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Anomalies observed in the shallow acceptor states in GaAs

15 DECEMBER 1985

D. C. Reynolds, K. K. Bajaj, and C. W. Litton
Avionics Laboratory (AFWAL/AADR), Air Force Wright Aeronautical Laboratories,

Wright-Patterson Air Force Base, Ohio 45433-6543
(Received 21 June 1985)

Bound-exciton transitions have been observed from the shallow acceptors zinc and carbon in
good-quality epitaxial layers of GaAs. The exciton transitions of interest are those that leave the ac-
ceptor in an excited terminal state. Three excited states were observed for carbon and six excited
states for zinc. The energy positions of the higher excited states in zinc are compared with the
theoretical predictions from the hydrogenic model. The carbon and germanium shallow acceptors
reflect central-cell effects in the energies of their 2P states. These results are contrary to the theoret-
ical predictions that the energy levels of the P states should be independent of impurity type.

INTRODUCTION EXPERIMENTAL DETAILS

The shallow acceptors in GaAs have been investigated
both experimentally' and theoretically ' for many
years. In dealing with shallow impurities in materials
having single nondegenerate bands, the effective-mass
theory has been used to effectively describe these impuri-
ties. The solutions to these shallow impurity problems are
similar to those for the hydrogen atom and thus the
nomenclature hydrogenic model for treating these impuri-
ty states. In materials that crystallize in the zinc-blende
structure, such as GaAs, the valence band is degenerate at
the I point, complicating the effective-mass theory for
treating the acceptors in these materials. It might be ex-
pected that the higher excited states of the acceptors could
be explained by the hydrogenic model. -However, exam-
ination of data available for some of the higher excited
states does not bear this out. Due to complications in-
volved in the theory, it appears that understanding the ac-
ceptors in GaAs can best be approached experimentally at
this time. There are a number of observations that are
somewhat perplexing in that they do not conform to what
one would expect from theoretical predictions. For exam-
ple, one would not expect to observe central-cell effects in
the excited P-state transitions of the shallow acceptors;
however, it was shown by Kisker et al. that the P states
of the Ge acceptor are appreciably displaced in energy
from the P states of C, Zn, and Si. We also show that the
P states of C are displaced in energy from the P states of
Mg, Zn, and Si. Here the magnitude of the displacement
is less but it is still greater than can be accounted for by
experimental error. It would also be expected that the
central-cell effects observed in the higher excited S states
would become negligibly small as the higher quantum
number states are reached. The central-cell effect should
fall off as (1/n) where n is the principal quantum num-
ber. For n =3 and n =4 S states the central cell should
not be detectable; however, we show that this is not the
case.

The above observations are, for the most part, unex-
plained. The additional experimental data may prove
helpful in understanding the overall shallow acceptor
problem in GaAs.
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The crystals used in this study were undoped, high-
purity, expitaxial layers of GaAs grown on semi-
insulating GaAs:Cr substrates by the H2.AS2C13.Ga
vapor-deposition technique. Transport measurements
were used to characterize the electrical parameters of
these samples. The samples were P type. The hole mobil-
ities were -400 cm /V sec with concentrations
P -10' /cm at 300 K. The experimental apparatus em-
ployed in this investigation permitted high-resolution pho-
toluminescence measurements to be performed at 2 K and
in magnetic fields up to 40 kG. In the intrinsic region of
GaAs a dispersion of 0.54 A/mm was achieved using a
4-m spectrometer.

EXPERIMENTAL RESULTS AND DISCUSSIONS

In this experiment the acceptors and their higher excit-
ed states were identified by high-resolution photolumines-
cence spectroscopy. The optical transitions that were used
to identify the acceptors result from the collapse of
neutral-acceptor bound excitons. This was one of the
techniques used by Ashen et aI. ' to tabulate the energy
levels of acceptors in GaAs. In the current experiment
the data we obtain are for higher excited states. When an
exciton bound to a neutral-acceptor state (A X) decays,
the terminal state will consist of the neutral acceptor in
the ground state or an excited state. It can be shown from
symmetry considerations that the 2S state and higher ex-
cited S states are the allowed terminal states. These tran-
sitions are parity forbidden in the direct optical excitation
of the hole bound to an acceptor. The excited S-state en-
ergies are the internal transition energies of the acceptor.
Using these energies one would like to be able to theoreti-
cally predict the binding energy of the acceptor. The pho-
toluminescence spectra from which six excited states of
the Zn acceptor can be observed are shown in Fig. 1. In
this paper emphasis will be placed on the excited states of
Zn, since several more are observed and they allow com-
parison with predictions from the hydrogenic model. If
the selection rules are obeyed, then all of these states are S
states. The energies of these states for the Zn acceptor are
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FIG. 1. Relative intensity as a function of energy showing six
excited states of the Zn acceptor.
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listed in Table I; also listed are the energies that would be
expected from the hydrogenic model. It is seen that even
the highest excited-state energies are not adequately
predicted by the hydrogenic model (hydrogenic series ob-
tained from the known binding energy). Taking the 1S3/2
ground-state energies for the shallow acceptors in GaAs
from Ashen et al. ,

