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TABLE I. Experimental values of the Reststrahlen frequencies and elastic constants
of Cul; values in parentheses are relative to 90'K measurements. The uncertainty in
the elastic constants is ~10%

C44 C 12

(10 dyn/cm )

VLO

(cm ')
VTP

(cm ') Source

0.158 0.305 0.405
(224) '
(168)

211'
160

(132)
(134)

124.2
126

Ref. (4)
This work

Deduced by the Lyddane-Sachs- Teller relation and dielectric constants given in
Ref. (4).

be noted that these displacements are just indica-
tive, because they are only slightly greater than
the uncertainty of the measurements at these
points.

In conclusion, and before any fitting with a
more complete model, we may consider our hy-
pothesis concerning the influence of the overlap
and hybridization of the 3d electron wave func-
tions in cuprous halides as likely to be true; con-
sidering the ionic radii of chlorine, bromine and
iodine, CuBr should present an intermediate be-
havlol .

The authors are thankful to Professor D. Crib-
ier and Professor M. Sieskind for fruitful dis-
cussions.
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TABLE II. Rigid-ion-model parameters for CuI;
force constants are in e /v (v is the volume of a unit
cell) . ~co*= 0.69.
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Zero-phonon and phonon-assisted optical transitions froxn the I'q, conduction band to
the subsidiary XI, conduction band and its donor levels have been observed in InP at 8'K.
The Xi,-l ~~ interband energy is measured at 960 +5 meV, and the binding energies of
donors associated with the subsidiary X~, band are found to be 106 and 175 meV (+5 meV)
for Te and Si, respectively.

We report here on a measurement of the I'„-X„inter-conduction-band energy in InP by
means of optical absorption, utilizing the wave-
length-derivative technique. The interband free-
carrier absorption in InP has been measured by
Dumke, Lorenz, and Pettit. ' With the present

measurement technique we have observed for the
first time phonon structure associated with theI"„-X„ indirect transition in degenerately doped
InP, as well as transitions from the I'„conduc-
tion band to donor levels associated with the sub-
sidiary X„conduction-band minima.

966



VOI, UMR 28, NUMBRR 15 P 8YS ICAL RK VIE%" LKTTKRS 10 AeRix. 1/72

4
LIJ

I

C5
tJJ O
x

I

tJJ X
Ltj

X4
IJJ

E

FIG. 1. Schematic representation of the conduction-
band structure of degenerately doped InP, where &F

designates the position of the Fermi level with respect
to the bottom of I ~„and ~D is a donor binding energy
relative to Xq, . j (E) represents the corresponding den-
sity of initial filled states in I'~, and final empty states
at X.

Optical band structure measurements of the
relative energies of band minima or maxima at
different points in the Brillouin zone are usually
not as accurate as measurements of direct tran-
sitions (the exception being the measurement of
an indirect energy gap). Here we report on the
first measurement of an indirect interband ener-
gy in a direct-band-gap material with high accu-
racy.

A schematic diagram illustrating the transi-
tions and energy levels involved in the present
measurements is given on the top of Fig. 1. Tran-
sitions originate from the partially filled l"„con-
duction band and terminate on the donor level as-
sociated with the Xy conduction band A or in the
X„conduction-band continuum B. The lower
part of Fig. 1 is a schematic plot of the density
of pairs of initial filled states and final empty
states, j (F), in this interband energy range.

The theory of inter-conduction-band free-car-
rier absorption has been discussed by Haga and
Kimura2 for III-V semiconductors, and an analy-
sis of it in InP has been performed previously
by Dumke, Lorenz, and Pettit. ' The analytical
form for the inter-conduction-band absorption
becomes very involved, especially if phonon in-
teractions and impurity scattering are accounted
for. Basically, however, the strength of the
free-carrier absorption process can be described
as follows:

I (»)=Q;Z (»)P i(»+@&;),
where g, '(hv) includes the relatively slowly and

smoothly varying dependence of transition prob-
ability on photon energy. The summation on the
density of pairs is performed to include phonon
emission and absorption processes which occur
with a probability P, ' at energies 8(o,. It is im-
mediately evident from Eq. (1) and Fig. 1 that
any sharp spectral structure in a wavelength-
derivative spectrum will have its origin in the
r elatively discontinuous density-of -pair s function
~(~).

