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We report electroreflectance and absorption measurements near the direct energy gap of
CdGeP, at 1.72 eV. The ordering, splittings, and polarization properties of the three closely
spaced energy gaps derived from I'j;—T'; in zinc-blende crystals are quantitatively explained
by a quasicubic model taking into account the built-in uniaxial compression alone. Although
the absorption coefficient is ~45 times larger for El Z, at low temperatures we observe in
the absorption spectrum for £ 12, a free exciton witha binding energy of 7.7 meV near the
lowest energy gap. The observation of this exciton is independent evidence that the dichroism
of the absorption edge in II-IV-V, crystals results entirely from the lowest energy gap having
a highly anisotropic oscillator strength. The dichroism of the absorption edge is opposite to
that recently assumed by Goryunova et al . in the process of optically orienting single crystals.
Hence their conclusion that CdGeP; is negatively birefringent is in error, andinfact, CdGeP,is
positively birefringent (extraordinary index larger than ordinary index). After allowing for
this sign error, we show that the dispersion of the birefringence of CdGeP, can be readily ex-
plained by a theoretical model, taking into account the built-in uniaxial compression alone.
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I. INTRODUCTION AND CONCLUSIONS

As the closest ternary analogs of III-V zinc-
blende crystals, the II-IV-V, chalcopyrite semi-
conductors are currently being investigated for
their possible application as junction lasers in the
visible region of the spectrum and as candidates
for optical parametric oscillators. An attractive
feature of the chalcopyrite crystal system is that
one can predict properties of these ternary crys-
tals by extrapolating from the well-understood
binary zinc-blende crystals. Many of their prop-
erties can be understood by a simple analogy. For
example, the direct band gaps of CdSnP,!» % (1.17
eV), ZnSiAs,® (2.12 eV), CdSiAs,* (1.55 eV), and
CdGeP; (1. 72 eV) lie within 0. 3 eV of the band gaps
of their ITI-V analogs. The lowest direct gap in a
chalcopyrite crystal is one of three closely spaced
energy gaps derived from the triply degenerate
I';s - I'y transition in its cubic binary analog. The
degeneracy is completely lifted in chalcopyrite
crystals by the simultaneous effects of spin-orbit
interaction and the uniaxial crystal potential. It
has recently been shown !=® that the ordering and
spacings of these valence bands (e.g., in CdSnP,)
are identical to those which would obtain in the
stressed binary analog (e.g., InP) could one stress
the binary crystal sufficiently to achieve the uni-
axial lattice distortion present in the ternary crys-
tal. The quantitative success of this simple quasi-
cubic model is surprising since it ignores two other
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noncubic aspects of chalcopyrite crystals which
could have been equally as important. In addition
to the built-in uniaxial compression, the other non-
cubic aspects of the chalcopyrite structure are (a)
an internal strain arising from the systematic dis-
tortion of the anions away from the 11 sites in
such a way as to reduce the IV-V bond lengths and
(b) the presence of two different cations alternately
located on the cation sites of the analogous zinc-
blende structure.

We have initiated the present study of CdGeP,
because, as the ternary analog of 3 (InP +GaP), it
should have the largest direct energy gap of any
II-IV-V, chalcopyrite crystal. All other II-IV-V,
compounds with larger direct gaps (such as ZnGeP,,
an analog of GaP) are expected to have lower-lying
indirect and pseudodirect energy gaps. The latter
are direct energy gaps which correspond to indirect
energy gaps in zinc-blende crystals but become di-
rect in chalcopyrite crystals by virtue of the im-
bedding of the zinc-blende Brillouin zone into the
smaller, chalcopyrite Brillouin zone.® As antici-
pated by the binary-ternary analogy, we find from
electroreflectance measurements that CdGeP, has
a direct energy gap at 1.72 eV, and that the order-
ing and splitting of the three valence bands corre-
sponding to I';s in cubic crystals are quantitatively
explained by the quasicubic model. We observe a
sharp absorption edge at the direct energy gap
which suggests that there are no lower-lying in-
direct energy gaps.
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In a recent study of CdSnP,,” the dichroism of the
absorption edge and the dispersion of the bire-
fringence were shown to be the result of the built-
in uniaxial distortion. In the present work, we
find that the same conclusions apply to CdGeP, .
The dichroism of the absorption edge is opposite
to that assumed by Goryunova ef al.® in the process
of optically orienting single crystals for the pur-
pose of measuring refractive indices. Hence their
result that CdGeP, is negatively birefringent is in
error, and, in fact, CdGeP; is positively bire-
fringent (n, >n,). After allowing for this sign er-
ror, we show that the dispersion of the bire-
fringence measured by Goryunova et al.® is ex-
plained by a theoretical model accounting for the
built-in uniaxial compression alone. The asymp-
totic value of the birefringence at long wavelengths
is not dominated by the built-in uniaxial compres-
sion, since compression of a large-bandgap zinc-
blende crystal such as GaP produces a negative
birefringence at long wavelengths, whereas the
the birefringence of CdGeP; is positive. Clearly,
one of the other noncubic aspects of the chalcopy-
rite structure is dominating the long-wavelength
birefringence. Though positive, the birefringence
is large (>0.12) and may permit phase-matched
optical parametric oscillation.

