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We report electroreQectance spectra for the chalcopyrite crystals CdSiAs2 and CdGeAs2.
These compounds are characterized by large built-in compressions and internal displace-
ments of the As anions due to the difference in the cation covalent radii, Cd being 27% larger
than Si and 21% larger than Ge. We find that CdSiAs2 has a directband gap at 1.55 eV. The

simple quasicubic model for the crystal field splitting of the fundamental band gap in chalco-

pyrite crystals breaks down in CdSiAs2 because of a contribution (-50/o of the compressional
splitting) of opposite sign due to the difference in the pseudopotentials of the cations Cd and

Si. However, the quasicubic model quantitatively explains the observed polarization depen-
dences in terms of the measured valence band splittings. Transitions corresponding to the
~ transitions in zinc-blende crystals are not observed in CdSiAs, and CdGeAs2. Instead, a
new doublet is observed for E l & in both crystals, and we assign this new structure to

transitions at the point N in the chalcopyrite Brillouin zone.

I. INTRODUCTION

Many of the electronic and optical properties of
II-IV-V2 chalcopyrite semiconductors can be under-
stood in terms of a simple binary-ternary analogy
which emphasizes the similarity of the zinc-blende
and chalcopyrite lattices. ' ' In previous electro-
reflectance studies' of CdSnP3 and ZnSiAs~, a
simple quasicubie model accounting for the built-in
compression of the chalcopyrite lattice quantita-
tively explained the (i) ordering, (ii) splittings,
and (iii) polarization dependences for the three

transitions derived from the triply degenerate
fundamental band gap I'»- 1", in zinc-blende crys-
tals. A quasicubic model was also constructed to
explain the splittings and polarization dependences
of the transitions in CdSnP~ and ZnSiAs& corre-
sponding to the A transitions in zinc-blende crys-
tals. Other electroreQectance structure was at-
tributed to pseudodirect transitions —direct trans-
itions in chalcopyrite corresponding to indirect
transitions in zinc-blende crystals which become
allowed because of the doubling of the unit cell
along the Z direction in chalcopyrite crystals.
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Such a simple analogy is expected to break down
in CdSi or CdGe compounds because of the dif-
ference in size of the cations, Cd being 27%%uo larger
than Si and 21/0 larger than Ge. This difference in
size triggers a built-in uniaxial compression and
an internal strain, a distortion of the column V

anions away from the 4-,'-,' positions. The anti-
symmetric potential resulting from the difference
of the cation pseudopotentials should also become
important for CdSi compounds, since Cd and Si
are two rows apart on the Periodic Chart. Con-
sequently, in the present electroreQectance studies
of CdSiAsz and CdGeAsa, me address ourselves to
the question: To what extent is CdSiAs~ basically
a slightly perturbed GaAs? To summarize our
results, we find that the fundamental band gap of
CdSiAsz is derived from the triply degenerate I'»- 1", fundamental gap of GaAs, but the valence
band splittings predicted for CdSiAs2 by the simple
model accounting for compression alone are no
longer quantitatively accurate. The difference
in Cd and Si potentials make a contribution to the
crystal field splitting of the valence bands - 50%
of the stress splitting and of opposite sign. For
the higher energy gaps, the breakdown of the
simple analogy is much more drastic. No electro-
reflectance peaks are observed in CdSiAsa or
CdGeAsa corresponding to the A transitions in
GaAs. Instead a nem doublet is observed in both
crystals for R& Z and is assigned to transitions at
the point N.

II. EXPERIMENTAL TECHNIQUES

The CdSiAsz crystals mere grown by a closed-
tube chemical-transport technique using a small
amount of SnCla as the source of Clz for the trans-
port of Si. Although not intentionally doped, a
thex'mal probe indicated that the crystals mere p
type. The CdGeAsz crystals mere grown from the
melt and also mere p type. A more detailed dis-
cussion of the crystal growth is presented else-
where. '

The electroreflectance measurements mere per-
formed using the electrolyte technique developed
by Cardona and co-morkers. For both CdSiAsz
and CdGeAsa, reverse biasing of the semiconductor-
electrolyte junction ma, s obtained for negative
voltages applied to the cx'ystal. For Vgc= —1~ 5 V~

reverse currents of about 1 pa mere obtained.
CdSiAsz crystals did not show any deterioration
during the course of an experiment. CdGeAs2
crystals, however, graduaQy accumulated a
metalliclike film in the 1-molar KCl-H30 electro-
lyte. Consequently, experiments were performed
on several crystals from the same boule in order
to obtain reliable results over the entire wave-
length x'ange. CdSiA83 cx'ystals mex'e etched for
1 min in 1%%A Br~ in methanol; CdGeAsa crystals
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FIG. 1. Boom-temperature electrolyte electroreQec-
tance spectra of CdSihs2 for light polarized relative to
the optic axis. The orientation eras [112], so E Il Z is
only nominal and only 3 of the intensity is parallel to Z,
Vd = —1.5 V; V~ =1.OVAL~.

