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The photoluminescence of copper-doped high-purity epitaxial GaAs in the near-gap region is investigated

as a function of excitation intensity, temperature, and an external magnetic field up to 5.7 T. Sharp emission

lines are identified as originating from the recombination of excitons bound to neutral-copper-complex

centers of C,„and C,„symmetry with ionization energies of 156 and about 450 meV, respectively. The

spectrum exhibits replicas of these lines, which are due to the simultaneous excitation of resonant modes of
3.6- and 6.1-meV energy. The relative intensities obey a Poisson distribution law, The dissociation of the

bound excitons takes place in a two-step process: First a free single particle is liberated, whereas at higher

temperatures free-electron-hole pairs are created. The linear dependence of the luminescence on the

excitation intensity leads to the conclusion that photocreated coupled electron-hole pairs are trapped directly

by the binding center. A group-theoretical analysis of the Zeeman pattern attributes the different lines to the

appropriate electronic transitions between states of the double groups C,„and C,„.The crystal field is

sufficiently strong to completely decouple the ~mi~= l/2 and 3/2 levels of the acceptor ground state. The

~m) =3/2 state is degenerate with the valence-band continuum.

I. INTRODUCTION

Photoluminescence, absorption, and ref 1.ection
measurements of copper-doped GaAs crystals have
first been performed in the near-gap energy range
by Gross et al. The luminescence of this rela-
tively impure bulk material was dominated by an un-
resolved recombination band labeled I3. In high-
purity epitaxial GaAs this band was later identified
as arising from conduction-band-acceptor (e, A o)

and donor-acceptor (Do, gs) recombination. s The
luminescence spectra of Gross showed two addi-
tional lines at the high-energy tail (Cs and C, ) and
two lines at the low-energy tail (Fs and E,) of the
8 band with a half-width of about 1 meV at 4. 2 K.
These lines Co and Eo were interpreted to be caused
by the recombination of excitons bound to copper
centers. Piezospectroscopic and reaction-kinetic
studies led to the assumption that the copper cen-
ters are anisotropic and have trigonal (Cn line) and
orthorhombic symmetry (Eo line). A comparison
of the luminescence and absorption spectra showed
that the C, and E, l.ines are electronic transitions
accompanied by the simultaneous excitation of a
vibrational. quantum.

In this paper, we present the results of a syste-
matic study of the luminescence of the copper-in-
duced bound-exciton lines and of the multivibration-
al- mode emission processes. The investigations
were performed with an epitaxial material of much
lower impurity content than that used in the earlier
mentioned work. The improved technique leads es-

pecially to a reduction in the half-widths of the l.ines
by an order of magnitude. The luminescence was
measured as a function of (a) the excitation inten-
sity, (b) the sample temperature, and (c) an exter-
nal, magnetic field. The variation of these differ-
ent parameters leads to an identification of the
binding complex centers and to new results on the
spectral positions of the lines, the binding energies
of the excitons to the compl. ex copper centers, the
dissociation processes of the bound excitons arising
by an increase of the temperature, and to the elec-
tronic structure of the binding center and the bound
exclton.

II. EXPERIMENTAL

The samples were mounted in an immersion De-
war for most of the photoluminescence measure-
ments and excited by an Ar' laser (514 nm) at nor-
mal incidence. Variation of the excitation intensity
was achieved by a. set of calibrated neutral density
filters. The detecting system consisted of a +4-m

Spex grating monochromator and a photomultiplier
(RCA C31000E)cooled by dry nitrogen gas. We used
a photon-counting technique, with a storage of spec-
tra which is simil. ar to the multiscaling setup, pub-
lished recently by Bachrach. ~ A multichannel ana-
lyzer system (Nuclear Data 4410) for data acrluisi-
tion was used. It easily pl'ovldes data manipu1. ation
such as background subtraction and integration op-
erations in a given spectral range. Typical dark-
count rates were less than 25 pulses/sec.