The previously mentioned study’ of CdSnP, re-
vealed that the dichroism of the absorption edge re-
sults entirely from a single electronic transition
(the lowest-energy gap) having a highly anisotropic
oscillator strength. Hence, the shape of the ab-
sorption edge (energy dependence) is independent
of the polarization of the incident radiation. We
have independently verified this conclusion by ob-
serving an exciton in the absorption spectrum of
CdGeP, near the lowest-energy gap, for the weak-
absorption polarization E L z.

Other than the refractive-index measurements®
mentioned earlier, the only previous study of the
optical properties of crystalline CdGeP, is a mea-
surement of the spectral dependence of the photo-
conductivity® from which it was estimated that the
energy gap was about 1.8 eV, in agreement with
our electroreflectance measurements (1,72 eV).
Single crystals of CdGeP, are somewhat difficult
to prepare because of a glassy phase!®~*? having
an energy gap near 0.8 eV. Nonetheless we have
shown that crystalline CdGeP, has a direct energy
gap larger than that of any III-V compound (except
GaN and perhaps AIN) and therefore may be of in-
terest as a junction emitter,

II. EXPERIMENTAL TECHNIQUES

Several preliminary attempts to grow sizable
crystals of CdGeP, from the melt were unsuccess-
ful because of the presence of cracks. Single
crystals of CdGeP, were successfully grown from

SHAY, BUEHLER,

AND WERNICK 4

the vapor phase using I, to transport the Ge. The
resulting crystals were platelets with dimensions
as large as 2x5x0.5 mm3. X-ray power studies
verified that the crystals had the chalcopyrite
structure, and studies using a Laue camera and an
x-ray goniometer identified the major facets as
(011). Inspection under a polarizing infrared mi-
croscope revealed sharp uniform extinctions when
the polaroids made at an angle of ~ 24° to the crys-
tal edges as expected for (011) facets. Using a
calcite compensator, it was verified that the bire-
fringence of CdGeP, is positive. For an (011)
orientation, incident radiation can be polarized
with the electric vector perpendicular to the optic
axis, but not completely parallel to this axis. Con-
sequently, in the electroreflectance spectra EII VA
is only nominal, and, in fact, at most £ of the in-
tensity lies parallel to Z.

The vapor-grown crystals were semi-insulating
with resistances greater than 10®  as measured
with Ga-In contacts. Such a high resistance pre-
cluded electrolyte electroreflectance measurements,
since the applied voltage would appear across the
bulk of the crystal rather than the crystal-electro-
lyte interface. We therefore resorted to the trans-
verse-electroreflectance technique!® in which an
electric field is applied along the sample’s surface.
In the present work, gold electrodes were evapo-
rated 3 mm apart, perpendicular to the long edge
of the (011) platelets which were typically + mm
thick and 3 mm wide. Sinusoidal voltages up to
5 kV peak to peak at 510 Hz were applied between
the gold electrodes, and the modulated reflecance
was monitored at twice the modulating frequency
(1020 Hz) with a lock-in amplifier. Incident radi-
ation was polarized with an HN32 Polaroid. In the
vicinity of the direct energy gap (7200 A), a tung-
sten halogen lamp and a silicon photovoltaic detec-
tor were used (EGG model No, SGD444). The noise
level in AR/R for these measurements was
~2x107", Beyond the cutoff of the silicon detector
at 4000 A, an S-20 photomultiplier was used to-
gether with a xenon lamp; however any signal was
below the noise level of ~107°.

