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Optical absorption and electron spin resonance (ESR) spectra have been studied in as-grown, Cr-doped, and annealed
in different atmospheres CuAlS, crystals. It has been found that the major influence on the optical and ESR properties of
CuAlS, crystals, obtained by chemical vapour transport, arises from the transition ions Fe’* and Cr’*, which are present
in the crystal lattice as residual impurities. Thermal treated crystals exhibit drastic changes in their absorption and ESR
spectra depending on the annealing atmosphere, which is explained by the process of the Fermi level motion in the vicini-
ty of the Fe*” /Fe’* and Cr*/Cr’* demarcation levels. The results obtained show that the valence states of Fe and Cr
ions and their relative amounts in each valence state are controlled by the position of the Fermi level in the band gap of

the host crystal, and are stoichiometry on dependent.
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§1. Introduction

CuAlS; ternary semiconductor is the widest band gap
member of A'B*CS-type chalcopyrite compounds which
is expected to be a possible canditate for blue-to-
ultraviolet light emitting device application, since it has a
wide enough direct band gap," a rather low melting point
with a simple chalcopyrite phase,” and emits strong pur-
ple luminescence.” However, all as-grown CuAlS,
crystals exhibit p-type conductivity with resistivities
higher than 10* Q-cm and hole mobilities lower than 3
cm?’/Vs.* Since the concentration of native defects in ter-
nary compounds is expected to be high, a high resistivity
implies that materials under consideration are highly
compensated with the Fermi level position close to the
center of the band gap. A defect whose energy is near the
center of the band gap will gain or lose electrons as the
Fermi level passes through the demarcation level of
different charged (valence) states of this defect. The posi-
tion of the Fermi level in the band gap can be influenced
by appropriate thermal treatments of the crystal, and if
any of the charged states of the defect are paramagnetic,
the electron spin resonance (ESR) technique can be used
to monitor the motion of the Fermi level in the vicinity of
the demarcation level of the defect.

Transition atom (TA) impurities have been known to
introduce deep levels in the band gaps of semiconduc-
tors, including the ternary ones, these levels not only tak-
ing part in the processes of electrical charge compensa-
tion and, therefore, controlling the concentration and
type of conducting carriers, but also acting as activators
or killers of luminescence.” The optical absorption and
luminescence properties of ternaries depend greatly on
the charged state of the TA impurities, which, therefore,
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can be determined from optical measurements. The con-
centration and type of residual impurities in ternary com-
pounds depend greatly on the chemical purity of the start-
ing materials, as well as on the technology used for
material preparation.

It was shown by emission spectroscopy that contamina-
tion of A'B*Ci-type compounds occurs mainly by Fe and
Cr,” whereas the ESR results show that the main con-
taminators are Fe and Ni, the valence states and the rela-
tive amounts of these elements in each valence state being
stoichiometry on dependent.”

In this study we have tried to determine the type and
valence states of TA impurities in the CuAlS; compound
by 1) changing the position of the Fermi level in the band
gap by stoichiometry alterations under thermal
treatments in different atmospheres or by doping with
donor- or acceptor-like impurities and by 2) controlling
the resultant change in optical and ESR spectra.

§2. Experimental

The single crystals of the CuAlS; compound used in
this study were as follows.
1) As-grown crystals of stoichiometric as well as Cu-
rich (Cu; g3 Aly 7 S;) and Al-rich (Cuggr Al 3 S;) composi-
tions, grown by the temperature-variation chemical
vapour transport (CVT) technique from the
polycrystalline CuAlS, compound, prepared by the direct
melting of constituent elements in a BN crucible.®
Whereas most of the crystals, including those used for
thermal treatments, were obtained from high-purity
elements with the specified concentrations of Fe, Cr and
Ni being less than 5 ppm, 2 ppm and 1 ppm, respectively,
some of the as-grown crystals, used for optical absorp-
tion measurements, were prepared from starting
elements contaminated with Fe and Cr in specified con-
centrations of 20 ppm and 50 ppm, respectively.
2) Cr-doped crystals with the nominal compositions
CugesCron AlS; and CuAlpwiCronS;, obtained from the
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high-purity elements using the same growth method, Cr
being added to the starting composition before melting.
For the Cr-doped compound the CVT was carried out at
two temperatures of the growth-zone, i.e., at the usually
used 7,=700°C as well as at higher 7,=800°C.

