 9 and 11. In the
special case of n-type GaAs we obtain

4me?

q?er(q) + *2=(372N,)/3g(q*)’

o1 1 \|, 1-%

o(a") = 1 {1 - {1 (%) ]}lnu%, ©)
where ¢* is defined in Ref. 9. The second term in the
denominator of Eq. (8) varies very rapidly with q around

¢ (note that m. = 0.065 in GaAs) and contributions
with ¢ close to ¢ = 0 may dominate since screening is
rather weak on account of the small mass. It is thus
necessary to use a very fine mesh of ¢ points close to zero
in the integration, a fact which complicates the numerical
procedure. Hence we made a rough estimate using the

following considerations. Neglecting the q dependence of
the wave functions we can write

S

m Skl €k+q,m
We want to find out how Ay, scales with N.. We have

VimP(q) = (8)

(10)

2

4me
Vlmp —
@) = (1)
where
4m 1/3 "
K? = = (3n°N.) " g(q"). (12)

g(g*) depends only weakly on ¢ and we can assume that
x? is independent of g. The following approximation is

then found:

4me? 1
A ~ Ne Z<q2+nz> . (13)

€kl — €k+q,m
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Around a band extremum related to a critical point:

hzq2
€kl = ektqm N T5— o (14)

where m* is an average effective mass. Therefore

1 2
Ak,l ~ Ne Z (m) F. (15)
q

We transform the summation in (15) into an integral and
find (let us denote N, = n)

In view of the relation between x and n contained in Eq.
(8) we come to the conclusion that

Axy ~ nl/2, (16)

Hence the slope in the dependence of In AE; on n (see
Fig. 7) is calculated to be a, = 0.5 when only intermedi-
ate states near the I'§ minimum are taken into account.
In view of the crudeness of the assumption involved in
Eq. (14) we believe that o = 0.5 is in reasonable agree-
ment with the experimental values for F; and E5 listed
in Table II (~ 0.6 £0.06). The experimental value for Ej
(a0 =~ 0.21 £ 0.05) is however considerably smaller.

V. DISCUSSION

When comparing the results found for Si (Ref. 9) and
especially for Ge (Ref. 11) with the present data for GaAs
there appear some common features but also some notice-
able differences. The common features concern the qual-
itatively similar dependence of AFE; and AI'; on doping
concentration and the possibility of expressing both ef-
fects with the help of the same semiempirical relations,
namely, A; ~ p® or n®, AT'; ~ p® or n®. The most sig-
nificant difference is that in GaAs the experimental val-
ues of both AE; and AT'; differ considerably for n- and
p-type samples. Especially, the magnitudes of AE; and
AT; at the carrier concentrations n or p = 1 x 10!? ¢cm ™3
differ remarkably, as displayed in Tables II and III. They
are larger for n-type than for p-type samples.

The blurring of the F; peak, especially with respect
to E; + Aj, is more pronounced in n-type samples even
at much lower impurity concentrations than in p-type
ones and at concentrations 1-2 orders of magnitude lower
than for Ge (Ref. 11) (compare our Figs. 1 and 2 with
Fig. 1 in Ref. 11). The difference is not so large for the
second derivative d%¢/dE? (compare our Figs. 4 and 5
with Fig. 2 in Ref. 11). Particularly interesting is the
case of n-type GaAs doped with Si (we had two samples
of this sort, see Table I, both giving the same qualitative
results) where E; and E;+A; peaks are indistinguishable
on the €5 curve (Fig. 2). Also the second derivatives
d*c?/dE? of Si-doped GaAs differ in the region of E; +A;
peak considerably from that of pure GaAs and the n-type
GaAs doped with Sn with almost the same free-electron
concentration (Fig. 4). The reason for this difference

is not clear. Contrary to the case of Ge,!! where the
blurring of the E; peak was accompanied by a decrease
of the ¢, angle (which represents the amount of excitonic
interaction in the E; structure, see Fig. 3 in Ref. 11), in
the case of GaAs p; depends only weakly, if at all, on free-
carrier concentration irrespective of whether the sample
is n- or p-type. The ¢; value is close to 90° except for
Si-doped samples, which means that, at least at room
temperature, the F; transition has the character of an
almost pure 2D saddle point.