The temperature-dependent data were measured
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FIG. 1. Photoluminescence spectrum of a copper-
doped Gahs crystal diffused for 7 min at 700'C. In the
magnified parts of the spectrum the background has been
subtracted. Cp & 2 and Ep & 2 are recombination lines of
excitons bound at two different complex copper acceptors
and their resonant phonon replicas.

with a vaporization Dewar at very low excitation in-
tensities to avoid any heating effects. The temper-
ature was measured with a carbon resistor in the
range 1.5-30 K and with a Pt resistor from 15 K to
higher temperatures. For the magnetic-field-de-
pendent measurements the samples were mounted
in a split-coil NbTi superconducting magnet (maxi-
mum magnetic fluxdensity of 5. 78T) in aVoigt con-
figuration (field perpendicular to the direction of the
emitted radiation).

High-purity GaAs crystal. s were grown by liquid-
phase epitaxy with electrical properties comparable

to those of undoped crystals investigated earlier. "
We evaporated a thin layer of about 100-A copper
(99.999% purity) at a pressure of 10 6 Torr. The
diffusion of the metal was performed in quartz am-
poules for a few minutes at:about 700'C. 'Residual
copper was removed from the epitaxial layers by
etching in a KCN solution. After the diffusion pro-
cess the samples showed P-type conductivity.

III. RESULTS

Figure 1 shows the luminescence spectrum of a
copper-doped GaAs crystal. The spectrum is dom-
inated by the near-gap radiation, which is typical
for high-purity GaAs. In addition, the spectrum
reveals the copper-induced Co and Fo lines. These
lines are, in our case, well separated from the weak
transitions (e, Ao) at 1.498 eV and (D, AO) at l. 489
eP and their half-width is about 0. 1 mev. The
spectral positions of these lines and the associated
replicas are listed in Table I. The absolute inten-
sities of the C and F lines are very different in dif-
ferent crystal. s depending on diffusion and etching
conditions. However, the ratios of the intensities
of the Co, C&, Ca, and Fo, F„F~ lines and their
spectral positions remain constant.

Figure 2 shows the integrated intensities of the

Co line [curve(a)] and the Fo line [curve(b)] as func-
tions of excitation intensity in a double-logarithmic
plot. The starting excitation intensity Io corre-
sponds to a power density of about 10 W cm ~ of the
514-nm Ar-laser line. The oscillator strengths of
the C and F lines are shown to be linear functions
of the excitation intensity in the investigated range.
The spectral positions of the lines are independent
of the excitation intensity.

Figure 3 is a plot of the integrated intensities
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TABLE I. Spectral positions of the copper-induced
GaAs. The converting factorbound-exciton lines in GaAs.

/ mat8200Afrom wave engl th to energy is 1.23952 eV pm a
and 20'C.

the temperature, the intensity deer
es two different acti-in different temperature ranges wo

n r ies. The lines also show a shift to-g
ds lower energ' ies. This sh' cou

55K inthe case of the Ea line, where eup to
'

h Besides the experimenta p
'

1 oints thevanishes.
d later1 d s theoretical fits discussed

d two different dissociation procusing one an o
' ' c

with different activation energies kT, an
which are listed in the inset of Fig. 3.

4 the C and Eo lines are shown at ze-In Fig re, e
f' ld and with the maximum ava'

field o . 3 T. ef 5. 73 T.3 T. The lines shift inthe fieM o-
' to four compo-wards higher energies and split in o

C Fp Fg F2Cp Ci

8249. 3 8269.0 8288. 9 8357.1 8391.3 8425. 7
v e . . 4884 1.4882 1.4771 1.4711I p (eV) 1.5026 1.4990 1.495

of the C line [curve(a}] and the EoE line [curve(b}]o e
as a function of reciprocal tempm erature on a semi-

mic scale. The intensity of the recombina-
tion radiation saturates below 8 K. y

'

