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generate CdS crystals. The background conductance
of these junctions is well understood on the basis of
the work of CDMT.! These tunnel junctions exhibit
strong structure at biases corresponding to the LO
phonon energy which may be understood, at least
qualitatively, by consideration of the F(k) relation
in the semiconductor as modified by screened polar
coupling to the LO phonon. The results are contrasted
with existing data on GaAs junctions where the
electron-phonon coupling is of the same type but
considerably weaker.

Studies of the conductance peaks of the Appelbaum-
Anderson type have shown that their magnetic field
dependence is consistent with the model of Wolf and
Losee? for the microscopic origin of the localized
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magnetic moments in a Schottky barrier. A large
negative g shift is observed for these moments and
lifetime broadening effects appear to be important in
understanding the detailed structure of the ZBA.
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Photoexcitation spectra associated with acceptorsin p-type aluminum antimonide have been studied. Four
sets of sharp photoexcitation lines are observed at liquid-helium temperature; they are absent at liquid-
nitrogen or higher temperatures. Equal spacings between pairs of prominent lines in three of these spectra
are consistent with an effective-mass-like description for the excited states. The effect of uniaxial stress
on several of the acceptor photoexcitation lines has been studied for compressive force F parallel to (111)
or (100). The splittings and the polarization patterns may be interpreted if it is assumed that the acceptor
centers have Tq site symmetry, and that the bound hole states are not sensitive to a possible departure
from a germaniumlike valence band with its maximum at k=0.

I. INTRODUCTION

CCEPTOR centers can be formed in a ITI-V com-
pound such as aluminum antimonide in a number
of ways. For example, a group-II atom, when sub-
stituted for an aluminum atom in the aluminum anti-
monide lattice can act as an acceptor,! as can a group-IV
atom substituted for an antimony atom.! More com-
plicated acceptor centers, associated with vacancies,
interstitial atoms, or clusters of impurities can also be
visualized.
Extensive studies of donor and acceptor photoexcita-
tion spectra in germanium?? and silicon*~® have demon-
strated that significant information about the states

* Work supported by the Advanced Research Projects Agency.
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of charge carriers bound to the impurities and about
properties of the host crystal can be obtained from
such investigations. The application of uniaxial stress,
used in conjunction with linearly polarized light, has
proven to be of considerable value in interpreting these
spectra.*® Among the ITI-V compounds, photoexcita-
tion spectra have been observed for tellurium and
selenium donors in aluminum antimonide,” manganese
acceptors in gallium arsenide,™ and in #-type indium
antimonide with the application of high magnetic
fields.”? Preliminary observations of acceptor spectra in
gallium antimonide and indium antimonide have also
been made.® The authors have presented brief reportst
on the photoexcitation spectra of acceptors in aluminum
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F1e. 1. Excitation spectrum of acceptors in an AlSb sample
with room-temperature hole concentration (300°K)=3X10%
cm™T3,

antimonide and their piezospectroscopic effects. The
purpose of the present paper is to give a detailed
account of this work.

II. EXPERIMENTAL PROCEDURE

Perkin-Elmer double-pass grating monochromators
(Model No. 112G) were used for the measurements
reported here. These monochromators were equipped
with Bausch & Lomb plane-blazed reflection gratings.
The experimental procedures and sample preparation
techniques have been described elsewhere.!® The samples
used in these investigations were obtained from Bell &
Howell.?® The aluminum antimonide (AISb) ingots were
grown by the Czochralski technique without any inten-
tional doping. At the present state of the art such
material apparently always turns out to be p-type.
The samples used have room-temperature hole con-
centrations in the range 3X10'"-5X10'% cm=3.15 The
acceptor photoexcitation lines were observed to lie
mostly to the long-wavelength side of the reststrahlen
band at 31.4 u.1% For these lines the long-wavelength
limit of the reflectivity, R=0.360,'% was used to calcu-
late the absorption coefficient. For the lines occurring
on the short-wavelength side of the reststrahlen band,
the short-wavelength limit R=0.260 was used.1

III. EXPERIMENTAL RESULTS AND DISCUSSION :
ZERO-STRESS RESULTS

The absorption spectra measured at liquid-helium
and liquid-nitrogen temperatures in a sample of p-type
AlSb having a room-temperature hole concentration
2(300°K)~3X10% cm~* are presented in Fig. 1. In
Fig. 2 is shown the helium-temperature absorption
spectrum of a sample having $(300°K)~9X 10 cm™3.
This sample was cut from the bottom of the same ingot
from which the sample of Fig. 1 was cut. As can be
seen in both figures, four strong, well-resolved lines,

1 Bell & Howell Research Laboratories, 360 Sierra Madre
Villa, Pasadena, Calif. 91109. The carrier concentrations quoted
in this publication are from the data supplied by the manufacturer.