At room temperature, the absolute transmission
was measured by the sample-in-sample-out tech-
nique using identical apertures. High spectral pur-
ity was assured by the use of a Jarrell-Ash double
monochromator. Transmission measurements
over the range 2-300 °K made use of a Janis vari-
able-temperature stainless-steel Dewar.

III. EXPERIMENTAL RESULTS
A. Electroreflectance Measurements

The transverse-electroreflectance spectra of
CdGeP, near the lowest direct energy gap is shown
in Fig. 1 for light polarized, respectively, parallel
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FIG. 1. Transverse-electroreflectance spectra near

the direct energy gap of CdGeP, for light polarized, re-
spectively, parallel and perpendicular to the optic axis.
For an (011) platelet, ElZ is only nominal, as explained
in the text. V,.=5.2 kV,, which corresponds to a peak
field of about 50 kV/cm.

and perpendicular to the optic axis. The A, B, and
Cpeaks at 1.72, 1,90, and 1.99 eV are attributed
to transitions to a single conduction band from three
closely spaced valence bands. As previously re-
ported!~® for CdSnP,, ZnSiAs,, and CdSiAs,,
these three transitions in chalcopyrite crystals are
derived from the I'j;~ I'; transition in zinc-blende
crystals according to the model shown in Fig. 2,
The triple degeneracy of the p-like I';; valence
band is completely lifted in chalcopyrite under the
simultaneous perturbations of spin-orbit coupling
and the noncubic crystal potential, The group-
theoretical selection rules are indicated in Fig. 2.
Whereas the B peak is only allowed for E L Z, it

is partially observed in the solid curve in Fig. 1
because of the experimental constraint that E || Z
is only nominal, as explained earlier.

The ordering and splittings of the A, B, and C
peaks can be explained by a simple model which ap-
proximates the valence bands of a chalcopyrite
crystal as identical to those in a strained version
of its hypothetical binary analog. Within this so-
called quasicubic model,’ the energies of the I,
valence-band levels relative to the I'g level are
given by!* 15
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El,Z: % (Aso + Acl)i % [ (Aso'*’ Acl)z '_g A, Acx ] 1/2 ’
(1)

where Ay, is the spin-orbit splitting of the I';5 va-
lence band in the binary analog and A, is the crys-
tal field splitting parameter. Considering only the
effects of the built-in compression of the chalcopy-
rite lattice, we estimate A by

Ay=3b(2-C/A), (2)

where b is the deformation potential describing the
splitting of the valence bands in the zinc-blende an-
along under uniaxial stress, and C and A are the
chalcopyrite lattice constants.!® Equations (1) and
(2) describe the splitting of the I';s valence band in
zinc-blende crystals under the simultaneous effects
of spin-orbit interaction and an externally applied
uniaxial strain,'” The experimental parameters A,,
and A, , determined from the splitting of the A, B,
and C peaks using Eq. (1), are summarized in Table
I together with the theoretical values predicted by
the quasicubic model.!® We also include previously
reported data for CdSnP,, CdSiAs,, and ZnSiAs,, as
well as the crystal field splitting predicted by a re-
cent pseudopotential calculation.! It can be seen in
Table I that the agreement between the quasicubic
model and experiment is quite good and that the
pseudopotential calculation of A, is not noticeably
closer to experiment than the simple results of

Eq. (2). We therefore conclude that Eqs. (1) and
(2) contain the essential physics of the valence-
band splittings in II-IV-V, chalcopyrite crystals.

In addition to the eigenvalues given by Eq. (1),
the quasicubic model determines eigenfunctions
from which one can predict polarization dependen-
ces. For this model the ratio of the strengths of
transitions from a given I'; valence band to the I'y
conduction band for light polarized, respectively,
parallel or perpendicular to the optic axis is given
by14,15

TABLE I. Comparison of theoretical and experimental
values for the crystal field A, and spin-orbit Ay, param-
eters which determine the ordering and splittings of the
valence bands (in eV).

