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Electroreflectance Study of the Energy-Band Structure of CdSnP2
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We report electroreflectance spectra for the chalcopyrite crystal CdSnP2, the ternary analog
of InP. Structure in the electroreflectance spectra is observed at 1.17, 1.25, and 1.33 eV
due to direct energy gaps in CdSnP2 corresponding to the Eo and Eo+&0 direct energy gaps in
InP. From the polarization dependences of this structure, we have established an unusual or-
dering of the valence bands, which we explain quantitatively by a simple model for the chalcopy-
rite lattice. The valence bands of CdSnP2 are regarded as equivalent to those which would
occur in a strained version of its binary analog InP, could one strain InP sufficiently to achieve
the lattice constants of CdSnP2. %'e also observe structure at 2.56 and 2. 69 eV corresponding
to the E& and E~+&~ peaks in zinc blende. The polarization dependences of these peaks agree
with observations in stressed zinc-blende crystals. Much additional structure observed in
CdSnP2 is attributed to "pseudodirect" band gaps which result from the doubling of the unit cell
in the Z direction in chalcopyrite relative to zinc blende. This change in the unit cell causes
the Brillouin zone of zinc blende to be imbedded into the smaller Brillouin zone of chalcopyrite.
Hence at every point in the chalcopyrite Brillouin zone, new direct transitions appear. %e
refer to these transitions as "pseudodirect, " since their strength will depend upon the degree
of difference of the pseudopotentials of the two cations.

INTRODUCTION

The II-IV-V2 semiconductors normally crystal-
lize in the chalcopyrite structure and have physical
properties similar to those of the familiar III-V
zinc-blende semiconductors. ' Although the two
crystal structures are quite similar, the anisotropy
of chalcopyrite crystals gives rise to many inter-
esting yroperties not possible in zinc-blende crys-
tals. The triple degeneracy of the I"» valenee-
band maximum in zinc blende is removed in chal-
copyrite by the combined effects of the noncubic
crystalline field and spin-orbit interaction. By re-
garding the valence bands of CdSnP2 as equivalent
to those which mould occur in a strained version
of its binary analog, we are able to quantitatively
explain the observed valence-band splittings and
the amplitudes of the polarization dependences in
CdSnP~ electroreflectance spectra.

The doubling of the unit cell in the Z direction in
eha, leopyrite relative to zinc blende causes the ap-
pearance of pseudodirect energy-band gaps. These
yseudodireet gays, mhich are direct gays in chal-
copyrite corresponding to indi. rect gays in zinc
blende, occur due to the mapping of the zinc-blende
Brillouin zone into the smaller chalcopyrite Bril-
louin zone. ~' Despite the potential technological
importance of these pseudodirect band gaps especi-
ally for high luminescence efficiency (e. g. ,
ZnGePz may be a pseudodirect GaP), there is no
prior exyerimental evidence for their existence in
the literature.

In the present work, we report the results of an
exyerimental study of the electroreflectance syeetra
of CdSnP2, the ternary analog of InP. In addition
to structure due to the direct energy gays in
CdSnP~ corresponding to the Eo and E, direct energy
gaps in InP, much additional structure is observed
in CdSnP2 and is attributed to the pseudodirect band
gaps mentioned above. A preliminary report of
some of this work mas published elsemhere. The
only previous studies of the oytical properties of
CdSnP. are a report' of electron-beam pumped
stimulated emission near l. 01 p at 77 K; and
yhotoluminescence and cathodoluminescence stud-
ies '7 for 1.7& T &300 'K. These latter studies
suggested that CdSnP~ has a direct band gay near
l. 06 p (l. 17 eV) at 300 K.