2475OUND TO COPPER-COMPLEX. . .AL PROPERTIES OF EXCITONS 87 OPTICAL P

eases showing

10—
20 15

I t

TEMPERATURE (K)
10

AS: Cu Cp-Line

194

1

+ C, exp(-T&/T)+ C, exp(- pT)T

10—
Cl

1 20

2

3 0

Tl Cq T

50K 9 10 220K

0 e

9 O'

10—

50

l

10
100 (K-')

T

TEMPERATURE (K)
20 10

I

20 FIG. 3. Temperature dependence of
(a) Cp line and (b) Fp line. The open
circles are experimental points. The
dashed and full lines are theoretical
fits according to the formula in the
figure a,ssuming one or tw o activation
energies, respectively.

aAs: Cu Fp-l.ine

E 197

(b)

1
+ C& exp (- T~gT)+C~ exp(-T2(T)

10—
Cl Tl

1 7 60
N

0

C2 Tg

K 3 )0~ 430K

0

3 10

100 (K-&)
T

I

10



~ e

NIL L MANN, 8IMBERG, AND BLAT TE

nents. In the case of the I'0 line, the magnitude
of the splitting, the number of components, and
the intensity ratio of different components was
found to be independent from polarization of the
emitted radiation. No angular dependence on the

direction of the magnetic field could be observed.
However, the magnetic splitting of the C0 line con-
tains a small anisotropy. The separation of the
outer components is about 0. 3 A smal. ler for the po-
larization of the luminescence light E II H than for
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E x H for H ii (110) and (111) at maximum field
strength. '0 The vibrational-mode replicas split in
the same way as the zero-phonon lines.

IV. DISCUSSION

A. Spectral Positions and Binding Centers

Bound excitons in GaAs are known to exhibit
narrow lines with a half-width less than kT at low

temperatures. "' The half-widths of the C and F
lines as observed by Gross et al. ' were about five
times larger than kT. Therefore, their assign-
ment of the lines was based only on the resonant
appearance of these lines in both luminescence
and absorption spectra and the dependence on cop-
per doping. As is shown in Figs. 1 and 4, the re-
combination lines have half-widths of about 0. 1

meV at 1.6 K which are only slightly broadened
even at 10 K. In addition, an asymmetrical line
shape was observed which extends to lower photon
energies. '2 It should be remarked that the spec-
tral positions of all our lines deviate about 0. 5

meV from the earlier published positions. ' The
reason for this is not clear.

Taking the values of Table I and the free-exci-
ton energy gap E,',",= 1.5151 eV, ' one gets for the
binding energies of the excitons to the impurities
the values of E~ = 12.6 meV and E~ = 31.9 meV.
The binding of these excitons is much tighter than
that of the exciton bound to the effective-mass ac-
ceptor. From the binding energy E~ it is possibl. e
to estimate roughly the depth of the binding center
E„according to Haynes's rule. ' It was shown"
that in the case of GaAs: Sn, the ratio Es/E„ is
only half that of the value predicted by Haynes.
Taking these two values as limits for an estimate
of the binding energies E~ and E& of the corre-
sponding impurities, one arrives at 0. 13&E„&0.25
eV and 0. 32&E~&0.64 eV.

It is well known that copper introduces nonhydro-
genic acceptor states into GaAs. 'O' Evidence has
been found that the 0. 156-eV acceptor state bel.ongs
to a complex with trigonal symmetry. ' Stress ex-
periments' showed that the C line is caused by an
exciton bound to a center of such a symmetry.
This is confirmed by the results of our Zeeman in-
vestigations as shown in Sec. g7 D. According to
the above estimate, we therefore conclude that the
impurity responsible for the C line is the trigonal
copper center with E„=0. 156 eV.