3) Crystals, annealed under vacuum, as well as in the
presence of Cu and/or S. Thermal treatments were car-
ried out in evacuated and sealed quartz ampoules with an
inner diameter of 7-10 mm and 10-15 ¢cm length. The
samples were placed in one end of the ampoule and the
annealing elements were placed in the other end. The
thermal treatments were carried out for 60 h at 700°C
(vacuum, S-, Cu-, Cu+S-annealings), as well as 750°C in
the case of S-annealing, the amount of sulphur placed in
the ampoule in the case of S-annealings corresponded to
sulphur pressure of about 2, 4, and 6 atm at the tempera-
tures used. Cooling down to room temperature was
achieved by plunging the ampoule into water, and the
sulphur stuck on the samples during the annealings in S-
vapour was removed by washing the crystals in boiling
CS..

Most of the as-grown single crystals were typically
slightly greenish in colour and plate-shaped with dimen-
sions of about 5x10%0.5mm’ or bulk-shaped with
dimensions of 3 x 3 x 2 mm?, whereas the Al-rich crystals
were colourless with very small dimensions of no more
than §x0.3x0.2mm’. Annealing under vacuum yields
colourless crystals, S-annealing deepens the blue-
greenish colouration of the samples, and Cu- and
(Cu+S)-annealings yield bright yellow crystals.

The crystals used for absorption measurements were
mirror-polished to a thickness of 0.2-0.3 mm using lap-
ping films. For ESR measurements relatively small plate-
shaped or, better, bulk-shaped crystals were used.
Absorption spectra were measured at room temperature
using a HITACHI U-3410 spectrophotometer, and ESR
spectra were taken with a JEOL JES-RE2X X-band spec-
trometer in the temperature range 110-300K and
microwave power range 0.01-150 mW. The crystals used
for ESR measurements were not oriented by X-ray
techniques, but we were able to ascertain the orientation
of the crystals (at least, approximately) by comparison of
the spectra obtained with those of the Ti- and V-doped
crystals.”

§3. Results and Discussion

3.1 Optical absorption
3.1.1 As-grown crystals

The typical absorption spectra of undoped CuAlS;
crystals are shown in Fig. 1. The spectrum of undoped
nominally stoichiometric CuAlS, consists of two broad
bands A and B at 920 and 620 nm, respectively,
originating from charge-transfer transitions related to
residual Fe** ions, substituting for Al sites.'” Most of the
crystals also exhibit a broad absorption C-band at
~ 1150 nm. The spectral position of the C-band agrees
well with that of the Cr?*-related absorption band in
CdS:Cr,"" where it was found to have originated from
the intersystem transitions from the ground state *T, of
the Cr*” ion to the excited states of T, and T, sym-
metry. However, if we assume that the C-band is caused
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Fig. 1. Optical absorption spectra of the stoichiometric (——--), Cu-

and Al-rich (— ) as-grown CuAlS, crystals, as well as of the crystals
obtained from the starting elements contaminated with Fe and Cr in
the specified concentrations of 20 ppm and 50 ppm, respectively

by d-d transitions in divalent Cr ions, then we should
also observe a strong absorption at ~1800nm,
originating from the intrasystem transitions *T,—°E.

Since no strong absorption band has been observed
near 1800 nm in our crystals, the C-band may originate
either 1) from Cr-related charge-transfer transitions or 2)
from charge-transfer transitions from the valence band
of the host crystal to the 3d-shell-originated orbitals of
the Fe’™ ion, substituting for Cu sites. However, the lat-
ter assignment will be ruled out later on the basis of ESR
results. Therefore, we tentatively attribute the C-band to
Cr?*-related charge-transfer transitions (the valence state
of Cr ion has been determined from ESR results, dis-
cussed later).

