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Zeeman Effect of Bound Excitons in II-IV-V& Chalcopyrite Semiconductors
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We present an analysis of the Zeeman effect of bound excitons in II-IV-V~ chalcopyrite semi-
conductors and compare our results with those in wurtzite semiconductors like CdS. We also
present experimental data on Zeeman studies of sharp luminescence lines in ZnSiP2 and identify
the most prominent emission line in the spectrum as due to an exciton bound to an ionized or
isoelectronic impurity.

We present an analysis of the Zeeman effect of
the three simplest kinds of bound excitons in II-
IV-V~ chalcopyrite semiconductors' and apply this
analysis to determine the origin of the sharp lu-
minescence lines in ZnSiP3. 2'3

These ternary semiconductors belong to the point
group D~~ (or 42m). 4 From electroreflectance
measurements, Shay et a/. ' have concluded that
CdSnp~, ZnSiAsp, and CdSiAsp are direct band-gap
materials whose fundamental band gaps (at I") are
derived from the I', - 1", transitions in the corre-
sponding zinc-blende materials. In Fig. 1, we
show the band structure (at I'} for chalcopyrites'
and compare it with the band structures in zinc-
blende and wurtzite semiconductors. We wil1, as-
sume this band structure of chalcopyrite semicon-
ductors for the present discussions. The point
we wish to emphasize here is that the ordering of
the valence bands is different from that in a wurtz-
ite semiconductor like CdS. From Fig. 1, we
can see that the symmetry of the top (or A) valence
band in a chalcopyrite crystal is similar to the
symmetry of the B valence band in a wurtzite crys-
tal. Therefore the Zeeman effect of a bound exciton
containing a hole from the A. valence band in a chal-
copyrite crystal will be similar to that of a bound
exciton containing a hole from the B valence band
in CdS.

Thomas and Hopfield7 have analyzed the Zeeman
effect of bound excitons containing holes from A
as well as B valence bands in CdS. %'ith assump-
tions similar to those made by Thomas and Hop-
field, 7 and considering holes from only the top (or
A) valence band, the Zeeman effects of bound ex-
citons in a chalcopyrite crystal are as shown in
Fig. 2. We have considered three cases: (i} an
exciton bound to a neutral donor 0+ ——+, (ii) an
exciton bound to a neutral. acceptor 0++ —,and
(iii) an exciton bound to an ionized or isoelectronic'
impurity I-+. Here 0+ represents an ionized donor,

can ionized acceptor, I an ionized or isoelectronic
impurity, —an electron, and + a hole from the top
valence band. The figures are self-explanatory,
but we wish to point out the following features:
(a) For an exciton bound to a neutral impurity,
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FIG. 1. Schematic diagram of band structure at I'
in chalcopyrite (CH) and wurtzite {W) crystals derived
from the I 5 I'& transitions in the corresponding zinc-
blende (ZB) crystals. SO and XSO mean, respectively,
with and without spin-orbit coupling. Selection rules are
indicated for light polarized parallel (II) and perpendicular
{Q to the c axis. Superscripts on representation labels
& indicate degeneracy. Chalcopyrite band structure
from Ref. 5.
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only three emission lines may be observed. From
symmetry arguments one can show that the splitting
of F, and the shifts of I'3 and F4 will vanish for
H iC.

With this brief description of the expected Zee-
man patterns in chalcopyrites, we turn our attention
to ZnSiP~. The 2'K luminescence spectrum of
ZnSiP& is dominated by a series of equally spaced
sharp lines, called the "numbered lines" in Ref. 3.
(See Fig. 1 of Ref. 3. ) We concentrate on line l
because the other numbered lines are phonon rep-
licas of line 1.' The application of magnetic field
to the sample broadens and then splits line 1 into
a triplet as shown in Fig. 3(b). The separation
between the outer two components of the triplet
increases linearly with H, as shown in the insert
in Fig. 3. When the temperature is reduced to
2 'K, the triplet collapses into a single line as
shown in Fig. 3(c).