Stil. l deeper copper-induced acceptor levels
(about 0. 45 eV above the valence band) have been
found by several investigators. ' ' The symmetry
of these centers has not been investigated so far.
We state, however, that our estimate of the binding

energy E„"would agree with this 0.45-eV value.
Variation of excitation intensity has been success-

ful. ly used to identify different kinds of recombina-

tion centers. ' ' It also exhibits information
about the capture processes which lead to the for-
mation of bound excitons. In our case, neutral
acceptors exist in thermal. equilibrium. Figure 2

shows that the luminescence intensity J, varies
linearly with the excitation intensity J,„. However,
Z, ~ [X] [A0], where [X] is the concentration of elec-
tron-hole pairs and [Ao] is the concentration of neu-
tral acceptors. The observation of J, o= J,„ leads
consequently to a proportionality [X]~ J,„, if [Ao]

is independent of J,„. Thus, photocreated el.ectron-
hole pairs are captured directly or after the forma-
tion of free excitons by neutral. acceptors. A non-
linear dependence should be expected if the excited
electrons and holes relax independently.

The C and F emission lines did not shift by vary-
ing the excitation intensity. A shift was observed
in the case of the free exciton, ' and attributed to
screening effects by free charge carriers. It was
predicted~~ that such effects should not be observed
in the case of tight-bound excitons at the same
free-carrier density as in the case of the free ex-
citon because of the much lower radii of the orbits
of the tight-bound electrons and holes in the non-
hydrogenic binding potential of a deep center. This
is proved by our experiments.

B. Phonon Replicas

The spectrum depicted in Fig. 1 shows new

emission lines C, and F, which have not been ob™
served in the earlier work. ' They are attributed
to the excitation of two vibrational quanta for tran-
sitions in the C and F centers, respectively, be-
cause (i) the energy differences

hv(CO) —hv(C, ) = hv(C, ) —hv(C~) = 3. 6 meV,

hv(EO) —hv(E, ) = hv(E, ) —hv(E3) = 6. 1 meV

and (ii) the intensities follow a Poisson distribu-
tion~~

W„-!V"/n!, (1)
where rs is the number of the replica and F is the
average phonon-couplingparameter, which is de-
termined experimentally from the ratio I, /Io of the
intensity of the first replica I, and the intensity of
the zero-phonon line I0. Formula (1) gives Wa(C)
= 0. 031 and W2(E) = 0. 0038 with Ã(C) = 0. 25 and

N(E) = 0. 085, , which is in excellent agreement with
the experimental values Ia(C)/Io(C) = 0. 03 and Ia(E)/
I,(E)= 0.004.

While the energy and the average phonon-coupl, -
ing parameter of the vibrational modes in the C
center are identical with the values found in bulk
material, the energy of the vibrational quantum in
the F centers is 1 meV larger and the coupling pa-
rameter is a factor of 2 smaller in our epitaxial
material.
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C. Thermal Activation of the Excitons

In a recent paper, Bimberg et gl. have proposed
a detailed study of the thermal dissociation of ex-
citons bound to neutral acceptors in GaAs. A for-
mula has been derived applying Boltzmann statis-
tics assuming two dissociation energies to describe
these processes. The temperature dependence of
the C and E lines (Fig. 3) includes all characteris-
tic features observed in Bef. 4. At low tempera-
tures (T &8 K), the integrated intensity of the re-
combination radiation is constant (Io). At higher
temperatures, the thermal quenching of the lines is
fitted with the assumption of two activation energies
kT, and AT~ according to the formula given in Fig.
3. The dashed lines fit either the low (2) or the
high (3) temperature quenching with only one dis-
sociation energy, which are listed in the inset of
Fig. 3. Assuming that the Co and E0 lines origi-
nate from the recombination of excitons bound to
neutral acceptors, the thermal dissociation is in-
terpreted as follows: The first intensity drop is caused
by the dissociation of a single particle from the bound-
exciton complex with an activation energy of 4. 3
meV (5. 2 meV) for the Co (Eo) line. This energy
does not increase linearly with the binding energy
E~ of the exciton in accordance with the observation
in Bef. 4. A second dissociation process begins
to dominate at about 15K (30 K) for the Co (Fo) line
with an activation energy AT2= 1.9 meV (37 meV).
The energies kT~ are in close agreement with the
values of E~+E„giving a further confirmation to the
model proposed in Bef. 4: The activation process
dominating at higher temperatures is caused by the
liberation of free-electron-hole pairs. We notice
that the low-temperature quenching of the bound-
exciton luminescence due to dissociation of free ex-

citons would result in an activation energy which is
equal for all bound excitons. A comparison of the
energies AT, of Bef. 4 and of this work excludes
this model, because a monotonic increase of AT,
with the depth of the binding center is found. It
should be mentioned that our interpretation leads
to the consequence that the trapping time of the ex-
citon is shorter than the thermal lifetime.