CdSnP,* CdGePF, CdSiAs,® ZnSiAs,®

Experiment 0.10 0.11 G.29 0.28

% Theory (quasicubic) 0.11 0.10 0.34 0.31
Experiment -0.10 -0.20 -0.24 -0.13

Ay Theory (quasicubic)? -0.12  -0.27 -0.39 -0.15
Theory (pseudopotential)® —0.14 —0.14 -0.29 -0.20

2Reference 2.

bReference 4.

“Reference 3.

%Values for ZnSiAs, and CdSiAs;, are based on revised
estimates of the deformation potential for GaAs taken
from Ref. 18.

®Reference 19.
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FIG. 2. Band-structure and selection rules for the
three energy gaps in chalcopyrite crystals derived from
the I'j; —I'y energy gap in zinc-blende crystals (Ref. 1).
The splittings and polarization dependences are indicated
schematically for a crystal in which Ay, <Ay, For arbi-
trary values of these parameters, the splittings and po-
larization dependences are given, respectively, by Egs.
(1) and (3) in the text.

III/I.L:(2_3EASO)2 . (3)

Using E=-0.18 and A,,=0.11, Eq. (3) predicts
that I, /I, = 45 for the A peak in CdGeP,, and this
peak is therefore below the noise level in Fig. 1
for EL Z,

B. Absorption Measurements

In Fig. 3, we present the absorption coefficient
of CdGeP, measured near the direct energy gap on
a (011) platelet 75 pm thick. As expected from the
valence-band model in Fig. 2 and the electrore-
flectance data in Fig. 1, the absorption coefficient
near the A energy gap at 1. 72 eV is considerably
larger for the extraordinary ray (E |l Z) than for the
ordinary ray (ELl Z), where Z is the optic axis.
Whereas the polarization ratio for the A transition
is expected to be ~45 (Sec. IITA), a, is only about
five times larger than @, at energies below the A
energy gap at 1. 72 eV. Since the spectrum of «,
is noticeably different from that of «, between
1.6-1.7 eV, we attribute the smaller polarization
ratio to a polarization-independent contribution to
the absorption coefficient (due to impurities) which
masks the contribution from the A energy gap for
El Z.

In an earlier study of CvclSan,'7 it was shown that
the absorption coefficient near the A energy gap was
dominated by transitions at the A energy gap for
both polarizations of the radiation relative to the
optic axis. It is therefore reasonable to attribute
the rapid increase in ¢, for photon energies greater
than 1,7 eV to the onset of direct transitions asso-
ciated with the A energy gap. The theoretical line
shape for such a transition, ignoring for the moment

SHAY, BUEHLER, AND WERNICK 4

the Coulomb attraction of the electron and hole, is
of the form?®

a=ay(hv-E, )% (4)

where E, is the energy gap. The theoretical curve
in Fig. 3 provides a good fit to the data for E,
=1.711 eV and a,= 2400 cm™!/eV /2,

There is reason for questioning the physical sig-
nificance of the good agreement between theory and
experiment indicated in Fig. 3. The energy gap
determined from the fit to Eq. (4) is less than the
energy of the A peak at 1. 72 eV in the electrore-
flectance data (Fig. 1), whereas electroreflectance
theory® requires that the energy gap should lie at,
or slightly above, the first negative peak depending
upon the amount of spectral broadening. Further-
more, it is well known from studies of binary zinc-
blende crystals (e.g., GaAs?®) that the Coulomb
attraction of electrons and holes modifies the shape
of the absorption edge even at room temperature,
Consequently, the true energy gap probably lies

_slightly above the value for E, determined by the

best fit of Eq. (4) to experiment. This conclusion
is borne out in GaAs, in which modulated reflec-
tance data® locate the room-temperature energy
gap at 1,420 eV, but the fit of Eq. (4) to experiment
results in E,=1.41 eV.*
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FIG. 3. Absorption coefficients for the extraordinary
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FIG. 4. Absorption coefficient measured for the ordi-
nary ray at 20 °K (circles). The solid curve is a Lorent-
zian-broadened theoretical fit including discrete and con-
tinuum excitons (after Ref. 25). The parameters of the
fit are E,=1.819 eV, R=7.7 meV, I'=10.8 meV. The
deviation of the data from the theory above 1.83 eV re-
sults from the nonparabolicity of the valence bands and
the onset of a broadened exciton at the next-higher gap
~0.18 eV above the lowest direct energy gap.