were Syton polished. Soldex'ed indium contacts
made Ohmic contact to both materials. Electro-
reflectance studies were. performed on (112) and

(0113natural faces, which were identified by
I.aue photographs and x-ray diffraction studies. 3'

For reflectance studies on these faces, it is pos-
sible to polarize light with the electric vector
perpendicular to the optic axis, but not completely
parallel to this axis. Consequently, in the elec-
troreflectance spectra, F- ll Z is only nominal, and
in fact only. -', or 5 of the intensity lies parallel to
Z for {ll2)and (011)faces, respectively.

The electroreflectance spectrum associated
with any given critical point can, in general, have
oscillatory structure above and below the critical
point. Consequently, a discussion of our pro-
cedure for determining the energy gaps from the
spectra in the present work is in order. In general,
me locate the critical point at the lowest-energy
prominant peak of the structure. The maximum
uncertainty in such an identification is the peak's
width. Although this is a reliable procedure for
Mz critical points at the fundamental edge, struc-
ture associated with M, critical points can have,
for example, tmo peaks of equal height in which
case the energy gap is somemhere in between.
For most of the electroreflectance spectra reported
here, each individual structure displays only one
prominant peak which me identify as the critical
point at the energy gap.
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only nominal as explained earlier. The energies,
polarizations, and identifications of CdSiAs, elec-
troreflectance structure are summarized in Table
I.

The ordering and splittings of the A, B, and C
peaks in CdSnPz and ZnSiAsz have been explained'
by a simple model which regards a chalcopyrite
crystal, e. g. , CdSiAsz, as a strained version of
its binary analog, e. g. , GaAs. Within this so-
called quasicubic model, the energies of the I'z
valence-band levels relative to the Pe level are
given by '

FIG. 2. Band structure and selection rules for the

transitions in chalcopyrite crystals derived from the

I'~ energy gap in zinc-blende crystals. The split-
tings and polarization dependences are indicated sche-
matically for a crystal in which &,0«&~~. For arbitrary
values of these parameters, the valence-band splittings

and polarization dependences are given, respectively,

by Eqs. (1) and (3) in the text.

III. EXPERIMENTAL RESULTS

A. Lowest Energy Gap

In Fig. 1, we present the 300 K electrolyte
electroreflectance spectra for a single crystal of

CdSiAsz measured, respectively, for light polar-
ized parallel and perpendicular to the optic axis.
As has been previously observed' in CdSnPz and

ZnSiAsz, the-A. , B, and C peaks at 1.55, 1.V4,

and 1.99eV are derived from the I"15 I'1 trans-
ition in zinc blende according to the model shown

in Fig. 2. The triple degeneracy of the I'» valence
band is completely lifted in chalcopyrite under the

simultaneous per turbations of spin-orbit coupling
and the noncubic crystalline field. The group
theoretical selection rules are indicated in Fig. 2.
Whereas the 8 peak is only allowed for R& Z, it
is partially observed in the solid curve in Fig. 1

due to the experimental constraint that R lt Z is

where 4„ is the spin-orbit splitting measured in
GaAs, the binary analog of CdSiAsz, and ~„ is
the crystal-field-splitting parameter. Considering
only the effects of the built-in compression of the

chalcopyrite lattice, we estimate &„by

&„=—,
' b(2 —C/A),

where b is the deformation potential describing
the splitting of the valence bands in the zinc-blende
binary analog under uniaxial stress, "' and C
and A are the chalcopyrite lattice constants. '3

The experimental parameters ~„and ~„, de-
termined from the splitting of the A, B, and C
peaks using Eq. (1), are summarized in Table II
together with the theoretical values predicted by
the quasicubic model. The agreement between
theory and experiment is not as good for CdSiAsz
as it is for the other two crystals, especially for
laE f the crystal field spl itting . This breakdown
of the simple theory in CdSiAsz will be discussed
in a later Sec. IVA.