D. Zeeman Effect

Acceptor-ground-state wave functions in GRAB

form a basis for the irreducible representation jt,",
of the double group T„.~~ Possible states of an ex-
citon bound to a neutral acceptor are characterized
by the representations I"6, I'~, and I'~+ I'8 belonging
to the total. angular momenta J= —,', —,', and 2 result-
ing from j-j coupling of two identical j„=2 holes and
one j,= 2 electron excluding the states which are
forbidden by the Pauli principle. "' '+ The term
scheme of exciton states bound to neutral acceptors
in GaAs has been discussed in detail, but still al-
ternative interpretations are possible. ~

Figure 5 shows the term scheme of the two com-
pl. ex (Ao, X) centers and the corresponding acceptors,
including crystal field splitting and some of the di-
pole-allowed transitions in a crystal field with sym-
metry Cs„and Ca„. Furthermore, Fig. 5 shows
the Zeeman splitting of the acceptor ground states
and of the J= & exciton states. Beducing the sym-
metry of GaAs to the acceptor-site symmetry
C3„," the fourfold degenerate acceptor state splits
into two twofold degenerate states I'4 and I'5+ I'6. The
I", and I 6 of C&„are degenerate to retain the twofold
spin degeneracy as is required by Kramer's the-
orem. ~4 It is known~ ' that under stress the bind-
ing energy of a hole in the Im, ) = 2 state becomes
larger relative to the hole in the ) wz I = —', state. In
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a crystal field of symmetry C~„, the acceptor
ground state splits into two I'5 sublevels.

The magnitude of the splitting of the acceptor
ground state caused by the crystal field of the an-
isotropic centers is not known. Since we observe
only one zero-phonon l.ine belonging to the point
group C3„or C2„, two cases are possible: (a) The
magnitude of the crystal field splitting is smaller
than the half-width of the exciton lines or (b) the

l m&) = 2 acceptor state is split off into the valence-
band continuum. Assumption (a) implies that the
local. symmetry of the acceptor wave function re-
mains cubic and can therefore be described by Fe
of T~ Ho.wever, we expect case (b) because of the
following arguments:

(i) The holes are tightly bound by the copper ac-
ceptors which results in a strong localization of the
wave functions in real space.

(ii) The influence of the crystal field has been
observed even in the excited states of the acceptor, '
which have l.arger radii of the wave functions than
the ground state treated here.

(iii) An anisotropic splitting of the bound exciton
lines has been observed under uniaxial stress which
does not reflect the properties of the band structure
of GaAs. '

(iv) For H I~ (100) only four unpolarized Zeeman
lines could be detected. A I'6-18 transition, how-

ever, results in six different polarized lines. ~ ~

Thus, we conclude that the t m~ t = 2 and ) m~ t =
& ac-

ceptor states are completely decoupled. The lower-
energy component disappears in the continuum of
the valence band.

In the case of the center with Cs„symmetry it is
concluded that the zero-phonon line is consequently
described by a I"4- I'4 transition of the double
group. For H ti (111) crystal axis, the splitting of
the Co line is polarized. The separation of the out-
er components is 0. 3 A smaller for E ll H than for
E J. H at maximum field strength. Since the axial
centers are statistically distributed along the four
equivalent (111)axes, the anisotropy is explained
by a different splitting of the centers oriented par-
allel to the magnetic field and of the centers which
form an angle of cosa = —,

' with the magnetic field.
We observe a lifting of the orientation degeneracy
5y the magnetic field. The same arguments hold
for the observed anisotropy in the splitting of the
Co line with H I l(110). The fact that for 8 I l(100)
all lines are unpolarized (Fig. 5) is another proof
for the local symmetry to be C,„. In this case all
centers include an angle of cosa = 3 with the mag-
netic field and the orientation degeneracy is not
lifted.