EXPERIMENTAL TECHNIQUES

The CdSnP2 crystals were grown from a tin solu-
tion by slow cooling from 850 'C. After so].idifi-
cation, the excess tin mas dissolved mith mercury.
Undoyed crystals mere n type with a resistivity of
about 1 Acm and typical dimensions were 2x0. 5
x 5 mm. A more detailed discussion of the crystal
growth is presented elsewhere. 8 X-ray yomder
photographs revealed that the crystals had the chal-
copyrite structure. From Laue photographs and
x-ray diffraction studies we conclude that the
large natural faces of the ylatelets were tl I 2j
planes (Fig. 1). In such a Plane it is possible to
polarize light with the electric vector perpendicular
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where Q„is the spin-orbit splitting parameter and6„is the crystal field splitting parameter (see
Fig. 8). Notice that Eq. (1) is symmetrical in
LL„andb„,and in the limit b„«g,, E, -g,
--';Q„,E2 ———,'g, . For CdSnP2, we have from Fig. 2
that E, = -0. 08 eV and E2 = 0. 08 eV. Using Eq. (1)
we find that 6,„=0. 10 eV and g, = —0. 10 e V. This
spin-orbit splitting is in good agreement with the
spin-orbit splitting of the valence bands of InP '
which is 0. 11 eV. %e shall now estimate the crys-

TABLE I. Comparison of experimental results and
theoretical predictions of the quasicubic model for the
valence bands of CdSnP~.

eV~ ~0~{eV

Expt.
The or.

0. 10
0, 11

—0. 10
—0. 12

«20 0. 2 0. 1
20 0 0.3

Experimental intensity ratios for the B and C peaks
are more reliably determined from photoreflectance
spectra (Ref. 4) because of the narrower line shape than
from the electroreflectance spectra in Fig. 2. Nonethe-
less, the overlapping of oscillatory line shapes renders
these values subject to error.

FIG. 3. Band structure and selection rules at K= (0, 0, 0)
in zinc blende and chalcopyrite for light polarized relative
to the optic axis. This model explains the observed polar-
ization dependence of the A, B, and C peaks in the electro-
reflectance spectra of CdSnP& in Fig. 2. For the polar-
izations shown in parentheses the transitions are allow'ed
group theoretically, but will be observed only to the ex-
tent that spin-orbit coupling mixes the unperturbed wave
functions. For a, finite &,~ and +gp the valence-band
splittings fnust be determined using Zq. ,1). For example,
the separation of the I

&
and I'6 levels will be equal to 6

only in the limit that Q, » +& and will be equal to 3 6„
in the limit that 4~«6 0f.

I„/I, = (2 —8E/ ~,.P, (2)

where E is given by Eq. (1). For the A peak, E
= —Q. Q8 eV, & = 0.] Q eV, and I„/I = 20, tn good
agreement with experiment (Table I).

B. Higher-Energy Gaps

The electroreflectance spectra of CdSnP~ in the
2. 5-4. 0-eV region (Fig. 2) show many new transi-
tions not observed in the electroreflectance spec-
trum of InP. Motivated by this abundance of
structure, we now discuss a class of transitions

tal field splitting g, to be expected in CdSnP2,
Although the atomic positions in chalcopyrite are

almost identical to those in zinc blende, there are
three contributions to the noncubic crystal potential:
(a) The ordering of Cd and Sn relative to one another
is such that the unit cell is doubled along the Z
axis, this contribution will be proportional to the
differences in the pseudopotentials of the two ca-
tions; (b) the anions are not located at —,'&—', (etc. )
positions, but are sbghtly distorted; and (c) the
chalcopyrite lattice of CdSnP~ is slightly compres-
sed along the Z axis. Theoretical estimates
based on perturbation theory suggest that (a) and
(b) produce a small positive crystal field splitting
of the valence bands (I", above I'4), whereas (c)
produces a negative splitting (F4 above F5).