16 W. J. Turner and W. E. Reese, Phys. Rev. 127, 126 (1962).
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Fic. 2. Excitation spectrum of acceptors in an AlSb sample
with p(300°K) =910 cm™3. This sample was cut from the
same ingot as was the sample of Fig. 1.

labelled 41, D1, A2, and A3, are observed at liquid-
helium temperature. Two weak shoulders, denoted by
D1’ and D1” occur on the high-energy side of D1. In
addition, two weak lines labelled ¥ and B2 are ob-
served. Lines A1, A2, and A3, are much stronger in
Fig. 2 than in Fig. 1, as would indeed be expected on
the basis of the room-temperature hole concentrations
of the respective samples.’® On the other hand, lines
Y and D1 do not show a corresponding increase in
intensity. At liquid-nitrogen temperature, the absorp-
tion lines have all but vanished, although some struc-
ture is observable near the positions of ¥, 41, D17, and
A2. In the range where the above spectra are observed,
the samples are opaque at room temperature; free-hole
absorption and inter-valence-band absorption'” would
be expected to contribute to this opacity. At the high-
energy end of this region it is possible that the width
of the reststrahlen band at 300°K also contributes to
the absorption. None of the above lines has been ob-
served in n-type AlSb.® From these observations we
conclude that lines 41, 42, and 43 do indeed arise
from photoexcitation of holes bound to the same type
of acceptor center. On the other hand, no definite
conclusions about the origin of lines D1, B2, and ¥ can
be reached on the basis of the results presented so far.
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Fic. 3. Excitation spectrum of an AlSb sample
having $(300°K) =~ 510 cm™3.

17 R. E. Braunstein and E. O. Kane, J. Phys. Chem. Solids 23,
1423 (1962).
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F16. 4. Absorption spectrum of a p-type AISb sample in the
range 86—140 meV. C1 and C2 are acceptor photoexcitation lines,
while C3 is the one-phonon replica of C1; $(300°K) =~ 51016
cm™3.

The absorption spectrum observed at liquid-helium
temperature in a p-type sample with $(300°K) =~ 3X 1018
cm™® is presented in Fig. 3. This sample was cut from
a different ingot than that of Figs. 1 and 2. Lines 41,
A2, and A3 have increased markedly in intensity. Line
Y, on the other hand, is barely discernible on the low-
energy wing of A1. In addition to the 4 lines and line
D1, three well-resolved lines labelled B1, B2, and B3
are observed. Line B2, the strongest of the B lines,
occurs at the position of the weak line labelled B2 in
the preceding figures. Anticipating the results to be
presented below, line ¥ does not show any significant
effects when the sample is subjected to uniaxial com-
pressions sufficiently large to produce sizable splittings
of the A lines. This is characteristic of vibrational
lines, for which very large stresses are required to
produce observable effects.!® For this reason, and be-
cause its intensity is not correlated with the intensities
of either the 4 lines or the B lines, line ¥ appears to
be of vibrational origin. Line D1, however, does show
observable stress effects and hence must be of electronic

TasiLE I. Energies and spacings of lines observed
in p-type aluminum antimonide.

Energy Spacing between Spacing

Line No (meV) lines (meV)

Al 24.66+0.06 A3 & A2 2.78+0.12

B1 26.214+0.04 B3 & B2 2.78+0.19

D1 27.17+0.06 C2 &C1 2.78+0.32

DY’ 27.53+0.10 A2 & A1 4.95+0.11

D1 27.874+0.09 B2 & B1 4.6840.13

A2 29.414+0.05

B2 30.9040.09

A3 32.1940.07

B3 33.68+0.10

A4 65.0 +0.5

A5 67.4 +0.2

C1 91.68+0.12

C2 94.46+0.20

C3» 134.0 +0.2

a Attributed to a hole photoexcitation transition accompanied by the
simultaneous emission of a phonon.

18 G. S. Hobson and E. G. S. Paige, Proc. Phys. Soc. (London)
88, 437 (1966).
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origin. Since its intensity is correlated with neither the
A lines nor the B lines, it may be associated with a
third type of acceptor center.

As shown in Fig. 4, yet another acceptor photo-
excitation spectrum is observed for the same sample as
that in Fig. 3. At liquid-helium temperature, two sharp
lines labelled C1 and C2 are observed. These lines are
not observed at liquid-nitrogen or at room tempera-
tures. The high background absorption in this spectral
region at liquid-helium temperature may arise from
photo-ionization of the shallower acceptors. Line C3,
at 134.0 meV, is energetically equivalent to the hole
photoexcitation transition which gives rise to C1 ac-
companied by the simultaneous creation of an LOr
phonon. A search was made to locate counterparts of
C3 for the 4 and B lines. Two very weak lines labelled
A4 and A5 are observed at 65 and 67.4 meV corre-
sponding to the transition giving rise to 41 accompanied
by the creation of a TOr and an LOr phonon, respec-
tively. In all three cases, the hole excitation plus phonon
emission transitions are weaker than the donor photo-
excitation plus phonon emission transitions observed in
n-type AlSb.10

The energies of the lines attributed to acceptors in
AISb are presented in Table I. It should be noted that
the 4, B, and D lines, with the exception of B3, lie at
energies consistent with the 33-meV value reported by
Stirn and Becker for the ionization energy of an
unidentified acceptor in AlSb from the same ingot as
the sample of Fig. 3. Although line B3, at 33.68 meV,
lies above this value, the experimental uncertainty in
determining the ionization energy from electrical mea-
surements is presumably large enough for this line to
lie below it. The observation of the C lines in samples
having $(300°K)=~5X10% cm— and its absence in
samples cut from the ingot with lower hole concentra-
tion are consistent with Hall-effect data from Bell &
Howell for these samples which indicate the existence
in the former ingot of an acceptor which is deeper than
those in the latter ingot.?