The spectra of Cu-rich undoped crystals exhibit a
slight increase in the intensities of A- and B-bands,
whereas in Al-rich samples these Fe’*-related bands are
diminished or eliminated, the latter result being in accord-
ance with that obtained by Donohue er al.® These results
can be explained taking into account that in Cu-rich and
Al-rich crystals a large concentration of the defects of
antisite disorder should be expected, these defects being
acceptor-like Cu,-defects for Cu-rich samples and
donor-like Alc,-defects for Al-rich samples. These
defects will influence the position of the Fermi level in the
band gap of the host crystal, resulting in the change of
valency of Fe ions, responsible for the A- and B-absorp-
tion bands.

The spectrum of the crystal, obtained from the starting
elements, containing Fe and Cr impurities in high concen-
tration (Fe ~ 20 ppm, Cr ~ 50 ppm), shows the great in-
crease in absorption coefficient due to the strengthening
of Fe and Cr-related absorption bands, the A-band in
this case is shifted towards lower energies and labeled as
Al
3.1.2 Cr-doped crystals

The Cr-doped Cu-deficient crystals of the starting com-
position CupesCroo2AlS;, obtained by CVT at the
growth-zone temperature 7,=700°C exhibit no
remarkable changes in the absorption spectrum as com-
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Fig. 2. Optical absorption spectra of Cr-doped CuAlS, crystals. The
spectrum labeled by (*) belongs to the crystal obtained under a
higher-than-usual temperature of the growth zone of the ampoule
(T,=800°C), used during CVT. The spectrum of undoped crystal is
also shown.

pared with the undoped stoichiometric crystals (Fig. 2),
whereas increasing the 7; up to T,=800°C results in
elimination of the Fe**-related absorption bands in the
crystals obtained, as shown by the curve marked by (*).
The observed elimination of the Fe''-originated A- and
B-bands can be explained under an assumption that in
Cu-deficient crystals Cr ions tend to occupy Cu sites,
since in this case the substitution of Cu™ sites by either
Cr?* or Cr’* leads to the reduction of Fe ions valency
from Fe’* to Fe!* due to the upward shift of the Fermi
level towards the conduction band. The same
phenomenon has also been observed in V-doped CuAlS,
crystals.® Since the above mentioned changes in the spec-
trum, witnessing the presence of Cr ions in the crystal lat-
tice of host crystals, occurs only at high enough 7,, we
believe that the transport rate of Cr during the CVT is
slow and/ or the probability of substitution of Cu sites by
Cr is lower than that of Al sites.

The spectra of Al-deficient crystals, in which Cr is
believed to substitute mainly for Al sites, exhibit the
same A- and B-bands, but the peak energy of the A-band
(9610 cm™!) is shifted toward lower energies, the same
“shifted’” A’-band having been observed for our Fe- and
Cr-contaminated samples (Fig. 1), as well as in the Cr-
doped CuAlS;, obtained by Donohue et al.® Therefore,
the ‘‘shifted’” A’-band is believed to be formed by both
Fe'*- and Cr’*-related transitions, the Fe’*-originated
A-band and Cr?*-originated C-band being superposed
on each other and resulting in the A’-band.

3.1.3  Annealed crystals

The absorption spectra of S- and vacuum-annealed
samples are shown in Fig. 3. It is seen from this figure
that increasing the pressure of S as well as the tempera-
ture of the annealing results in an increase in intensity of
the Fe'*-related A- and B-bands, and in the shift of the A
band towards its spectral position in the Cr-doped
crystals (A’-band). Annealing of the crystals, previously
annealed in S-vapour, in vacuum for 60 h results in a
decrease in intensity of A’- and B-bands, whereas
vacuum annealing for 120 h completely eliminates this
transitions (Fig. 3) and results in colourless crystals.
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Fig. 3. Optical absorption spectra of S-annealed CuAlS, crystals. The
spectra of undoped (- ) and vacuum-annealed (--—-) crystals are
also shown.