In a field with symmetry Cz„ the acceptor ground
state splits into two F, levels (Fig. 5). As in the
case of the C3„center, one of the 1", states is split
off into the valence band. . The strong symmetry

reduction causes a quenching of the hole angular
momentum to j= —,', 3~ and thus the acceptor does
not reflect the valence-band structure. This
means that the anisotropy in the g value is reduced
and isotropic Zeeman spectra result. Since C&„
complexep are statistically distributed along six
equivalent orientations, Fig. 5 shows only the Zee-
man splitting of four equivalent centers having an
angle cosa =-,' between an axis of C&„and the direc-
tion of the magnetic field. In addition the direction
of the magnetic field is perpendicular to the C~ axis
of one kind of centers and parallel to another kind.

V. SUMMARY

Extensive studies of the C and E lines in the pho-
toluminescence spectrum of high-purity epitaxial
QaAs: Cu have been made, including variation of
excitation intensity and temperature dependence
and their behavior in an external magnetic field.
The results prove that both the C~ and Fo-lines
originate from the recombination of excitons bound
to neutral acceptors. The binding center in the
case of the C l, ine is shown to be the 0. 156-eV cop-
per-complex acceptor of C3„symmetry, and in the
case of the I' line it is assumed to be a complex
acceptor of C~„symmetry and with a depth of about
0.45 eV. The bound excitons are formed by pho-
tocreated-coupled electron-hole pairs which are
trapped either directly or after the relaxation to
.free excitons by neutral. acceptors. The dissocia-
tion process of the bound excitons at raised tem-
peratures consists of a two-step mechanism:
First a single particle bound to the exciton complex
is activated and at higher temperatures the quenching
of the luminescence is caused by the liberation of
free-electron-hole pairs. Evidence is drawn from
a group-theoretical analysis of the Zeeman effect
that the binding acceptors are neutral copper com-
plexes with trigonal (in the case of the C line)
and orthorhombic symmetry (in the case of the F
line). This shows that the acceptor ground states
are split by the crystal field interaction. The i ng, l

= g state is degenerate with the valence-band con-
tinuum. The purely electronic transitions are ac-
companied by replicas due to the simultaneous ex-
citation of vibrational quanta. The intensities of
multivibrational-mode emissions are described by
a Poisson distribution law, and the equivalent pa-
rameters are derived.

ACKNOKI. EDGMENTS

The authors are indebted to Professor H. J.
Queisser for his interest in this work, to V. I.
Safarov and to T.N. Morgan for stimulating dis-
cussions, and to E. Grobe, H. Salow, A. Schla-
chetzki, and M. Westenberger of the "Fernmeldetech
nisches Zentralasnt Darmstadt" for providing the
undoped crystals. Parts of this work were sup-



2480 WILL MANN, BIMBERG, AND BLATTE

ported by the Deutsche Forschungsgemeinschaft.
We acknowledge the the hospitality of the "Sonder-
forschungsbereich 65 Festkorperspektroskopie

Darmstadt-Frankfurt" and its Chairman, Profes-
sor W. Martienssen, during the performance of the
magnetic-field-dependent experiments.

*Permanent address: Hochfeld-Magnetlabor Grenoble, B. P. 166
Centre de Tri, F 38 Grenoble, France.

'E. F. Gross, V. I. Safarov, V. E. Sedov, and V. A.
Marushchak, Fiz. Tverd. Tela 11, 348 (1969) [Sov. Phys. -Solid

State 11, 277 (1969)];M. G. Mil'vidskii, V. B. Osvenskii, V. I.
Safarov, and T. G. Yugova, Fiz. Tverd. Tela 13, 1367 (1971) [Sov.
Phys. -Solid State 13, 1144 (1971)].