The optical measurements were made in a sin-
gle beam mode (sample-in, sample-out tech-
nique) with a double modulation applied to the
beam. A 10% amplitude modulation at 23 HE was
applied before the monochromator entrance slit;
wavelength modulation at 2.2 kHz was achieved in
the littrow-mount grating monochromator by os-
cillation of a plane mirror about a vertical axis.
The signals at the two frequencies were recorded
simultaneously in digital form, and the spectral
derivative of the absorption coefficient as a func-
tion of photon energy hv was calculated from the
equation

5I (hv) =I, '/I, —I '/I,
where I, and I, are the photon energy-dependent
23-Hz signals with the sample in and out of the
beam, respectively, and the primed quantities
are the corresponding spectral derivatives mea-
sured at 2.2 kHz. It was found to be extremely
important to adjust the spectrometer and sample
so that the derivative signal read zero at a true
zero slope position in the transmitted beam in-
tensity-versus-wavelength characteristic. To a
large extent this adjustment could be made by re-
stricting the f number of the system in the source
optics. A tungsten-halogen lamp was used as the
source; a wide area lead-sulfide cell as detector.

The InP was grown by a modified two-zone
Bridgman drop technique. ' The ingots were poly-
crystalline and had grain sizes in the range 1 to
5 mm. Electrical characterization was done by
the Van der Pauw technique. Optical samples
varied between 0.7 and 2.0 cm in thickness.

The experimental results are shown in Fig. 2.
Plotted there are the absorption coefficient and
its first derivative as a function of photon energy
for one Te-doped sample and one Si-doped sam-
ple. Detailed data on the electrical properties of
these and other samples and quantitative data
from derivative spectra are given in Table I. The
spectra obtained with the three Te-doped samples
in Table I are similar except for some broaden. -
ing of the spectral features and a shift of the
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spectrum to lower energy with increasing donor
concentration. As shown in Table I, the donor-
concentration-dependent spectral shift is consis-
tent with the Burstein shift measured in InP by
Dumke, Lorenm, and Petti. ' Thus it is clear that
the initial state for the transitions we observe in
the derivative spectrum is from near the Fermi
level in the I'„conduction band. As expected,
the structure in the derivative spectrum disap-
pears in undoped samples. The extreme sensi-
tivity of the derivative measurement to spectral
structure is clear from a comparison of the ab-
sorption coefficient spectrum and its derivative.

The transitions observed in the derivative spec-
trum span an energy range of almost 200 meV.
Given the momentum-conserving phonons expect-

I i I i L
800 900 IOOO I IOO I 200

PHOTON ENERGY-hv {meV)

FIG. 2. Absorption coefficient and its first derivative
as a function of photon energy for InP samples Te 1 and
Si at 8'K. The transitions A and B designate zero-pho-
non processes and the primed letters their phonon-as-
sisted replicas.

ed ITA(X) =9.3,' LA(X) =28.6, TO(X) =34.3, and
LO(X) =29.3 meVj, ' no possible interpretation of
the spectrum in terms of only band-to-band, I'„-
to-X„, transitions with the cooperation of pho-
nons seems reasonable. Instead, since some of
the structure (8') is common to the Si- and Te-
doped samples and some of it is not (A'), and
since all the transitions have a common origin
near the Fermi level in I"„, the only possible ex-
planation of the spectra appears to be that the
transitions labeled A have X„donor levels as fi-
nal states, and that the transitions labeled B ter-
minate in the X„conduction band.