The observed strengthening of the A- and B-bands as -
well as the shift of the A-band towards lower energies
under S-annealing can be explained in terms of the Fermi
level motion down toward the valence band of the host
crystal. The thermal treatment in S-vapour will certainly
result in a decrease of concentration of sulphur vacancies
V., and in the increase of concentration of cation vacan-
cies Ve, and Va,. Since the former defects are donor-like
and the latter defects are acceptor-like, the degree of com-
pensation under S-annealing will be reduced, which was
observed experimentally as an increase of the conductivi-
ty of p-type samples.” The reduction of the degree of
compensation means that the Fermi level in the samples
moves from its midgap position in highly compensated
crystals towards the valence band, this movement
resulting in lowering of the Fermi level in relation to the
demarcation levels of TA ions, i.e., Fe!*/Fe** and
Cr*/Cr**, as compared with its position in as-grown
samples. Therefore, both Fe and Cr ion impurities lose
their electrons, this process resulting in the increase of
concentration of Fe'™ and Cr?* ions, which is observed
as an increase of intensities of the absorption bands,
originated from these ions, and in the decrease of the con-
centration of Fe'* and Cr™ ions.

For vacuum annealing the above-described processes
are reversed, the Fermi level moving up towards the con-
duction band due to the increase in the concentration of
V;-defects, which results in the valency reduction of Fe
and Cr ions to their optically undetectable states, Fe**
and Cr*. The formation of Cr* ions under vacuum an-
nealing has been confirmed by ESR.

There are two more points that should be noted in con-
nection with the observed absorption spectra of annealed
crystals.

1) The annealing in Cu accelerates the process of the
valency reduction of TA ions as compared with vacuum
annealing. This is explained by the decrease in the concen-
tration of acceptor-like Vc,-defects, this process being
superposed on the increase of concentration of V;, which
results in a ‘““faster’” upward movement of the Fermi
level.

2) The thermal treatment in (Cu+S)-atmosphere does
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not result in the strengthening of A- and B-bands, which
was expected taking into account the much greater
pressure of S as compared with that of Cu, but, to the
contrary, it results in a decrease of the intensity of Fe-
related absorptions. This result can be explained under
an assumption that Cu diffuses readily through the
chalcopyrite lattice, filling its vacancies, V¢,, faster than
S fills Vi, which results in the movement of the Fermi
level upwards (not downward, as might have been ex-
pected under S-annealing). This assumption is supported
by the low activation energy (0.5 eV) of Cu diffusion in
binary sulphides.'? The last result has also been confirm-
ed by ESR.

3.2 ESR
3.2.1 As-grown crystals

The ESR spectra of undoped stoichiometric CuAlS;
crystals at 110K are shown in Fig. 4. The spectrum,
taken under parallel orientation of the c-axis of the sam-
ple in relation to the external magnetic field H, consists
of five fine structure transitions attributed to Fe’" ions
with 3d* (§=5/2) electronic configuration.'*'¥ Although
in a perfect host lattice in a strong Zeeman effect approx-
imation the peak-to-peak intensities of the five fine struc-
ture transitions of the Fe’* ion should be in the ratio of
5:8:9:8:5, the peak amplitudes observed do not follow
these ratios, presumably due to the effect of large crystal
field splitting of the ground state of Fe’* ions on Al sites,
which will be discussed in detail later. The fine structure
transitions are broadened up to the linewidths of about 8
mT for =*+3/2—*1/2 transitions and 15mT for
+5/2— +3/2 transitions, presumably due to the effects
of random crystalline fields, unresolved hyperfine interac-
tion with the nuclear moments of the ®*Cu and YAl
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Fig. 4. ESR spectra of undoped nominally stoichiometric CuAlS,
crystals.
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nuclei, and spin-phonon interaction. Measurements, car-
ried out in the range of microwave power from 0.0l mW
to 150 mW, showed that microwave saturation for Fe**-
related lines could not be reached even at the highest
power used, which precluded any relaxation time estima-
tions.