The contribution of excitons to the absorption
edge of CdGeP; is more clearly seen at low temper-
atures, as shown in Fig. 4. The lowest bound state
lies between 1. 81 and 1. 82 eV at the knee in the
data, but is considerably broadened by residual im-
purities. In the absence of any broadening, the ab-
sorption edge would consist of a hydrogenic series
of discrete lines at energies R/n® below the energy
gap, and a continuum absorption above the energy
gap of the form [1 — exp(~ 2r2)]"!, where z22=R/
(E-E,). Ristheexcitonrydberg and E, is the energy
gap. Sell and Lawaetz® have recently shown that the
most reliable method for determining R from
broadened experimental data, such as we have in
Fig. 4, is to fit the data near the exciton peak (or
knee) to a composite theoretical curve, including
discrete and continuum excitons, broadened by a
Lorentzian function I'r~!(E%+ I'®)"!, where 2T is the
full width at half-maximum. The solid curve in
Fig. 4 is an attempt to fit the data below 1. 83 eV
with such a broadened composite theoretical model.
At 20 °K, we obtain E,=1.819 eV, R="7.7 meV, and
I'=1,4R=10.8 meV. We can estimate the exciton
reduced mass from our measured binding energy
using the hydrogenic formula R =13, 6m*/e? (eV)
and the refractive index of 3.7 measured by Gory-
unova et al.® In this way we find m*=0. 11m,, a
value somewhat larger than the electron effective
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mass in GaP. Since CdGeP, is the analog of
3(InP + GaP) and has an energy gap midway between
that of InP and GaP, it is surprising that in the ef-
fective mass in CdGeP, is so large and that the in-
dex is nearly as large as it is in InP, These prob-
lems are related, so that if the index of CdGeP,
proves to be lower than 3.7, the exciton reduced
mass calculated from our measurement of the
binding energy would be correspondingly lower.

At photon energies above 1. 83 eV, the data in
Fig. 4 become progressively larger than the theo-
retical values describing the exciton absorption at
the lowest energy gap. Sell and Lawaetz® have
shown that in GaP, a similar discrepancy results
from two effects: (a) the nonparabolicity of the
valence bands, and (b) the onset of broadened ex-
citon absorption at the next energy gap. Both ef-
fects should be also important in CdGeP,, but
quantitative estimates of these effects are not pres-
ently possible.

Quite apart from the determination of the exciton
rydberg, the good it between theory and experi-
ment in Fig, 4 is significant because it is indepen-
dent evidence that the dichroism of the absorption
edge in II-IV-V, semiconductors results from the
anisotropy of the A transition alone.” Although
transitions at the A energy gap are predominantly
polarized E Il Z by a factor of ~45 to 1 (see Il A),
the absorption for E 1Z is also dominated by the A
transition, as is attested to by the appearance of an
exciton at the A energy gap in Fig. 4. Estimating
the amplitude of the absorption coefficient for Enz
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FIG. 5. Room-temperature effective birefringence of
CdGeP, near the direct energy gap. The data are taken
from Ref. 8 except for a change in sign to correct for an
error in crystal orientation as discussed in the text. The
theoretical curve is the expected birefringence due to the
effects of the uniaxial compression on the direct energy
gap.
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at the energy gap by multiplying the value for E 1 Z
from Fig. 4 (410 cm™!) by the expected polarization
ratio (45) we obtain a value of 1.85x10%* cm™, close
to the absorption coefficient measured in III-V com-
pounds near the energy gap at low temperatures.??

IV. DISCUSSION

Goryunova ef al.® have recently reported mea-
surements of the birefringence of several II-IV-V,
compounds including CdGeP,. These authors lo-
cated the optic axis in their CdGeP, crystals by
assuming that the intensity of light passing through
a crystal was larger for Ell Z than for E L Z near
the absorption edge, whereas we have seen in Fig.
3 that just the opposite is the case. Hence their
conclusion that CdGeP, is negative birefringent is
in error, and, in fact, the birefringence of CdGeP,
is positive (extraordinary index larger than ordi-
nary index). After allowing for this sign error, we
will now show that the dispersion of the bire-
fringence measured in CdGeP, can be readily ex-
plained by a theoretical model accounting for the
built-in uniaxial compression alone.” The ampli-
tude of the birefringence reported by Goryunova
et al.® is also in error on account of their incorrect
orientation. Since the optic axis did not lie in the
plane of the crystalline slabs studied, the bire-
fringence reported by these authors is a lower limit
to the true effective birefringence of CdGeP,.