Our experimental data for p-type GaAs in the region of
E; and E;+A; transitions agree best with an assignment
to the A region centered at k = (7/a)(3/8,3/8,3/8), as
demonstrated in Table II. At k = (n/a)(1/2,1/2,1/2)
we find considerably worse agreement between theory
and experiment and for k = (m/a)(1/4,1/4,1/4) the
calculated o is 0.48 and AFE) exp/AFE1 theory = 2 (p =
1 x 109 cm™3).

For the FE, transition we performed the calculation at
k = (n/a)(3/4,1/4,1/4) and k = (7/a)(1,0,0). For
AFE,; we obtained slightly better agreement with experi-
ment for k = (7/a)(1,0,0) [see Fig. 7(c)] while for AT’y
agreement is clearly better when the calculations are
performed at k = (w/a)(3/4,1/4,1/4) [see Fig. 8(a)].
While this is not wholly satisfactory, it is not surpris-
ing in view of the rather complicated structure of the E;
transitions.'® We may thus conclude that our results are
compatible with the interpretation of Lautenschlager et
al.'® who assigned the E» transition in GaAs predomi-
nantly to the region around k = (7/a)(3/4,1/4,1/4).

It is difficult to comment on the Ej transitions. While
we can represent the experimental curves with a 2D CP,
large scattering between calculated curves and experi-
mental points is obtained. The dependence AEj, on p
seems to be reasonable [Fig. 7(e)] but AE;, = f(n)
gives the physically unreasonable result o, = 0.21 +0.05
[ should lie between 1/3 and 1 (Refs. 11 and 17)].

In spite of the fact that they found some difference be-
tween calculated values of o for n- and p-type Ge, Vifia
and Cardona!l could not detect any such difference in
the experimental results. On the other hand, there are
considerable differences for n- and p-type GaAs. We have
demonstrated here that differences are found not only for
the a values but also for the AF; at a specific carrier con-
centration n = p (see Table II). The same is true for AT’;
(Table IIT). Unfortunately, the impurity concentrations of
our n- and p-type samples do not overlap, the highest n
being lower than (but comparable to) the lowest p value.
Nevertheless we have been able to establish that AFE; and
AT; of n-type GaAs at n = p =1 x 101 cm™3 is about
3-4 times larger than those for p-type GaAs. Rather sur-
prisingly, the values of ¢ and A (not given here) expressed
as functions of n and p result in smooth, monotonic lines.
A comment concerning the difference between the effects
of Si and those of other n-type dopants is in order. We
have repeatedly obtained such differences, in particular
consistent results were obtained for epitaxial and for bulk
Si-doped samples. Our results are also in agreement with
data for heavily Si-doped samples recently published by
Snyder and Xiong.!® Nevertheless the lack of a basic un-
derstanding of those differences suggests that they should
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be treated with caution. Systematic measurements on
more samples for several surface treatments and oxide
thicknesses are required in order to confirm or refute such
effects. In this respect we mention that differences be-
tween the effects of As and P on the dielectric function of
Si reported in Ref. 18 were shown to result from surface
conditions by Aspnes, Studna, and Kinsbron.?°

Note added in proof. The results reported here for
E; and E; + A; may be slightly affected by the Franz-
Keldysh effect induced by the surface electric field. Ex-
periments to ascertain this contribution are in progress
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[M. K. Kelly (private communication)]. The effect of ac-
ceptor passivation with deuterium on the elliposometric
spectra has been recently reported [P. de Mierry and M.
Stutzmann, Phys. Rev. B 46, 13142 (1992)].
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