From Table I it is readily seen that the spacings
between lines 43 and A2, B3 and B2, and C2 and C1
are all equal to 2.78 meV. Inspection of the three sets
of spectra indicates, moreover, that the intensity ratios
I1(A2)/1(A43), I(B2)/I(B3), and I(C1)/I(C2) are very
similar. Furthermore, the spacing between lines 42 and
A1, 4954+0.11 meV, is close to the spacing between
lines B2 and Bl1, 4.684-0.13 meV. This behavior is
characteristic of bound hole states described by the
effective-mass theory, and suggests that such an ap-
proach may have some merit for describing acceptor
states in AISb. Theoretical calculations for acceptor
states in AISb have yet to be performed. It is, however,
useful to characterize the symmetries of the states
involved in the transitions. This can be achieved from
piezospectroscopic studies.

BR. ] Stirn and W. M. Becker, Phys. Rev. 148, 907 (1966).
2 R. K. Willardson (private communlcatlon)
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F16. 5. Theoretical valence-band
structure (not to scale) of (a) a III-V
semiconductor, and (b) of a homo-
polar group-IV semiconductor. Spin-
orbit effects are included. The num-
bers in parentheses denote the degen-
eracies of the various valence-band
branches. The group theoretical nota- A (2)
tion is that of Ref. 21. (Reproduced )
from Ref. 1.) Le

IV. PIEZOSPECTROSCOPIC EFFECTS
A. Theoretical Considerations

In order to characterize the symmetry of the acceptor
states in the effective-mass approach, it is necessary to
consider the symmetry of the valence band with which
they are intimately associated. The valence band of the
III-V compounds is shown in Fig. 5(a); this has been
deduced theoretically by Dresselhaus,? Parmenter,?
and Kane.?? In this model, the valence-band maxima
are shifted slightly away from k=0, with the highest
maxima lying along the (111) directions. Eight maxima
are expected along the (111) directions, while six and
12 maxima are expected along the (100) and (110) direc-
tions, respectively. In addition, the twofold degenerate
upper As level is expected to have its maximum at
k=0. Also, the lower As band, which is depressed by
the spin-orbit interaction, is twofold degenerate and
has its maximum at k=0. The shift of the valence-band
maxima away from k=0 is a consequence of the absence
of the center of inversion in the zinc-blende lattice of
the ITI-V compounds; i.e., the shift arises because of
the dissimilarities between the group-III and group-V
atoms comprising the lattice. Considering the dissimi-
larities between the aluminum and antimony atoms,
this effect may be larger for AISb than for some of the
other ITI-V compounds such as, for example, InSbh. If
in contrast to this, the masses and electronic charge
distributions of the group-1IT and group-V atoms tend
to become nearly equal, the maxima should lie closer
to k=0, and the valence-band structure should then
tend to resemble that of a homopolar semiconductor like
germanium, which has the valence-band structure
shown in Fig. 5(b). It should be noted that the mag-
nitudes of the shifts of the valence-band maxima away
from k=0 also depend on the spin-orbit splitting,?
which is ~0.75 €V in AISb."”

It is apparent that predictions about the symmetries
of acceptor states closely linked to the valence-band
structure depicted in Fig. 5(a), including their behavior
under stress, would be, in principle, complicated. From
the experimental results to be presented in Sec. IV B,

2t G. Dresselhaus, Phys. Rev. 100, 580 (1955).
22 R. H. Parmenter, Phys. Rev. 100, 573 (1955).
% E. O. Kane, J. Phys. Chem. Solids 1, 249 (1957).
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however, it will be clear that the stress-induced be-
havior of the acceptor lines can be described with
success by assuming the simpler germaniumlike valence
band for AlSb and 7, site symmetry for the acceptor;
the acceptor states will then have the same symmetry
as those of group-III acceptors in silicon or germanium.

Good summaries of the theory of the acceptor states
associated with group-III atoms in silicon or germanium
have been given by Onton ef al.® and by Fisher and
Ramdas.?* The acceptor ground-state wave functions
form a basis for the irreducible representation I's of the
double group 73,25 while the excited-state wave func-
tions form a basis for either I's, I'7, or I's. The upper
valence band, which can be characterized by an angular
momentum quantum number J=% and is fourfold
degenerate at k=0, splits into two twofold-degenerate
bands when a uniaxial stress is applied. For an applied
uniaxial force F, the M ;== states separate from the
M ;=7 states according to

AE¢3/2= +%A100 s

1
AEi12=—%A10 for F|(100), )
where Ago=2b(s11—512)7T, and according to
AE 3=~+%A11,
+3/2 24111 (2)

AELy=—%Am for F|[(111),

where Ay= (d/V3)suT, both Ay and Agp being mea-
sured in terms of hole energy. Here b and d are the
deformation potential constants of the valence band
for uniaxial stress along the (100) and (111) directions,
respectively?®; s11, s12, and s44 are the elastic compliance
constants; T is the stress produced by F and is defined
to be positive for tensile force. Since the splittings
given by Egs. (1) and (2) have been deduced from the
symmetry of the valence band, identical relationships
should hold for the splittings of the I's acceptor states,
although, in principle, the deformation potential con-
stants can be different for each state. An excited state

2 P, Fisher and A. K. Ramdas, in Physics of the Solid State, edited
by S. Balakrishna, M. Krishnamurthy, and B. Ramachandra Rao
(Academic Press Inc., London, 1969).

% For the notation used here, see G. F. Koster, J. O. Dimmock,
R. G. Wheeler, and H. Statz, Properties of the Thirty-Two Point
Groups (MIT Press, Cambridge, Mass., 1967).