The dispersion of the birefringence near the di-
rect energy gap should be dominated by the polari-
zation properties of electronic transitions at the
direct energy gap. We have shown in Table I and
in previous work!=%" that the splittings and polar-
ization properties of the direct energy gap are
quantitatively explained by a quasicubic model ac-
counting for the built-in uniaxial compression alone.
Hence it is reasonable to expect the dispersion of
the birefringence in a chalcopyrite crystal to be the
same as would obtain in its binary analog when
stressed sufficiently to achieve the uniaxial distor-
tion built into the chalcopyrite crystal. In fact,
cubic crystals shatter at ten times less strain than
is built into CdGeP;, for example. We therefore
represent the birefringence B=#n,~n, near the en-
ergy gap as the sum of two terms:

B()\)=Bo+B1(>\), (5)

where B; () is the birefringence due to the effects
of the built-in compression on the fundamental band
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gap and B, is a wavelength-independent term re-
sulting from higher-lying band gaps and contribu-
tions to the birefringence other than the built-in
compression. The quantity B, (A) has been evalua-
ted from the equations for the stress-induced bire-
fringence of binary crystals,?® using effective
masses, etc., appropriate to 3(GaP +InP), the bi-
nary analog of CdGeP,, but using lattice constants'®
appropriate to CdGeP,. The effective birefringence
B -X(dB/d)\) can then be compared with the mea-
surements of Goryunova et al.® The solid curve in
Fig. 5 provides a good fit to the data using B,
=~-0.005 and arbitrarily increasing B, by 60%. A
similar enhancement was found necessary to fit pie-
zobirefringence data? for GaAs, and probably rep-
resents the uncertainty in our present theoretical
understanding of stress-induced birefringence in
binary crystals. From the good agreement in Fig.
5, we conclude that the dispersion of the bire-
fringence near the fundamental gap results princi-
pally from the from the built-in compression of the
chalcopyrite unit cell.

Although we have shown that this built-in uniaxial
compression dominates the ordering and splittings
of the valence bands as well as the dispersion of the
birefringence near the direct energy gap, it does
not dominate the asymptotic values of the bire-
fringence at long wavelengths, Uniaxial compres-
sion of a large-band-gap zinc-blende crystal such
as GaP produces a negative birefringence at long
wavelengths because of a dominance of higher-lying
energy gaps.?® CdGeP, and all other II-IV-V, com-
pounds®?? investigated to date are positively bire-
fringent. Clearly one of the other noncubic aspects
of the chalcopyrite structure outlined earlier (Sec.
I) is dominating the long-wavelength birefringence,?®
but a quantitative theory for this phenomenon is not
yet available.
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Ehrenreich has shown that the transition probability for scattering fror*n state.i to state k’
depends on the overlap between initial- and final-state wave functions G(k, k’). This function
has been calculated for intraband and interband scattering in the p-type III-V compounds using
Kane’s valence-band wave functions. A simple model is proposed for polar-mode scattering
in the valence bands and it is shown that the polar mobility is nearly four times larger than
previously calculated for p-type III-V compounds. Approximately half of this increase is a
consequence of the reduced overlap of p-like wave functions, and the other half is contributed
by the presence of high-mobility carriers in the light-hole band. It is shown that the p-GaP
Hall mobility data of Casey, Ermanis, and Wolfstirn can be fitted quite well throughout the
lattice scattering regime and that the dominant scattering mechanisms are acoustic and nonpolar

optical modes.

I. INTRODUCTION

It is well known'=? that the magnitude of the room-
temperature Hall mobility in lightly doped, p-type
III-V semiconductors is in good agreement with the
values calculated using Ehrenreich’s*® expression
for polar mobility® up,. The temperature depen-
dence of upg is in disagreement with experiment
above room temperature but this can be somewhat

improved by allowing the effective mass or dielec-
tric constants to vary with temperature. In report-
ing the agreement in magnitudes, it is usually
pointed out that the expression for the polar mobility
contains no adjustable parameters (all the param-
eters being independently determined in other ex-
periments). Thus, it is concluded, polar-mode
scattering must be dominant in p -type as well as
n-type III-V compounds.