In addition to the Fe-related transitions a nearly
isotropic line at g=11.95 as well as an anisotropic line at
g»=28.15 were found to be present in undoped crystals.
We cannot explain the nature of the line at g=11.95,
since no lines with such a large g-value were observed in
binary or ternary compounds. We can only say that this
line must originate from some impurity or native defect,
the ground state of which carries a very large amount of
orbital momentum. On the other hand, the anisotropic
line at g, =8.15 can be readily assigned to the transitions
within the lowest orbital singlet ground state of Cr** ion
at substitutional sites of tetragonal symmetry, since the
anisotropic Cr**-related lines with g-values, close to that
observed in this study, have been found in binary com-
pounds CdS" (g,=7.75) and ZnSe'® (g,=7.837).

The spectrum of stoichiometric crystals, taken for the
orientation H L ¢, exhibits the same fine structure of Fe'*
ions as well as the unidentified line at g=11.95, the fine
structure lines being split into two components due to the
presence of two magnetically unequivalent metal sites in
the chalcopyrite lattice.'” In this case the integral inten-
sities of fine structure transitions approximately follow
the ratio 5:8:9:8:5, the most intense —1/2— +1/2 transi-
tion being in the centre of the spectrum. However, we
could not assign the fine structure transitions to the
positive or negative spin values because the ESR spectra
were recorded at relatively high temperatures. In the
strong Zeeman field approximation the intensity ratio be-
tween two extreme transitions 3/2—-35/2 and
—5/2— —3/2is nearly exp (—4hv/kT). In our case, tak-
ing into account the highest (300 K) and the lowest (110
K) temperatures used, this intensity ratio equals about
1.015, which, of course, is practically indiscernible in the
spectrum.

The spectra of the Cu-rich crystals were practically the
same as described above, whereas the spectra of the Al-
rich samples exhibit a decrease of intensity of the Fe'*-
and Cr**-related lines, which is in accordance with the
results of optical absorption, and the elimination of the
unidentified line at g=11.95. In some Cu-rich samples,
as well as in all the samples grown from contaminated
starting elements, a broad line with g-values depending
on orientation of the crystal and changing in the range of
g=2.05-2.31, has also been found, this line being at-
tributed to the transitions within the lowest Kramers
doublet of the substitutional Ni* ion.”!” Moreover, the
crystals grown from the contaminated starting elements
have also exhibited a well-resolved 30-line ESR structure
attributed to Mn*" ions, since, for this ion with 3d*-con-
figuration, the sixfold spin degeneracy results in five fine-
structure lines, each of which is split into six hyperfine
lines by the nuclear spin /=5/2 of *Mn."®
3.2.2 Annealed and Cr-doped crystals

The ESR spectra of the crystals annealed in S-vapour
show no remarkable changes as compared with the spec-
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tra of as-grown crystals, shown in Fig. 4, except that the
intensities of the Cr**-related line and Fe**-related fine
structure lines exhibit an approximately twofold in-
crease. This result implies that most of the Fe and Cr ions
in the lattice of the as-grown crystals are present in the
form of Fe** and Cr**, which means that the Fermi level
is shifted from the middle of the band gap toward the
valence band.

On the other hand, the crystals annealed in Cu or in
vacuum exhibit drastic changes in their ESR spectra (Fig.
5). In this case the spectra at room temperature show
only one isotropic line at g=1.998 £0.005 that exhibits
the fine structure consisting of five components at temper-
atures below 220 K, which is shown in Fig. 5 for two
orientations of the crystal. The observed structure has
been assigned to the fine structure transitions of Cr™ ions
since 1) Cr™ ions exhibit the isotropic g-value of 1.9995 in
ZnS compound,' that is an isoelectronic analogue of
CuAlS;, and 2) the observed number of the components
of fine structure agrees with the number of those that
would be expected from an ion with 3d’-electronic con-
figuration (5=75/2). The observed pattern is surely a fine
structure, not hyperfine, because it is resolved up to tem-
peratures of 220 K, and because the components of the
structure are not equidistant, which would be expected
for hyperfine interaction.