'J. A. Rossi, C. M. Wolfe, and J. O. Dimmock, Phys. Rev. Lett.
25, 1614 (1970).

'R. Z. Bachrach, Rev. Sci. Instrum. 43, 734 (1972).
D. Bimberg, M. Sondergeld, and E. Grobe, Phys. Rev. B

4, 3451 (1971).
D. Bimberg and W. Schairer, Phys. Rev. Lett. 28, 442 (1972).
J. A. Rossi, C. M. Wolfe, G. E. Stillman, and J. O. Dimmock,

Solid State Commun. 8, 2021 (1970).
7E. H. Bogardus and H. B. Bebb, Phys. Rev. 176, 993 (1968).
'Note that the luminescence spectrum reveals a number of weak

but sharp lines in the region between 8200 and 8240 A. Beside the
exciton bound to neutral Sn (see Refs. 4, 1 1, and 23), the chemical
origin of these lines is yet unknown. The strongest lines are always

a doublet at 8231 A separated by 1.6 A, and a singlet at 8239.3 A.
The lines are too weak to be investigated in a magnetic field. We
believe them to result from diffusion of residual impurities from

the evaporated copper or from the substrate into the epitaxial
material.

~This shift is 1 meV smaller than the nonlinear variation of the

energy gap in the same temperature range as stated by M. B.
Panish and H. C. Casey, Jr., J. Appl. Phys. 40, 163 (1969). Details
will be published elsewhere.

' Details of the orientation dependence and of the linear and

quadratic magnetic effects will be published elsewhere.
"D, Bimberg, W. Schairer, M. Sondergeld, and T. O. Yep, J,

Lumin. 3, 175 (1970).
' The recombination lines of excitons bound to point defects in

GaAs are totally symmetric (see beefs. 4, 11, and 23). The

asymmetry observed is stronger in the tighter bound F line than
in the Co line. A similar behavior found in the fluorescent
spectrum of CdS has been attributed to coupling to low-energy

acoustic phonons, by J, J. Hopfield, in Proceedings of the
International Conference on Semiconductors, Exeter, 1962
(Institute of Physics and Physical Society, London, 1962), p. 75.

"J.R. Haynes Phys. Rev. Lett. 4, 361 (1960).
"H. J. Queisser and C. S. Fuller, J. Appl. Phys. 37, 4895

(1966).
"M. Blatte and F. Willmann, Opt. Commun. 4, 178 (1971).
' F. Willmann, M. Blatte, H. J. Queisser, and J. Treusch, Solid

State Commun. 9, 2281 (1971).
' H. W. Allison and C. S. Fuller, J. Appl. Phys. 36, 2519

(1965).
"V. A. Brodovoi and G. P. Peka, Sov. Phys. -Solid State

13, 2015 (1972).
"W. Schairer and W. Graman, J. Phys. Chem. Solids 30, 2225

(1969).
D. Bimberg and H. J. Queisser, in Proceedings of the Eleventh

International Conference on Physics of Semiconductors, 8'arsaw,

1972 (Polish Scientific Publishers, Warsaw, 1972), p, 157; D.
Bimberg, Bull. Am. Phys. Soc. 17, 325 (1972).

'M. Blatte, W. Schairer, and F. %'illmann, Solid State
Commun. 8, 1265 (1970).

Group-theoretical notation and conventions used here are
those of G. F. Koster et al. , Properties of the Thirty-Two Point
Groups (MIT Press, Cambridge, Mass. , 1963).

A. M. White, I. Hinchcliffe, P. J. Dean, and P. D. Greene,
Solid State Commun. 10, 497 (1972).

V. Heine, in Group Theory in Quantum Mechanics

(Pergamon, New York, 1960), p. 164.
'J. van W. Morgan and T. N. Morgan, Phys. Rev. B 1, 739

(1970).
F. H. Pollak, M. Cardona, and K. L. Shaklee, Phys. Rev.

Lett. 16, 942 (1966).