In view of these data, .what can we say about the

A. 0 ItG

2.Io K

FIG. 2. Schematic representation of energy levels
of three kinds of bound excitons in a chalcopyrite crystal.
For a general direction of H, a11 lines observable in both
polarizations. Special selection rules for ~=0 are indi-
cated. (a) Exciton bound to a neutra1 donor, (b) exciton
bound to a neutral acceptor, and (c) exciton bound to an

ionized or isoelectronic impurity. F indicates forbidden,
W indicates weak transitions.

there is only one emission line in the absence of
magnetic field. This line is allowed for both E)) C
and ElC but the ratio (r =I„/I,) of parallel to per-
pendicular intensities will vary from orie material
to another and can be calculated by using the quasi-
cubic model. ' When a magnetic field is applied,
this emission line mill split into four components,
all of which will be allowed for both polarizations
for a general direction of magnetic field. (b) From
symmetry arguments, one can prove that neither

g, nor g„vanishes for H~C. Therefore, there
will be finite splittings of the excited and ground

states of an exciton bound to a neutral. impurity for
H&C. (c) For I +, there will be -two emission
lines (one in each polarization) for H=0. The
I'3- I', transition is forbidden for H= Q. The rela-
tive splittings of the three levels depend on the
material. (d) For Hr-'0, the I'5 level of the I-+
complex splits into a doublet whose separation
va,ries linearly with magnetic field. The I'3 and
1"4 levels will be mixed and will shift away from
each other nonlinearly. The exact nature of the

shift will depend on the zero- field F3-I'4 splitting.
I 3 Pf trans ition will be al lowed but weak, so that

MI-

D

K
cf.
K
I
6)
K
cf

I

40
R
LLJ
I-
K

RESOL

0
B. 95 kG

~ 204K

OJ

00

LLj

O
K

0
a C. 95kG

2.Io K
D

6220 6250
WAVELENGTH A

I

6240

FIG. 3. Zeeman splitting of line 1 in photoluminescence
spectrum of ZnSiP2 No. 20. (a) H=O, T=2.1'K, (b)
H=95 kG, T=20'K, and (c) H=95 kG, T=2.1'K. Inten-

sity scales are linear. The insert shows peak energies
of the three components of the triplet as a function of II.
The points are experimental, the solid lines are calculated
using E +=E0+y(g, +gr)PH with g, +gr, ——4. The large error
bars are a result of the large width of the emission line.
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origin of line 1'P Recent electroreflectance mea-
surements by Shay et al. ' indicate that the funda-
mental band gap in ZnSiP~ is either indirect or
pseudodirect. ' In either case, the details of the
theoretical analysis presented above (such as the
selection rules and the angular dependencies) will
not apply directly to ZnSiP~. However, if we as-
sume a "simplified ZnSiP~" model analogous to the
"simplified GaP" model of Thomas et gl,
sP/ittings of bound excitons in ZnSiP3 wi11 be ex-
pected to be similar to those discussed above.
Using this assumption, we can identify the center
responsible for line I as an exciton bound to an
ionized or isoelectronic impurity by the following
reasoning: (i) We see a triplet in magnetic field.
This is consistent with I-+. '2 For an exciton bound
to a neutral impurity, a quartet is expected for
arbitrary 8; a triplet is expected only at specific
values of 8 when the splitting of the excited state
equals that of the ground state. %e observe a
triplet in more than one sample, with different
values of 8. This rules out an exciton bound to a
neutral impurity. (ii) When the temperature is

l,owered to 2 'K, an exciton bound to a neutral im-
purity is expected to give rise to two emission
lines of approximately equal intensities. Instead
we find that a single emission line dominates tFig.
3(c)]. The ratio of intensities of the lowest to the
middle component is -40. This behavior is com-
pletely consistent with I-+, ' but not with an exciton
bound to a neutral impurity. (iii) The linear varia-
tion (with H) of the outer two components of the
triplet and the slight shift of the central component
are also consistent with I-+.

This identification of line 1 as due to an exciton
bound to an ionized or isoelectronic impurity should
be considered tentative until a detailed comparison
is made between the theory and experiments re-
garding the se1.ection rules and angular dependences.
An incomplete knowledge of the band structure of
ZnSiP~ and the smallness of the available samples
prevent such a comparison at the present time.

We thank J. H. Wernick for his guidance in the
crystal-growing efforts, J. L. Shay and R. Dingle
for helpful discussions, and A. E. DiGiovanni for
technical assistance.
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