The observed elimination of Fe’*- and Cr**-originated
transitions and the appearance of Cr '-related transitions
in the ESR spectra of Cu- and vacuum-annealed crystals
are in complete agreement with the results of optical ab-

“sorption measurements, discussed in a previous
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Fig. 5. ESR spectra of Cr* ion (3d*-electronic configuration) in
CuAlS,; crystals, annealed in Cu and vacuum.
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paragraph in terms of the Fermi level motion in the band
gap of the host crystal. However, while the conversion of
Cr** into Cr* and vice versa has been ascertained by ESR
results, the conversion of Fe’* into Fe’" may be regarded
as an assumption since no ESR signal of Fe’* ion has
been detected in our experiments. Nevertheless, we
believe that the last assumption is sufficiently grounded
since there was very little chance for us to detect Fe?*
ions at the temperatures used due to the very weak inten-
sity of the Fe?*-related ESR signal even at 7=20 K.

The spectra of Cr-doped CuAlS; are shown in Fig. 6.
The Cu-rich crystals exhibit the Fe’-originated fine struc-
ture lines as well as an unidentified line at g=11.95. At
orientation close to H/#c¢ a Cr’"-originated resonance
line can also be observed, the spectrum being practically
the same as for the undoped stoichiometric samples.
However, the Al-rich crystals, in which Cr is believed to
substitute Cu sites, shows the drastic decrease or the com-
plete elimination of Fe**-related fine structure and the ap-
pearance of a broad isotropic line at g=1.998, arising
from the Cr* ion. In the latter case the spectra are very
similar to those observed for vacuum-annealed crystals
(Fig. 5), and the results of ESR investigations agree well
with the results of optical measurements. The results ob-
tained for Cr-doped crystals can be consistenly explained
by the Fermi level motion in the band gap of the crystals
(§3.1), taking into account that the Cr{s-defect is donor-
like, while both Cra, and Cri/ -defects are acceptor-like.
3.2.3 Fe’*-originated fine structure

The results obtained show that the ESR and optical ab-
sorption properties of undoped CuAlS; crystals are deter-
mined, to a large extent, by the Fe** impurity, this impu-
rity also being the major cause of the colouration in
CuAlS; crystals.® It should be noted in connection with
the Fe'™ impurity that, although the Fe**-originated fine
structure in the ESR spectra observed in this study is

I30K CUgesCroozAlS,
SR YT RSP
_
Cr+
CuAIogsCrwzsz
1 1 1 1 ]
0 200 400 600

MAGNETIC FIELD (mT)

Fig. 6. ESR spectra of Cr-doped CuAlS, crystals at an arbitrary orien-
tation.
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similar to that observed previously in CuXS; compounds
(X=Al, Ga, In),"*" the positions of all fine structure
lines in our case are shifted towards lower values of the
external magnetic field (i.e., to the higher g.i-values) as
compared with those previously reported.

If we take into account that not only the valency of Fe
ions but also their positions in the lattice of the host
crystal depend greatly on the technology of the material
preparation, then the shift of the Fe'*-originated fine
structure can be explained under an assumption that Fe®*
ions in our crystals substitute for A" sites, whereas in
the crystals used by Brandt er @/.'" Fe'" ions substitute
for Cu™ sites. The substitution of Al site by Fe causes
greater lattice distortion around the resulting defect com-
pared with that in the case of Cu site substitution, since
the ionic radius of Fe'* (0.63 A) is larger than that of the
AI'" jon (0.53 A) but smaller as compared with Cu’
(0.74 A). Moreover, the second shell ligands surrounding
of the Fey-defect is more covalent than that of the Fec,-
defect since in the former case each of the four sulphur
anions surrounding the iron impurity forms bonds with
two Cu cations (the Cu-S bonds being highly covalent)
and one Al cation (the Al-S bonds being almost purely
ionic), whereas in the latter case each S anion forms one
bond with Cu and two bonds with Al.