In addition to the eigenvalues given by Eq. (1),
the quasicubic model determines eigenfunctions
from which one can predict polarization depen-
dences. ' For this model, the ratio of the
strengths of transitions from a given 1'~ valence
band to the I'6 conduction band for light polarized,
respectively, parallel or perpendicular to the

optic axis is given by

Label
Energy Identi- Zine-blende

(ev) Polarization fieation analog

TABLE I. CdSiAs2 electroreflectance structure. TABLE II. Comparison of experimental results and

theoretical predictions of the quasicubic model for the

valence-band structure of CdSnP2, ZnSiAs2, and CdSiAs2.

1.55
1.74
l.99

(R. 57
2.99
3.10
3.82
3.97
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(eV)

CdSnP
Experiment~ 0.10

2 Theory 0.11

(ev)

—0.10
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Experiment
CdSiAs2

Theory

See Ref. 2.

0.29 —0.24 15
0.34 —0.43 16

See H,ef. 3.

0
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ZnSiAs

Theory 0.31 —0.16 8. 5
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FIG. 4. HBoom-temperature electrolyte electroreQec-
tance spectra of CdSiAs2 in the 2. p-4. 5-eV re ion the

I„/I, = {2-3Z/~, .)'.
Using experimental values for E and ~ the r-
dictions of E . ,'q. (3) are given in Table II together
with the exxperimental intensity ratios. The inten-
sity ratio predicted by Eq. (3) ixs a so shown as the

solid line in Fi . 3l'd ' 'g. where the points are experi-
mental data. It is apparent th t thn a e quasicubic
model quantitatively explains the observed polar-
ization dependences.

8. Higher Energy Gaps

The electroreflectance spectra for CdSiAsa and

7000
I

8000 5000 , 4000
AVELENGTH (A

3000

e — . eV are shownGeAs2 xn the energy range 2-4. 5

in igs. 4 and 5, respectively. Th A I3e ~, and

p aks were not observed in Cdo A
the l'

'n e s&, since
y ie below the infrared cutoff f th

The general features of the da
o e electrol te.

with the un ol
e ata in Fig. 5 agree

wx he unpolarized data of Kwan and Woolle '

The spectra in F'p in Figs. 4 and 5 are quite differ
from reviousp

' results for CdSnP& and ZnSiAs

' e i erent

h ho o ld'd t'f dx y oublets derived from
e E, and F-, +~, peaks in zinc blende. The

measured splittin s we
2

'
g were approximately equal to

3+g as expe cted. Stron sua . g upporting evidence for
e identifications in both crystals were the ob-

, whereas E, + ~, was stronger for
E~Z, and the intensitF-~, ' i y ratios were in reasonable
agreement with a simple theor .e eory. For CdSiAsz

e s2, the F., peaks should lie between
2. 5 and 3.0 eV, be split - 0. 2 eV ae, and display in-
ensl. y ratios of about 2 and 0. 6 fo thol e E1 and

ou et can1 1 pea s, respectively. No such d bl

in f
ound zn either Fig. 4 or 5. In tns ead, the strik-

ing eature of the spectra, in this ener ranxn xn xs energy range is
e e, with both peaks strongl

pro ably due to transitions at the point N in the
chalcopyrite Brillouin zone.

IV. DISCUSSIO&

&. La~est Energy Gap

The binar -ty- ernary analogy which has been
used to explain' man of they o electronic properties

Fi. 6.
o SnP3 and Zn'SiAs& is shown schem t' llarea yin

a po ential'g. . One assumes that the crystal t
c alcopyrite crystal, e. g. , CdSiAs& is2l

FIG. 5. Boooom-temperature electrolyte electro
tance spectra of CdGeAso e s2in the 2.0- to 4.5-eV region.
The orientation is nearly [011] Vd, =-1.5 v; v =&ov .PP'
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BINARY - TERNARY ANALOGY

CdSIAs2 = 2IoaAsj

+ COMPRESSION

+ DOUBLE UNIT CELL

+ ANTISYMMETRIC POTENTIAL

+ INTERNAI. STRAIN

FIG. 6. Binary-ternary
analogy for relating elec-
tronic and optical properties
of ternary chalcopyrite crys-
tals to properties of the
well-understood binary zinc-
blende crystals.

TABLE III. Comparison of theoretical and experi-
mental values for &,&, the crystal field splitting of the
valence-band maxima (in eV) .