26 G, L. Bir, E. I. Butikov, and G. E. Picus, J. Phys. Chem.
Solids 24, 1467 (1963).
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having wave functions which form a basis for either
Ts or I'; will not split, however, because the twofold
Kramers degeneracy must be retained under stress.2”.28
Using group-theoretical arguments, the symmetries of
the stress-induced sublevels of a given state and the
selection rules for optical transitions may be deduced
in the usual manner. Splittings of the various types of
states and the selection rules are shown in Fig. 6 for
F||(111) and F|[{100).

Group-theoretical considerations may also be used to
calculate the relative intensities of the various stress-
induced components of a given line if the symmetries
of the initial and final states of the components are
known. Following the theoretical treatment of Kaplyan-
skii,?® Onton et al.’ have calculated the intensities of
the various stress-induced components of group-I1I
acceptor lines in silicon and germanium. The ratio of
two undetermined parameters, Cy and C,, appears in
the calculation of relative intensities for the stress-
induced components of a line which arises from a
T's— TI's transition in the absence of stress. Only one

T. AHLBURN AND A. K. RAMDAS
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undetermined parameter occurs in the calculation of
the intensities for I's— I's or I's— I'; transitions; thus
the relative intensities of stress-induced components of
such lines may be calculated exactly. The relative
intensities of the stress-induced components of a I's — T's
line are shown in Fig. 7 as a function of the ratio

Cy/C, for F||{111) and F||{100).

B. Experimental Results and Discussion

The effects of a compressive force F along (111) on
D1, B2, and the 4 lines are shown in Figs. 8 and 9;
from the experimental conditions, it was estimated
that the stress applied to the sample was substantially
larger for the spectrum in Fig. 9 than for that in Fig. 8.
In Figs. 10 and 11, the behavior of these lines for
F||[{100) is shown; here the magnitude of the applied
stress is larger for the spectrum in Fig. 11 than for
that in Iig. 10.

The data for F||(100) are summarized in Fig. 12,
where the positions of the stress-induced components
are plotted versus A%, which is the separation between
A1.4(L) and 41.2(L). It will be seen that Aj? has
been attributed to the ground-state splitting for the 4
lines. Despite the measures taken, some of the stronger
water vapor lines in this spectral region frequently
appeared with sufficient strength to interfere with the
identification of some of the weaker stress-induced
components. The most persistent water vapor lines
occur at 25.11 meV (49.4 u), 25.84 meV (47.9 u), 28.2
meV (44 u), 31.48 meV (39.4 u), and 33.00 meV
(37.6 u); this has been taken into account in Fig. 12.

For F||(111), as can be seen from Fig. 8, two compo-
nents are observed for line 42 when the electric vector
of the radiation, E, is along F. Here one component

10

LS T T T /v P | i~ N T T T T T ] T =1 N\
SEGLEU 4 ~ 7T~ L) "\ _- - ()
8N TT i -7 N e 7]
L -~ T~ T (L) \ ¢ ]
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@ &l\c‘: LAl ~ - o~ S levels of two I's states for (a) F||(100)
Z %5 L o —— =1 5.0 S 7o B0 and (b) F|[(111) as a function of the
E 1o L L P R IS '\ L parameter C,/Cy. Note that the range
= Fudup - 7 TT=TgT (I ~ (b) |Cy/Cy| > 1 hasbeen plotted as Cy/C,.
-
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' W. Kohn, in Solid State Physics, edited by F. Seitz and D. Turnbull (Academic Press Inc., New York, 1957), Vol. 5, p. 257.
28V, Heine, Group Theory in Quantum Mechanics (Pergamon Press, Inc. New York, 1960), p. 164.
» A. A. Kaplyanskii, Opt. Spektrosk. 16, 1031 (1964) [ English transl.: Opt. Spectry. 16, 557 (1964)].
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Fic. 8. Excitation spectrum of an AlSb sample with p(300°K)
~3X10% cm™ for F|(111). Liquid helium used as coolant.
Zero-stress positions are denoted by solid vertical lines.

occurs on either side of the zero-stress position. Two
components, one on either side of the zero-stress posi-
tion, are also observed for E_LF. In Fig. 8 the perpen-
dicular components appear to lie just inside the parallel
components; however, the separation between the re-
spective perpendicular and parallel components is
within the experimental accuracy of the line positions.
As can be seen from a comparison of Figs. 8 and 9,
both low-energy components are absent in the latter;
other measurements, not reproduced here, show that
they decrease in intensity with increasing stress. In
addition, the high-energy components split slightly
further from the zero-stress positions than do the
low-energy components. As can also be seen in Fig. 9,
the parallel components of A2 as well as those of the
other lines appear to gain intensity relative to the
perpendicular components as the stress is increased. To
the extent that it can be determined, the behavior of
the very weak line B2 is similar to that of line A2 for
this direction of applied force. In order that two com-
ponents be observed for E||F with F|(111), lines 42
and B2 can be attributed to I's—TI's transitions.
Furthermore, the decrease in intensity of the low-
energy components with increasing stress provides
clear evidence that the ground state is a I's state. The
application of stress lifts the degeneracy, and depopula-
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F16. 9. Excitation spectrum of an AlSb sample with »(300°K)
~3 X105 cm™3 for Flr(lll). The stress here is larger than that
for Fig. 8. Liquid helium used as coolant.
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Fi16. 10. Excitation spectrum of an AlSb sample with $(300°K)
~3X10% cm™ for FIi)I(IOO). Liquid helium used as coolant.
Zero-stress positions are denoted by solid vertical lines.