The combined influence of the lattice strain and
covalency can lower the symmetry around the substitu-
tional defect, and results in a larger value of the cubic
and axial components of the crystalline potential, usually
used as terms in the spin Hamiltonian to describe the
behaviour of ions with 3d’-electronic configuration with
the orbital-singlet free-ion ground state °Ss/,.

On excluding the hyperfine interaction arising from
nuclei, the spectrum of Fe'* can be analyzed in terms of
the Hamiltonian®"

H =gBfHS+D[S3—(1/3)S(S+D]+(1/6)a
X[SH+Si+S55i—(1/55(S+1)35°+35—1)]
+(1/180)F [358:—30S(S+1)S2+25S?
—6S(S+1)+35%(5+1)], 8))

where a is the fourth-order cubic crystal field parameter
responsible for the splitting of the highly symmetrical
#Ss/2-ground state in the cubic ligand field, D and F corre-
spond to the axial fields of the second and fourth degree,
and ¢, 7, d are the axes of the cubic crystalline fields.

For the strong-field Zeeman effect, when gfH »a, the
spin Hamiltonian appropriate to the Fe'™ ijon in
tetragonal symmetry can be deduced from Hamiltonian
(1) in the form'®

H =gBHS+D(S:—35/12)+(7/36)F[S*?

—(95/14)S2+81/16]+(a/6)

X [S:+S3+S5—707/16]. )
Since Hamiltonian (2) has closed solutions for the
magnetic field H directed along the z-axis (c-axis), it was
used by Brandt et a/.' to determine the values of g,
=2.020, D=9%00x10"*cm™ ', and a+(2/3)F=90x%x10~*
cm™ ! for Fe’* ion in CuAlS; host, the value of g was de-
termined directly from the position of the most intense
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line in the ESR spectrum, corresponding to
—1/2—+1/2 transition, by using the expression
g=hv/BH. However, the last expression is only ap-
plicable when the terms of the order a’/g#H can be
neglected, which seems to be true for Fe’" ions on Cu
sites, since the value of @=60x 10"* cm™' in that case is
small compared with the magnetic field of the resonance
gBH=11700x10"*cm™".

However, in the case of Fe ions substituting for Al sites
the large distortion of the lattice around the substitu-
tional defect combined with the effect of covalency may
cause an increase in the a, D, and E values, so that they
(or one of them) will be comparable with the value of
zero-field Zeeman splitting g#H. Since 1) our experimen-
tal results show that the magnetic field corresponding to
the most intense —1/2—+1/2 transition of the Fe'"
ion, varies with the orientation of the crystals from
Hyin=190mT (1770x10*em™") to Hupn=400mT
(3730 % 10~*¢m™"), and 2) an anomalously large value of
the axial field term D (4870 x 10" *cm ') of the Fe** ion
in AgGaS; host has been reported,'” we suppose that in
our case the substitution of Al sites by Fe ions causes
ligand splitting, comparable with Zeeman splitting.

If Zeeman splitting is of the same order of magnitude
as crystal field splitting, we can no longer use Hamilto-
nian (2), but have to deal with the general expression (1).
Hamiltonian (1), except for the discussed above case of
gfH>a, has only been solved for cubic symmetry for
another limit case, i.e., when gfH<«a.” It has been
shown that in this case the Fe'* free ion ground state is
reduced to quadruplet and doublet states with the effec-
tive g-value for the lowest doublet being (5/3)90=3.336
(go is the g-factor of a free electron) and the number of
resonance lines in the spectrum being also five.
Therefore, we suppose that Fe ions in our case substitute
for Al sites, giving rise to the large crystal field splitting
comparable with Zeeman splitting, caused by external
magnetic field. Since there are no analytical solutions for
Hamiltonian (1) in the case of g8H ~a, D, we could not
determine the g-value of the Fe’™ ion substituting for the
Al site in the CuAlS; host.