CdSnP2 ZnSiAs2 CdSiAs~

Experiment
Theory I:Eq. (2)]
Theory (pseudopotential')

—0.10
—0.12
—0.14

—0.13"
—0.16
—0.20

—0.24
—0.43
—0.29

'See Ref. 2. See Ref. 3. 'See Ref. 16.

approximately the same as the crystal potential
in the zinc-blende binary analog, e.g. , GaAs,
except for four perturbations: (i) The chalcopyrite
lattice has a built-in uniaxial compression along
the Z axis; (ii) the ordering of the cations relative
to one another is such that the unit cell is doubled
along the Z axis; (iii) the difference in the pseudo-
potentials of the cations (e. g. , Cd and Si) pro-
duces a new antisymmetric potential; and (iv) there
is an internal strain, i. e. , the anions are not
located at —,

'
4 —,', etc. , but are slightly distorted

in such a way as to reduce the IV-V bond lengths.
As shown in Sec. III and summarized in Table

II, the effects of compression alone explain the
structure of the valence band maxima in CdSnP,
and ZnSiAs2 but are in error by a factor of - 2 in
CdSiAs2. Due to the great difference in the co-
valent radii of Cd and Si,"the crystal lattice of
CdSiAsz displays a large built-in compression and

a large internal strain. The antisymmetric po-
tential due to the difference in cations should also
become important in CdSiAs& since Cd and Si are
two rows apart on the Periodic Chart. The built-
in compression and the antisymmetric potential
have been explicitly included in a recent pseudo-
potential calculation by Goryunova et al. ,

' whose
results are included in Table III. The good agree-
ment between the pseudopotential predictions and

experiment as shown in Table III apparently in-
dicates that the large internal strain in CdSiAs2
is of relatively little importance in determining the

splitting of the valence-band maxima. The dif-
ference between the simple theory of Eq. (2) and

experiment is therefore entirely due to the anti-
symmetric potential resulting from the differences
in the Cd and Si pseudopotentials, even though
this antisymmetric potential contributes to ~„
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FIG. 7. Lowest-order approximation to the energy-
band structure of CdSiAs2 (solid lines) obtained by im-
bedding the energy bands of GaAs (dashed lines) (Ref. 19)
into the chalcopyrite Brillouin zone.

only in second order. '

B. Higher Energy Gaps

Extending the binary-ternary analogy of Fig. 6
to the higher energy gaps, one can account for
the doubling of the unit cell in CdSiAsz along the
Z direction by merely imbeddilig the energy bands
of GaAs into the chalcopyrite Brillouin zone. '7'
The results of this procedure are shown in Fig. 7
where the dashed curves are the energy bands of
GaAs calculated by Cohen and Bergstresser, "
and the solid lines are the energy bands of CdSiAs2
in this approximation. Two types of energy gaps
result: (a) direct energy gape corresponding to
direct gaps in GaAs; and (b) pseudodirect energy
gaps, which are direct energy gaps corresponding
to indirect gaps in GaAs. We have referred to
the latter as pseudodirect ' since their strengths
depend upon the degree of difference of the cation
pseudopotentials. Qf the four pseudodirect trans-
itions P,-P4 indicated in Fig. 7, only two, P~
and P„are observed in CdSiAs2 (Fig. 4). The
experimental energies of peaks Pz and P3 are close
to the transition energies in Fig. 7 and their
polarization properties are as expected. '3 P3 is
also tentatively identified in Fig. 5.

For both CdSnPz and ZnSiAsz a quasicubic
model has also been constructed to explain the

effects of the built-in compression upon the A

transitions. As discussed earlier, although the
simple theory explained the splitting and polariza-
tion dependences of these transitions in CdSnPz
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and ZnSiAsz, no A transitions are apparent in the
electroreflectance spectra of CdSiAs, (Fig. 4) or
CdGeAs, (Fig. 5). Instead of a doublet D, strongly
polarized F- ~ Z is observed in this energy range
in both crystals. This breakdown of the simple
theory for the A transitions is not surprising in
view of our earlier discussion of the breakdown
of the simple theory for the valence-band struc-
ture in CdSiAsz.

The L point in zinc-blende maps to N in chal-
copyrite on account of the doubling of the unit cell
along the Z direction. In view of the similarity
of the D splittings to the spin-orbit splitting of
L3 in GaAs, and the closeness of the D energies
to the L,-L, energy gap in GaAs, it appears likely
that the D doublet is due to N, -N, transitions,
derived from I,-L, transitions in zinc blende.
Until a theoretical calculation unravels the valence-
band structure at N, this assignment cannot be
unambiguously confirmed.