It has been well established experimentally'' ' that
uniaxial compression of a cubic material splits the
valence bands and results in polarization selection
rules and an ordering of the energy levels in
agreement with the I"4 and 1~ levels in Fig. 3. Using
the known deformation potential describing this
splitting in InP~~ and the lattice constants~3 of
CdSnP~, we predict a crystal field splitting h„of
-0.12 eV for CdSnP2. This value is close to the
experimental value of —0. 10 eV given earlier
(Table I). It is to be expected that our model
based on compression alone should slightly over-
estimate the negative crystal field splitting since
calculations ' for similar chalcopyrite crystals
have shown that the first two noncubic potentials
listed above produce a small positive 4„,which
would tend to improve the already good agreement
between theory and experiment in Table I.

It ls at first surprising that the A peak in Fig. 2

is polarized f([ Z, since we see on the right-hand
side of Fig. 3 that all transitions are either
polarized L &Z or are allowed for both polari-
zations. This apparent anomaly is readily ex-
plained by the quasicubic model, and is, in fact,
the principal success of the theory. ' For this
model, the ratio of the strengths of transitions
from a given I'7 valence band to the I'6 conduction
band for light polarized, respectively, parallel
or perpendicular to the optic axis is given by'
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which we call pseudodirect transitions. They are
derived from indirect transitions in zinc blende,
and are allowed in chalcopyrite by virtue of the re-
duction of the size of the Brillouin zone" (Fig. 4)
which results from a doubling of the unit cell in
the Z direction in the direct lattice of CdSnP~.

The lowest-order approximation to the band
structure of CdSnP2 can be obtained merely by
imbedding the band structure of InP into the chal-
copyrite Brillouin zone. ' The results of this
procedure are shown in Fig. 5, where the dashed
lines indicate the energy bands of InP, ' and the
solid lines are the energy bands of CdSnP~ in thi'
approximation. The points X, W, as well as I' in
zinc blende all map into I' in chalcopyrite and the
point L maps into

¹
A detailed discussion of this

mapping has been given by Chaldyshev and Pokrov-
skii, and Karavaev, Poplavnoi, and Chaldyshev.
The striking feature of Fig. 5 is the occurrence of
several direct transitions in chalcopyrite corres-
ponding to indirect transitions in zinc blende. Since
the strength of these transitions will depend upon
the degree of difference of the pseudopotentials of
the two kinds of cations, we refer to these new
transitions as "pseudodirect. "

In Table II we summarize the energies and polari-
zations of peaks in the electroreflectance spectra
of CdSnP~ together with our assignments for this
structure. The A, B, and C peaks are derived
from the spin-orbit split I'»-1', transition in InP
and have been discussed earlier. The next two

peaks which we observe at 2. 56 and 2. 69 eV are
assigned to the same transitions that produce the
E, and E, +Q, peaks in Inp (Fig. 2). The basis
for this identification is that the Q, splitting in
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CdSnP2, 0. 13 eV, is almost identical to theh,
splitting in InP, ' 0. 12 eV. The splitting of these
peaks in CdSnP~ should be larger than in InP, since
uniaxial strain of a zinc-blende crystal ' increases
b. to

~ch [(~ )2 (
i g )2] 1/ 2

Using the value for g, from Table I we find that
in CdSnP2 should be 0. 13 eV, as is observed.

Although the I point in zinc blende maps to N in
chalcopyrite, most of the A direction is preserved.
Consequently, if the E, transitions occur close
enough to k = (0, 0, 0) in zinc blende, they should
also appear in chalcopyrite. No estimates are
available for InP, but for Ge and GaAs, it is be-
lieved ' that these transitions are centered -40%
of the distance to L from 1 and should therefore
be preserved in chalcopyrite. Further evidence

FIG. 5. Energy-band structure of CdSnP& (solid lines)
obtained by imbedding the band structure of InP (dashed

lines) from Ref. 24 into the chalcopyrite Brillouin zone.
Along the lines L to W and X to W in InP we have estimated
the energy bands from calculations for other crystals.
P&-P4 are some of the pseudodirect transitions in chalcopy-
rite derived from indirect transitions in zinc blende.