' a composite plot of the available

Quantum
state Energy

hE (meV) AE (meV)
Experimental Hydrogenic model

TABLE I. Experimental energies of six excited states of the
Zn acceptor in GaAs. Also included are the experimental ener-

gy differences and the energy differences predicted from the hy-
drogenic model.

excited-state binding energies of these acceptors can be
constructed as shown in Fig. 2. The plot consists of data
from the literature as well as new excited-state data for C
and Zn from the current experiment. In this'figure the
ground-state binding energies are plotted as the abscissa,
with the appropriate placing of the various acceptors.
The excited-state binding energies of the acceptors are .

plotted as the ordinate. The displaced 2P-state energies of
Ge taken from Kisker et al. are immediately obvious.
Central-cell effects would not be expected to be reflected
in the P-state transitions. Less obvious, however still real,
are the displaced 2P-state energies associated with the C
acceptor. Carbon also reflects the central-cell effect in the
2P excited states.

The 2S states for all of the acceptors clearly reflect the
central-cell effects. A linear change in central-cell energy
with acceptor binding energy is observed for all of the ac-
ceptors except Si and Cd. It is not clear what causes their
departure. The 3S states should reflect less of the central
cell than the 2S states; therefore, the transition from the
1S state to the 3S state should contain more of the central
cell than the 1S state to the 2S state. The slope of the
linear relationship for the 3S states should be somewhat
greater than it is 'for the 2S states; in fact, the slope is
somewhat less than it is for the 2S states. The slope of
the linear relationship for the 4S states is not measurably
different than that of the 3S states. These measurements
do not reflect the expected falloff in central-cell correction
with increasing excited-state quantum number. If one
analyzes Fig. 2, it becomes apparent that if the 2P states
of Ge did not reflect the central cell, the 2P3/p state
would fall lower in energy than the 2S3/2 state, and the
2P5/2(I 7) state would fall lower in energy than the 3S3/p
state. This would result in a different ordering of states
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FIG. 2. Excited-state binding energy as a function of the
ground-state binding energy for six different acceptors in GaAs.
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than is theoretically predicted by Baldereschi and I.ipari
(BL). In their theory BL use an effective-mass Hamil-
tonian, with the Coulomb potential screened by the static
dielectric constant, and calculate the binding energies of
the ground state and of several low-lying excited states of
acceptors in a number of semiconductors. No central-cell
effects are included in their theory. Using the then-
known values of the physical parameters, they calculate
the binding energies of the 1S3/2, 2S3/2, 2P3/2(I s),
2P5/2(l s), and 2P5/2(l 7) states in GaAs and find these to
be 25.67, 7.63, 11.38, 7.20, and 5.33 meV, respectively.
The binding energy of the ground state of carbon is very
close to that calculated by BL (Ref. 5) and thus should
have the least amount of central-cell correction. All the
other acceptors should have positive values for this
correction. In their calculation they treat the spherical
part of the Hamiltonian variationally and calculate the
contribution of the cubic terms using perturbation theory.
In addition, they ignore the effect of the split-off valence
band, as it is energetically separated from the topmost
valence band by an amount much larger than the binding
energy of an acceptor. They then solve for the 4&(4 Ham-
iltonian matrix. In a subsequent paper BL (Ref. 7) use a
position-dependent dielectric function and include the ef-
fect of the split-off valence band. They solve for the 6)&6
Hamiltonian matrix variationally and calculate the bind-
ing energies of odd parity states in Ge and Si. Bernholc
and Pantelides (BP) have also calculated the binding en-
ergies of the ground states of shallow acceptors in a large
number of semiconductors using a variational approach.
As in Ref. 7 they include the effect of the split-off valence
band and solve for the 6X6 Hamiltonian matrix. They
consider the cases in. which the Coulomb potential is
screened by a constant static dielectric constant and by the
position-dependent dielectric function. Using the same
physical parameters as those used by BL (Ref. 5), they
calculate the binding energy of the ground state of an ac-
ceptor in GaAs. For the case of a constant dielectric con-
stant the binding energy is 27.5 meV, whereas for the
position-dependent dielectric function it is 32.6 meV. If
one were to accept the latter value, then Zn has the small-
est (slightly negative) central-cell correction with Si, Cd',
and Ge having positive, and C, Be, and Mg having nega-
tive values for the central-cell correction, respectively. BP
(Ref. 6) do not calculate the binding energies of the excit-
ed states. It is therefore not clear whether the use of the
position-dependent dielectric function will significantly
modify the excited-state energies or their ordering in
GaAs. It has been suggested that Ge, being isocoric, may
have least central-cell correction, with all other shallow
acceptors having negative corrections. The binding ener-