tion of the upper ground-state sublevel with increasing
stress leads to the decrease in intensity for the lower-
energy components which originate from this state.
The behavior of lines 42 and B2 can be interpreted in
terms of Fig. 13(a). The high-energy component 42.4
has not been observed for ELF. From Fig. 7 it can be
seen that the intensity of this component, which arises
from the I'y— T4y transition, is vanishingly small for
—1.0<Cy/C,<0. This interpretation is similar to that
given for line 2 of the group-III acceptors in silicon.®
However, the separation between the perpendicular
and parallel components is significantly larger for
silicon than for AlSb. This indicates that the ratio of
the excited-state splitting to the ground-state splitting,
A1’/ A111?, is smaller for these lines than was observed
for silicon. As Ay’ approaches zero, of course, the
respective high- and low-energy perpendicular and
parallel components become coincident. This is the
interpretation given for the D lines of group-III ac-
ceptors in germanium.%%

The ordering of the stress-induced sublevels of the
ground state of line A2 was chosen to be the same as
for acceptors in silicon® and germanium.>® For ac-
ceptors in silicon, the observation of the very weak
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F16. 11. Excitation spectrum of an AlSb sample with p(300°K)
=~3X10% cm™3 for F||(100). The stress here is greater than that
of Fig. 10. Liquid helium used as coolant.

%R, L. Jones, Ph.D. thesis, Purdue University, 1968 (un-
published).
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F16. 12. Positions of stress-induced components as a function
of ground state splitting Aje¢ for F|[{100). The dashed lines
denote components whose existence has not been definitely
established.

high-energy component corresponding to 42.4(L), as
well as the behavior of the 2p’ line established that the
Ty sublevel of the ground state was the lower. Since
A2.4 has not been observed for E1F, for AlSb an
equally consistent interpretation may be advanced if
the T's+TI' sublevel is the lower ground-state level
while the I'y sublevel of the excited state lies below
the I';+Ts excited-state level. In either case, the
ground-state splitting is measured by the separation
between 42.4 (||) and 42.2 (L), where the labels for
the transitions are retained for both orderings. The
fact that the high-energy components shift somewhat
further from the zero-stress position than do the low-
energy components suggests a slight shift of the centers
of gravity of the ground and excited states relative to
each other.

As can be seen in Fig. 10, line 42 shows one strong
component, labelled 42.2442.3, for F|[{100). This
component is observed for both polarizations and
occurs close to the zero-stress position, although it
does shift slightly towards higher energies with in-
creasing stress. There is also some evidence of a higher-
energy component 42.4 for ELF, as may be seen in
Figs. 10 and 12. To the extent that it can be determined,
the behavior of line B2 for F||{100) is again similar to
that of 42. The stress-induced behavior of line A2
can be interpreted on the basis of Fig. 13(b). A single
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component labelled A42.24-42.3, which is a super-
position of the I';—T¢ and T¢— TI'; transitions, is
observed for both E_LF and E||F when the excited-state
splitting Aio” equals the ground-state splitting Ajgo.
The slight shift of these components above the zero-
stress position as the stress is increased probably
signifies that the centers of gravity of the ground and
excited states shift slightly relative to one another.
Component 42.1 (1) is not observed, and the high-
energy component A2.4 (L) is at best very weak. As
can be seen in Fig. 7(a), these components should be
weak for —1.0<Cy/C,<0.0, which is consistent with
the range for this ratio deduced from the behavior for
F|[(111). Furthermore, the low-energy component would
be weakened further relative to the high-energy com-
ponent due to depopulation effects, so that it could not
be observed as readily as the high-energy component.
The stress-induced behavior of line 42 for F|{100) can
also be interpreted consistently if the ordering of both
the ground- and excited-state sublevels is inverted with
respect to that in Fig. 13(b).

The behavior of line 41 for F||{111) is very similar to
that of A2, as is clear from Fig. 8; hence it can be
interpreted in the same manner. It is apparent from
Figs. 10-12, on the other hand, that its behavior for
F||(100) is more complicated than that of A2; three
components, denoted by A41.2, 41.3, and A1.4, are
clearly observed for ELF. Although the presence of
persistent water vapor lines at 25.11 and 25.84 meV
interferes to some extent in determining the positions
of A1.3 (L) and 41.4 (L), the fact that their positions
extrapolate back to the zero-stress position of A1 in
Fig. 12 for A100?=0 strengthens the interpretation that
they are indeed stress-induced components of 41. For
E||F two components are observed. The strength of the
component A1.2 (||) is such that the transmission goes
to zero at its peak position and hence, in Figs. 10 and
11, the absorption maxima are not shown. The position
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F16. 13. Energy-level splittings postulated for describing the
stress-induced behavior of various acceptor photoexcitation lines.
Transitions for E||F are denoted by solid arrows, while those for
E_L F are denoted by dashed arrows.
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of the weaker component 41.3 (||) is difficult to deter-
mine accurately, but it appears to be coincident with
that of 41.3 (). The only component which appears
to decrease in intensity as the stress increases is 41.2
(L); it has not been possible to establish that a corre-
sponding decrease in intensity occurs for 41.2 (||) in
view of its high intensity. In addition to these features,
A1.2 shifts to the high-energy side of its zero-stress
position by approximately the same amount as 42.2
+A42.3 shifts from its zero-stress position; this simi-
larity in the stress-induced behavior of the two lines
suggests that a similar energy-level scheme might be
used to describe both 41 and A2. However, as can be
seen in Figs. 10 and 11, the observation of 41.3 (L),
A1.4 (L), and 41.3 (||), along with the depopulation
effect observed for 41.2 (L) indicates that this is not
the case. Most of the observed features may be ac-
counted for on the basis of Fig. 13(c), where the
excited-state splitting Aio’ <A1g0?. Here the ground-
state splitting Ayg¢ corresponds to the separation be-
tween A1.4 (L) and A41.2 (L). Once again, a center-
of-gravity shift is required for the A1.2 components
to shift to the high-energy side of the zero-stress posi-
tion of A1. The failure to observe A1.1 (1) and the
low intensity of 41.4 (L) suggests —1.0<C,/C,<0.0
for A1; this is consistent with the range of Cy/C,
values deduced from its behavior for F||(111). As before,
thelow-energy component 41.1 (L) would be weakened
relative to 41.4 (L) by depopulation effects. In addi-
tion, for F|[(100) the decrease in intensity of line
A1.2 (L) with increasing stress, is expected on the
basis of Fig. 13(c), because it originates from the upper
ground state. From Figs. 10 and 11, it is obvious that
the intensity of 41.2 (||) is substantially greater than
that of 41.2 (L), which is in turn significantly larger
than the intensity of any of the other stress-induced
components. Examination of Fig. 7(a) indicates that
this is not expected for any value of Cy/C,. This
feature is thus inconsistent with the line of reasoning
adopted to explain the above piezospectroscopic effects.