V. CONCLUSION"

The fundamental band gap of CdSiAsa is derived
from the I"»- I', transition in GaAs, but the
triple degeneracy of the I'» valence band is com-
pletely removed by the combined effects of spin-
orbit interaction and the noncubic crystalline
field. The observed crystal field splitting results
from a partial cancellation of a large contribution
( —0. 43 eV) due to the built-in uniaxial compres-
sion, and a contribution of opposite sign (+0.19

eV) due to the large differences in the Cd and Si
pseudopotentials. Using the experimental split-
tings of the valence bands, the quasicubic model
quantitatively explains the amplitudes of the ob-
served polarization dependences.

The electroreflectance structure corresponding
to higher energy gaps in CdSiAs~ and CdGeAsa
are quite different from previous studies of
CdSnPz and ZnSiAs2. This result is not unex-
pected in view of the breakdown of the simple com-
pressional model for the structure of the valence-
band maxima in CdSiAs2. In both CdSiAs& and

CdGeAs~, no electroreflectance structure is ob-
served corresponding to the A transitions in
GaAs. Instead, a doublet labeled D is observed
in both crystals for f & Z near the expected en-
ergies of the A transitions. We attribute D to
N, -N, transitions derived from the L,-L, energy
gap in GaAs.
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The optical absorption of thin films of silver monofluoride has been investigated in the
visible and ultraviolet region of the spectrum at room and low temperatures. Exciton peaks
have been observed at 4. 63 and 6. 34 eV for samples at 4. 8 'K. The first exciton peak is con-
siderably lo~er in energy than might be expected on the basis of the trend set by the other
silver halides. This unusually low energy has led us to speculate that the band structure of
AgF may be quite different from those of t'he other silver halides.

I, 1NTRODUCTION

Although the optical absorption spectra of the
common silver halide crystals (i. e. , AgCl, AgBr,
and Agi) have been studied extensively, ' no infor-
mation has been reported on the absorption spec-
trum of silver monofluoride crystals. This omis-
sion is related to various untoward properties of

silver monofluoride which cause its preparation in

a pure state to be difficult. Like the other silver
halides it is sensitive to light, but unlike the other
silver halides it is hygroscopic and highly reactive,
and decomposes on melting. Moreover, three dif-
ferent fluorides of silver are known to exist —silver
monofluoride (AgF), silver subfluoride (AgzF), and

silver difluoride (AgFz).
One of the few published studies on AgF was of

its gas-phase absorption spectrum, in which the

0, 0 energy and vibrational constants of the Ilp
-'Z transition were determined. These constants
were compared with those of AgCl, AgBr, and AgI,
and were found to be in accord with the trends set
by the other three members of the series. In the

gas phase, however, the silver halides are expected
to act as diatomic molecules; thus, this study pro-
vides little insight into the optical properties of
AgF crystals.

The present study of the visible and ultraviolet
absorption spectrum of AgF was undertaken on thin

films. The observed optical spectrum of AgF dif-
fers significantly from predictions based on simple
considerations of the spectra of the other silver
halides. %e discuss the unusual behavior found in
terms of the theoretical framework available at
present.

II. EXPERIMENTAL

Thin films of AgF were prepared from commer-

cially available silver monofluoride using a frac-
tional evaporation technique in vacuum under red
light. The silver monofluoride starting materials
obtained from a number of sources varied in color
from yellow to black, and were always contaminated
with silver, silver oxide, water, and various trace
impurities. A particular sample of chemically pure
grade AgF, purchased from the Amend Drug and
Chemical Co. , Inc. , was found to be relatively
pure and was used in these studies. Analysis of
this commercial sample by flame emission spec-
troscopy, together with spark-source mass spec-
troscopy, showed the major trace impurities listed
in Table I. In one case where the AgF had con-
tacted glass, additional impurities of silicon, cal-
cium, and the alkali metals were found. The films
were formed by evaporating the dried commercial
AgF sample from a pyrolitic graphite boat at a rate
of approximately 0. 05 p/h. At faster deposition
rates, large amounts of colloidal silver were often
formed in the evaporated layers. The film thick-
ness was measured by a Sloan thickness monitor
and by x-ray fluorescence studies of the silver in
the film.

The AgF films were deposited on single-crystal
CaFz substrates which were held at about 80'C dur-
ing evaporation. Analysis of the films by spark-
source mass spectroscopy indicated that they gen-
erally contained a level of trace impurities similar
to that found in the commercial AgF starting ma-
terial. Visual examination of the films showed
them to be colorless, presumably indicating that
the concentration of colloidal silver and other col-
ored impurities was substantially reduced. An in-
vesUgation of the layers by x-ray diffraction showed
them all to be crystalline and highly oriented, with
the (ill) planes parallel to the surface of the CaFz
substrate. The orientation of the AgF film was due