According to the idealized j(E) in Fig. 1, the
strongest peaks in the derivative spectrum should
correspond to the energies E~x-E~ -EF and EI-z
-E F as defined in the figure, and those energies
plus momentum-conserving phonon energies.
Then according to the data on the sample Te 1,
which involve the smallest correction for the po-
sition of the Fermi level, EI-1,=,960+5 meV and
E~(Te) =106+5 meV; and from the Si sample,
En(Si) =175 + 5 meV (see the discussion that fol-
lows). ' The estimated errors include approxi-
mately equal uncertainties in interpretation of
the derivative spectra and precise knowledge of
the location of the Fermi level with respect to
the bottom of the I „conduction band in nondegen-
erate InP.

The T'y Xy inter-conduction-band energy of
960 meV measured here is to be compared with
900 + 20 meV measured by Dumke, Lorenz, and
Pettit, ' and 700+70 meV measured by Pitt. ' The
difference with the former is primarily that we
have resolved transitions to X„donor levels
from the band-to-band transitions. This points
up the necessity of accounting for impurity-state
involvement in all interband transitions in heavily

TABLE I. Interband transitions in Inp (8 K}. The Iight path was in the direction of the donor concentration gra-
dient whose extreme values are given in the table. eF is the position of the Fermi level relative to the bottom of
the conduction band in intrinsic Inaterial.

Sample
No.

78'K
carrier concentration

(10'cm )

av a
F

(meV)

Transition energies
(meV)

C B
IDEAS

(me V)

Te 1
Te 2
Te 3
Si

0.18-0.18
4.6-5,8
6.0-12.9

13.8-23.7
10.1-11.9

15
30
18

850
845

882
879
869
809

915
910
902

956
949
940

984
980
965
979

~ ~ ~

4b

aSee ref. I.
This number has been set at 4 meV. The remaining numbers in this column are calculated relative to it from B'.
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doped semiconductors. The present investigation
covered the photon energy range from 450 to 1230
meV. Transitions to L„would be expected near
610 meV and to X3 near 1700 meV. ' There was
no evidence of L„or X„conduction-band involve-
ment in this energy range with the sample thick-
nesses used.

The peaks in the spectra of the Te-doped InP
related by momentum-conserving phonons are
separated by about 30 meV. From their energies
these are LA(X, ), LO(X,), or TO(X,) phonons
(the origin of coordinates being the group-V ele-
ment P).' In addition, it appears that the A-A'
separation of 33 meV is consistently larger than
the 8-B' separation of 28 meV. This suggests
that the TO phonon is the one primarily involved
in transitions to the donor level, whereas LA or
LO phonons participate in transitions to the &„
band. The same phonon selection rules have been
assumed to apply in the cas'e of the Si-doped sam-
ple in the calculation of the Si donor binding ener-
gy. The zero-phonon transition to the X, band is
observed presumably because of donor-impurity
scattering. " Zero-phonon transitions are allowed
to the Is(A, ) lowest ground-state sublevel of the
Te donor through the I'„ intermediate state, and
to the Is(T, ) ground state of the Si donor via the
T'», intermediate state. " As expected, experi-
mentally the zero-phonon transitions involving Te
are much stronger than with Si for which no clear
zero-phonon transitions are observed. " The
transition marked C in the Te spectrum is either
a two-phonon replica of the I"„-ls(A,) donor lev-
el transition or a phonon-assisted transition to
the 1s(E) donor level. It is not possible at pres-
ent to distinguish between these alternatives. The
additional structure observed with the Si sample
between 850 and 950 meV has not been established
to be related to Si in InP. The shoulder marked
"Si" in the InP(Te) spectrum suggests Si is an un-
intentional impurity in our Inp.

In conclusion, we have observed optical transi-

tions of electrons from the I"„conduction band
to the X„conduction band and its donor levels,
with and without phonon cooperation. The deriva-
tive technique employed should be useful in deter-
mining the relative energies of band-structure
critical points at different points in the Brillouin
zone for a number of other materials.

We thank A. H. Nethercot for a suggestion con-
cerning the phonon coupling, and R. E. Fern and
J. Keller for their technical assistance.
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