When the sample is subjected to a (111) compression,
line D1 splits into two components for E1F, one on
each side of the zero-stress position (see Figs. 8 and 9).
The component observed for E||F is coincident with the
high-energy component for E1 F. The low-energy com-
ponent for EL F is absent from the spectrum observed
with larger stress in Fig. 9. As far as can be determined,
the weak line 43 exhibits similar behavior. Consider-
ing their behavior for F|[{111) only, D1 and 43 could
be attributed to I's— I'g or I'y transitions, as shown in
Fig. 6(a). However, this interpretation is inconsistent
with the results shown in Figs. 10-12 for F||{100), since
four stress-induced components are observed. It is
possible to interpret the behavior of D1 and 43 for
F||(111) in terms of Fig. 13 (d), with the excited-state
splitting A111’=0 and with the ordering of the ground
states reversed. Examination of Fig. 7(b) indicates
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Fic. 14. Energy-level splittings postulated for describing the
stress-induced behavior of various acceptor photoexcitation lines.
Transitions for E||F are denoted by solid arrows, while those for
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not only that the low-energy parallel component D1.1
(), which is attributed to the I's+Ts— I's+Ts (||)
transition in Fig. 13 (d), can not vanish, but also that
it must be of greater intensity than D1.4 (||). This is
obviously inconsistent with the observed features. If,
however, the T'; ground-state sublevel lies above the
T+ T ground-state level, the low-energy parallel com-
ponent would then arise from the I's— I'y (||) transi-
tion, which has very low intensity for C,/Cy in the
range 0-1.0. Moreover, the high-energy parallel com-
ponent should then be the most intense, which is
indeed the case. Should this interpretation of the
stress-induced behavior of lines D1 and 43 for F|[{111)
be correct, the ground-state ordering for lines A1 and
A2 must also have the I'y level lying above the I's-+T
level. It has already been noted that the behavior of
these lines may be interpreted with equal consistency,
provided that the ordering of the excited-state levels
has the Ty level below the I's;4T level. This would
imply that the ground-state deformation potential 4’ 26
for AlSb is of opposite sign to that observed in silicon®
and germanium.®¥

From Figs. 10-12, it is seen that for F|[{100), D1
splits into two very weak perpendicular components,
labelled D1.1 (L) and D1.2 (L), and two fairly strong
perpendicular components, labelled D1.3 (1) and D1.4
(L). Only the low-energy parallel component D1.1 (]|)
is observed, and it can be seen only for the measure-
ment of Fig. 10, where the stress is smaller than for
Fig. 11. As far as can be determined, the behavior of
line 43 is again similar to that of D1. This behavior
may be interpreted on the basis of Fig. 14(a), where
the I'y level is the lower stress-induced sublevel for
both the ground and excited states, and Aygo’ <Ayge®.
The occurrence of three components on the high-
energy side of the zero-stress position may again be
attributed to a shift of the center of gravity of the
ground and excited states relative to each other. The



940

T T T T - T T
cil -

: AISb#9 F 1t {100y

— El
E

il

30—

ABSORPTION COEFFICIENT IN CENTIMETER

| | Il I | _
82 86 EY 54 98 02
PHOTON ENERGY IN MILLIELECTRON VOLT
T1G. 15. Behavior of the C lines for F[[{100); #(300°K) ~ 51016
cm~3, Liquid helium used as coolant. Zero-stress positions are
denoted by solid vertical lines.