gy of the Ge acceptor (40.4 meV), however, is about 8
meV larger than that calculated by BP. In addition, BP
(Ref. 6) have also calculated the binding energies using the
high-frequency dielectric constant and high-frequency
position-dependent dielectric function and obtained values
of 36.9 and 50.2 meV, respectively. As the shallow accep-
tor binding energies in GaAs are comparable to the longi-
tudinal optical-phonon energy (36 meV), it is not clear as
to what form of dielectric screening should be used. This
discussion points out the problem, namely, we do not
know the energy levels of an ideal acceptor (no central-cell
correction), either from theoretical or from experimental
studies.

As pointed out earlier, the ordering of the energy levels
as calculated by BL (Ref. 5) using effective-mass theory,
is obeyed by all known shallow acceptors in GaAs. For
the Ge acceptor the ordering was maintained because the
binding energy of the 2P3/2(Is) level is considerably
larger than its value for other acceptors. It is not at all
clear why this happens, because the P states are not ex-
pected to show any dependence on the type of the impuri-
ty atom (no central-cell effects). In principle, it should be
possible, for example, for the 2S3/2 level to be more
bound than the 2P3/2(l s) level if the central-cell effects
were large enough. It is apparently not the case in GaAs.
In Si, however, the binding energy of the 2S3/2 level is
larger than that of the 2P3/2(l s) level for the In acceptor,
which has a very large central-cell correction. Energy lev-
els of acceptors in some other semiconductors such as
Ge, InSb, InP, '

A1Q 47GaQ 53As, " ZnSe, ' and ZnTe
(Ref. 13) all exhibit the same ordering as in GaAs.

CONCLUSIONS

Several anomalies have been, observed in the behavior of
shallow acceptors in GaAs. Both the C and Ge acceptors
reflect central-cell effects in the energies of their 2P
states. Theory predicts that the P states should be in-
dependent of impurity type. Six excited states are report-
ed for the first time for the Zn acceptor. It might be ex-
pected that the higher excited states would conform to the
hydrogenic model. This was not observed in the case of
the Zn acceptor. The central-cell effects for higher quan-
tum number S states should fall off as (lin)3 This.
behavior was not strictly observed for the shallow accep-
tors in GaAs.

A quantitative description of the excited-state acceptor
energy levels in GaAs is not available at this time. It is
clear that more theoretical work is required to bring about
a better understanding of the shallow acceptor levels in
GaAs.

~D. J. Ashen, P. J. Dean, D. T. J. Mullin, A. M. White, and P.
D. Cxreene, J. Phys. Chem. Solids 36, 1041 (1975).

R. F. Kirkman, R. A. Stradling, and P. J. Lin-Chung, J. Phys.
C 11, 419 (1978).

A. T. Hunter and T. C. McGill, Appl. Phys. Lett. 40, 169
(1982).

4D. W. Kisker, H. Tews, and W. Rehm, J. App. Phys. 54, 1332
(1983).

5A. Baldereschi and N. O. Lipari, Phys. Rev. B 8, 2697 (1973);
9, 1525 (1974).

J. Bernholc and S. T. Pantelides, Phys. Rev. B 15, 4935 (1977).
7A. Baldereschi and N. O. Lipari, Proceedings of the 13th Inter

national Conference on the Physics of Semiconductors, Rome,
Italy, edited by F. G. Fumi (Typografia Marves, Rome, Italy,
1976), p. 595.

See Ref. 12 in R. C. Miller, A. C. Gossard, W. T. Tsang, and



32 ANOMALIES OBSERVED IN THE SHALLOW ACCEPTOR STATES IN GaAs 8245

O. Munteanu, Phys. Rev. B 25, 3871 (1982).
9N. O. Lipari, A. Baldereschi, and M. L. W. Thewalt, Solid

State Commun. 33, 277 (1980).
0P. J. Dean, D. J. Robbins, and S. G. Bishop, Solid State Com-

mun. 32, 379 (1979).

J. C. M. Henning, J. J. P. Noijen, and A. Cx. M. de Nijs, Phys.
Rev. B 27, 7451 (1983).

~~H. Tews, H. Venghaus, and P. J. Dean, Phys. Rev. 8 19, 5178
(1979).
H. Venghaus and P. J. Dean, Phys. Rev. B 21, 1596 (1980).