§4. Energy Level Diagram

The observed changes in the ESR and optical absorp-
tion spectra of the CuAlS; crystals, caused by the thermal
treatments in different atmospheres or by doping, can be
explained taking into account the energy level diagram of
CuAlS; (Fig. 7), in which the energy levels, formed by
donor-like and acceptor-like native and extrinsic defects,
as well as the position of the Fermi level in relation to the
positions of the Fe?™/Fe’” and Cr*/Cr** demarcation
levels, are shown.

Since the as-grown CuAlS; crystals usually exhibit p-
type conductivity with high resistivity values, we believe
that in the as-grown crystals the Fermi level is shifted
down a little from the midgap position, the Fermi level
being lower than both Fe** /Fe** and Cr ™ /Cr*" demarca-
tion levels. Therefore, in the as-grown crystals Fe**- and
Cr’*-related signals should be observed in optical absorp-
tion and ESR spectra, which is in good agreement with
the experimental results.
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Table I. The effect of the thermal treatments and doping on the op-
tical and ESR spectra of CuAlS, crystals.

Observed changes in

Treatment Defects F]'g/g}l the spectra
motion Fe_1+ Cr2+ crt

as-grown:

stoichiometric [ ] + + 0

Cu-rich Cuyt la T ) 0

Al-rich Ale,t fm i) ! 0

Cr-doped:

Al-deficient Cryt la 1 1 0

Cu-deficient Cre,t T ) + i

S-annealed Vel, Vil Ja i ) 0

Cu-, vacuum-

annealed Vet to 4] 0 1

+ no changes in the spectra compared with as-grown samples, the
signal is detected;

0 the signal is not detected by optical absorption and ESR;

() increase (decrease) of the concentration of defects or the intensity
of the signal;

®, A, m_ A, O the resultant positions of the Fermi level, which are
shown in Fig. 7.

CB
donors
V, Cr
S AlCu Cu o
H 3+
| 2+
———————————————— |-———-— Fe/Fe
: + 2+
———————————————— e Cr/Cr
—'_____:_—_ Fermi
level
v, Ao A
cat Al acceptors
V.B.

Fig. 7. A schematic energy level diagram of CuAlS,:Fe, Cr. The posi-
tions of the donor- and acceptor-like cnergy levels are only
schematic.

Doping and thermal treatments lead to a change in the
concentration of donor- and acceptor-like defects, this
change causing the shift of the Fermi level in relation to
the TA-ion demarcation levels. The defects, responsible
for the change in the degree of compensation of CuAlS;
under annealings and doping, and the expected shift of
the Fermi level, as well as the experimentally observed
change in the optical absorption and ESR spectra of the
crystals, are shown in Table L. It can be seen from Table I
and Fig. 7 that the observed changes in the spectra are in
good agreement with those that expected as a result of
the Fermi level motion. ‘

§5. Conclusions

In conclusion, the experimental results obtained in this
study show that the major influence on optical and ESR
properties of CuAlS; crystals arises from Fe and Cr tran-

I. Aksenov and K. Sato

sition ion impurities. The valence states of Fe and Cr ions
and their relative concentrations in each valence state are
controlled by the position of the Fermi level in the band
gap of the host crystal in relation to the Fe** /Fe’* and
Cr*/Cr** demarcation levels, this position being depend-
ent on the concentrations of electrically active native and
extrinsic defects, including the substitutional defects,
formed by the said Fe and Cr ions.

The exact positions of the demarcation levels of Fe and
Cr impurities can be determined using a photo-
stimulated ESR technique since the trapping of electons
and holes, produced by irradiation, by the Fe- and Cr-
originated traps, can give us direct information about the
energy separation between the demarcation levels of
these ions and the valence band. This has not been at-
tempted so far and is planned for the near future.
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