ordering of the ground- and excited-state sublevels
must be the same if the lowest-energy component is
to appear for E||F. The high-energy parallel component
D1.4 (|]), which is attributed to the I'y — Tg (]|) transi-
tion, has not been observed, which suggests a value
for C,/Cy in the range —0.8-0. In order to maintain
consistency with the range of C,/Cy deduced for these
lines with F||(111), it must be taken ~O. Including
depopulation effects, for T'~15°K, the intensities of
the various stress-induced components should be in the
ratios D1.4 (1): D1.3 (L): D1.2 (L): D1.1 (L):
D14 (||): D1.1 (]))::4:3:1.8:0:1: 4.8 for the ground-
state splitting in Fig. 10. The intensities of the perpen-
dicular components agree at least qualitatively with
this estimate, although nothing can be concluded about
the intensity of D1.2 (L), which has not been resolved
in this figure. The predicted intensities of the parallel
components, however, are somewhat high. The order-
ing of levels in Fig. 14(a), if also valid for 43, would
indicate that the deformation potential constant 4’26
for the ground state of an acceptor in AlSb is of the
same sign as observed in silicon® and germanium.”.%%
Although the ordering in which the T's sublevels lie
below the I'z sublevels leads to the same polarization
patterns as does the ordering in Fig. 14(a), this latter
ordering is preferable on the grounds of intensity
predictions.

It should be noted that this interpretation for D1
and A3 is different from that advanced by Dickey
and Dimmock® and by Fisher and Jones”* for the C
lines of group-III acceptors in germanium, which show
a behavior rather similar to these lines for F||(111)
and F|[(100). The C line might be attributed®*® to a
transition from the I's ground state to an excited state
composed of a I's state degenerate with a I'y state. This
assignment was consistent with the theoretical calcula-
tion of hole binding energies by Mendelson and James.®
No corresponding calculations exist for AlSb. If such
an assignment were made for D1 and/or 43 in AlSb,

31 K. S. Mendelson and H. M. James, J. Phys. Chem. Solids
25, 729 (1964).
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the I'y ground-state level could again be the lower sub-
level for F||(111), and d’ for AlSb would be of the same
sign as for germanium.

Due to the unavailability of suitable samples, the
only information obtained about the stress behavior
of the B lines was that gained for the very weak B2
line observed along with the A4 lines in the samples of
lower hole concentration. In the samples in which B2
was readily observable, the high impurity concentra-
tions necessitated using sample thicknesses which were
too small for stress measurements to be performed.

The effects of F||{(100) and F||[{111) on the C lines are
shown in Figs. 15-17. The experimental conditions were
such that the stress was larger for the spectra in Fig.
17 than in Fig. 16.

For F||(100), C1 splits into two components, one on
either side of the zero-stress position. Each component
appears for both ELF and E||F. The splitting is not
completely symmetric in that the high-energy compo-
nent shifts somewhat further away from the zero-stress
position than does the low-energy component. None of
the 4 lines, B2, or D1 displays a similar polarization
pattern. If, however, the acceptor giving rise to C1 and
C2 is again assumed to be at a site having 7' symmetry,
the behavior can be interpreted on the basis of Fig.
14(b). In order for two components to be observed in
each polarization, the simplest interpretation is to
attribute C1 to a I's— T's transition. For this energy-
level scheme, the ground-state splitting Aige? corre-
sponds to the separation between C1.1 and C1.2. An
equally consistent interpretation of the behavior of
line C1 for F||(100) is possible for the T'; ground-state
sublevel lying below the I'g sublevel. Moreover, since
the occurrence of depopulation effects has not been
observed, the possibility that the excited state splits
and that the ground state does not cannot be dis-
counted. The splittings observed are not of sufficient
magnitude to ascertain whether or not depopulation
effects are present.

As can be seen in Figs. 16 and 17, line C1 broadens
for F|[(111) but does not split into resolvable compo-
nents. The line does decrease noticeably in intensity
for ELF, however. It might be argued that the oc-
currence of the lines close to their zero-stress positions
arises from equal splittings of the ground and excited
states. The energy-level scheme which is most nearly
consistent with the observed behavior of C1 is shown
in Fig. 14(c), where the excited-state splitting Ay’
has been taken equal to the ground-state splitting
Ag11? The zero-stress component for E||F would then
arise from a superposition of the I's+T's— I's+ T (||)
and the Ty— Ty (||) transitions, and should not de-
crease in intensity with increasing stress as a result of
depopulation effects. The zero-stress component for
E_L F would arise from the I'y— I'y (L) transition and
should show depopulation effects, as observed. In addi-
tion to the zero-stress component, a low-energy and a
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high-energy component, labelled C1.1 and C1.4, re-
spectively, would be expected for E_L F. These compo-
nents would have their minimum intensity at C,/Cy
~0.5; neglecting depopulation effects they would be
expected to have =1 the intensity of the parallel com-
ponent, and approximately 3 the intensity of C1.3 ().
As can be seen from Figs. 16 and 17, there is some
qualitative support for this interpretation of C1. This
interpretation implies that the deformation potential
constant @’ for the ground state of this acceptor is of
opposite sign from those for the ground states of the
group-1IIT acceptors in silicon and germanium.

It has not been possible to observe any clearly re-
solved components of the very weak line C2 for either
F||{100) or F|[{111). Hence no interpretation is advanced
for this line.

As yet, none of the acceptor photoexcitation lines
has been studied for F||(110).

V. CONCLUDING DISCUSSION

The experimental results of this paper have estab-
lished the existence of four types of acceptor centers,
A, B, C, and D in the AlISb crystals examined in the
present investigations. The equality of the spacings
between A2 and 43, B2 and B3, and C1 and C2 suggests
that these lines arise from transitions to excited states
which may be described in terms of an effective-mass-
like approach; the final states for 42, B2, and C1
would thus be expected to have similar symmetry
properties, as would the final states for 43, B3, and
C2. The similarities in behavior of 42 and B2 under
the application of uniaxial stress supports this assump-
tion. It has been seen, however, that the behavior of
line C1 under uniaxial stress is quite different from
that either of the 4 or B lines. It is possible that this
is due to differences in the nature of the ground states
in the two cases. It should also be noted that the low-
energy counterpart of 41 and B1 has not been ob-
served in the C spectrum. Line D1 is somewhat unique
in that it appears to be the only line associated with the
D center, and in that its behavior under uniaxial stress
differs from that of the other strong lines.