Identification Zinc-blende
analog

TABLE II. CdSnP) electroreflectance structure.

Label Energy Polarization
(eV)

FIG. 4. Comparison of the Brillouin zones of zinc blende

and chalcopyrite (after Ref. 2).

A 1.17
B 1.25
C 1.33
Eg 2. 56
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P2 3.00

3.26
P4 3.53

II

I, II

II, 1
j., II

l, II

I'v-16 )
I',-r, ~

A3 A(
A3 A(
Ng Lg
X5 I'(

3 4-X

Eo
&o+~o

E, +



4108 SHAY, BUEHLER, AND WERNICK

supporting our identifications of the E, and E,
+~~ transitions in CdSnP2 is that the polarization
dependence of these peaks agrees with the obser-
vations in stressed zinc-blende crystals ' which
show that the E, peak is polarized predominantly
h (( Z, whereas the E, +4, peak is polarized pre-
dominantly E & Z, where Z is the stress direction.

The assignment of the remaining structure in

Fig. 2 is more difficult simply due to the abundance

of structure. Nonetheless, the strong polarization
dependence of some of this structure assists us in

the identification. The pseudodirect transition P~
in Fig. 5 is expected to be strongly polarized
EJ. Z. Estimating the energy of X, in CdSnP2 from
its known value in InP, P2 should occur near
-3.15 eV, although interactions between X, and 5~
at I in the valence band of CdSnP~ will probably
raise X, causing I'2 to lie somewhat lower than
-3.15 eV. We conclude that the peak at 3. 0 eV in

Fig. 2 is the pseudodirect transition P~ due to

X,-r, transitions.
As a result of L mapping to N, the pseudodirect

transition P, in Fig. 5 due to N, - L, transitions
should lie near -3.0 eV and be observed for both

polarizations. We therefore attribute the peak at

2. 9 eV in Fig. 2 to N, - L, transitions and there-
fore label it P3. The pseudodirect transition I'4

in Fig. 5 due to Q, +iL4)-X, transitions should lie
near -3. 5 eV and be observed principally for
E (~ Z. We therefore assign the electroreflectance
peak at 3. 53 eV to the pseudodirect transition I'4.
A definitive assignment of the remaining structure
must await a more complete energy-band calcula-
tion for chalcopyrite crystals.

CONCLUSIONS

In summary, the electroreflectance spectra of
CdSnP3 consist of two very different types of struc-
ture. The structure near the lowest direct band

gap of CdSnP~ is derived from the I'»-I', direct

gap of InP, but is split by the combined effects of
the noncubic crystalline field and spin-orbit inter-
action. We have shown that the signs and magni-
tudes of these splittings can be predicted from the
known properties of InP, the binary analog of
CdSnP~, taking into account only spin-orbit coupling
and the uniaxial compression of the chalcopyrite
lattice. We have further shown that the unusual
polarization dependences of these band edge transi-
tions as observed in the electroreflectance spectra
can be quantitatively explained by the quasicubic
model. We have also observed structure in the
electroreflectance spectra due to states derived
from the E, and Ey+Dy direct band gaps. The split-
ting of these peaks and the polarization dependences
are consistent with electroreflectance studies of
stressed cubic semiconductors.

In addition to this electroreflectance structure
due to direct band gaps in CdSnP2 derived from
direct band gaps in InP, we observe much additional
structure due to pseudodirect transitions — direct
transitions in chalcopyrite derived from indirect
transitions in InP. These pseudodirect gaps result
when many points in the zinc-blende Brillouin zone
are mapped into any one point in the chalcopyrite
Brillouin zone due to the doubling of the unit cell
along the optic axis in chalcopyrite. We have iden-
tified the origins of much of this additional structure
from the observed polarization dependences and
from a knowledge of the energies of the equivalent
(forbidden) transitions in InP. Some remaining
structure has not been identified, and we anxiously
await an energy-band calculation for chalcopyrite
crystals.
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