By treating acceptors in AISb on the basis of a T4
site symmetry and valence-band maximum at k=0,
it has been possible to account for most of the observed
piezospectroscopic effects. It is perhaps surprising, in
view of the complicated theoretical valence-band struc-
ture for AlSb, that the behavior of 41, 42, 43, D1,
and B2 under uniaxial stress has been interpreted as
successfully as it has been in terms of a germaniumlike
valence band. The success of this model may perhaps
be understood to some extent by comparing the spread
in |k| values for a bound hole with the expected dis-
placement of the valence-band maxima away from k=0
in AlSb. If the spread in |k| values for a given state
is much smaller than the shift of the valence-band
maxima away from k=0, a bound hole in this state can
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be localized in & space near a particular valence-band
maximum. The spectra might then be expected to
show effects associated with the multiple-maxima
valence-band structure. The spread in |k| values for
bound holes due to their localization may be estimated
using simple hydrogenic wave functions with Bohr
orbits chosen to correspond to an ionization energy of
34 meV, which is close to that for the 4 and B spectra.
Such calculations indicate that the spread in | k| values
for the ground state and the first few excited bound
hole states should be greater than the shifts of the
valence-band maxima away from k=0 as estimated
for AISb following Kane’s valence-band calculation for
InSb.» Hence the range of |k| values for holes in the
more tightly bound states will overlap all of the
extrema of the valence band edge in % space. The
resulting superposition of the effects associated with
all these closely spaced extrema might be expected to
resemble those for a single broad maximum at k=0.
On the other hand, the spread in |k| values for the
higher excited states becomes progressively smaller, so
that a hole in a highly excited state might be localized
at a particular maximum in % space; however, this
does not appear to be the case for the lines examined.

In addition to a theoretical treatment of acceptor-
state energies in AlSb, advances in the technology of
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TaBLE II. Mass-spectrographic analysis of
aluminum antimonide samples.

No. of atoms

(cm)

Element Ingot 48 Ingot 52
Na 3.36X10v 1.12 10"
P 8.22X10% 8.22X101¢
S 3.24 X10v <1.62X10v
Cl 443 X107 1.48 X101
K 1.99X101¢ 6.60<1016
Ca 1.29X1016 1.29X10
Cr 9.90X10% 3.48 1015
Mn 3.28 X101 3.28 1016
Fe 9.20X10% 1.841015
Co <1.31X101 <1.31X10w
Ni 4.37X10% <2.19X10%
As 1.72X10% 1.03X101¢
Ta <1.42X10 <1.42X101

s Ingots 48 and 52 are the designations given by Bell & Howell to the
ingots having room-temperature hole concentrations =3 X10!5 cm™3 and
3X 1018 cm ™3, respectively.

growing high-purity material are clearly necessary if
further progress is to be made in the study of these
states. Mass-spectrographic analyses®?> performed on
AlSb crystals used in the present studies, which on
the basis of hole concentration and mobility were
among the purest samples ever grown, have revealed
the presence of several types of foreign atoms, each in
more than enough numbers to give rise to the observed
spectra. The impurities detected are listed in Table 1I.
In addition, many other impurities may be present in
numbers sufficiently large to be observed optically but
not large enough to be identified by the mass-spectro-
graphic analysis. Nor has it been ruled out that one or
more of these spectra is associated with nonstoichiom-
etry. Along this line, it would be of definite interest to
investigate if any of the observed lines can be produced
by irradiating pure AlSb with high-energy particles. Of
course, the most definitive experiment possible would
be the investigation of the spectrum arising from the

3 The mass-spectrographic analyses were performed by the Ana-
Iytical Chemistry and Spectroscopy Division, Battelle Memorial
Institute, 505 King Avenue, Columbus, Ohio 43201.
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controlled introduction of specific group-II acceptors
into AISb.

It appears possible on the basis of the behavior of
line D1, the weak line 43, and line C1 for F||(111),
that the deformatiom potential constant d’ for the
ground state of the acceptors giving rise to these lines
may be of opposite sign to that observed for group-III
acceptors in silicon and germanium.®® In silicon and
germanium 4’ and 4’ for a bound hole state are inti-
mately related to & and d for the valence band.?® It is
therefore interesting to note that Cardona, Laude, and
Pollak® have determined that the signs of & and d in
AlISb are the same as in silicon,* germanium,® and
other III-V compounds.33:36

Finally, it is interesting to note that the intensities
of hole photoexcitation plus phonon emission lines
appear to be much smaller than was observed for the
donor photoexcitation plus phonon emission lines.?
As was noted in Ref. 10, the relative intensities of an
electronic excitation line and a line arising from the
same electronic transition accompanied by the simul-
taneous emission of a phonon, depend on the ground-
state binding energy. Hence for the shallow acceptors
which give rise to the 4 and B lines, in particular, the
excitation plus phonon lines would be rather weak,
as is certainly the case. A quantitative description of
such transitions for the acceptor spectra remains to
be given.
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