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Effect of Fermi Level Motion on the Optical, ESR and Transport Propertieso. 21 = ey
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The infrared (IR) absorption and ESR spectra of the CulnSe; crystals, grown by the normal freezing technique
and subsequently annealed in various atmospheres, have been studied in connection with the annealing-induced
motion of the Fermi level relative to the energy band edges. The degenerate n-type crystals exhibited a free-
electron absorption, while the p-type crystals showed both an inter-valence-band and a free-hole absorption, from
the analysis of which the energy positions of the Fermi level have been evaluated, and the electrical parameters
of the respective crystals estimated; these results were then compared with the experimental results. In the ESR
spectra the signals from iron residual impurity in both divalent and trivalent charged states, as well as the signals
arising from native defects V¢, and Inc,, have been detected, the intensities of the ESR signals being dependent
on the composition of the samples and the Fermi level position.
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1. Introduction

Ternary chalcopyrite-type semiconductor CulnSe, has
been extensively studied as a very promising material
for solar cell applications because of its high optical ab-
sorption coefficient (o > 10? cm™" ) and favorable direct
band gap (E, = 1.08 €V)," as well as its versatile optical
and electrical properties which can, in principle, be tuned
for the specific needs of a particular device structure.

" order to realize the tuning of the characteristics of
i"uinSe, it is vital to know the dependence of the elec-
trooptical properties of this material on the Fermi level
in relation to the band edges, since the position of the

-mi level determines the physical properties of semi-
canductors, i.e., the conductivity type and carrier con-
_ .°-ations, as well as the charged states of deep cen-
i. .. ncluding those formed by residual transition atom

z.=7 The position of the Fermi level relative to the

" edges can be influenced by thermal treatments of

"« material due to the annealing-induced changes in the

material stoichiometry, as well as changes in the concen-
trations of intrinsic and extrinsic defects.

In this study we report the results of infrared _ 1)
optical absorption and electron spin resonance (E 1) in-
vestigations of CulnSe; single crystals in connection with
the annealing-induced motion of the Fermi level relative
to the band edges of CulnSe,.

2. Experimental

Single crystals of CulnSe, were grown by the normal
freezing method at Science University of Tokyo. The
constituent elements (Cu, In, and Se of 99.9999% purity)
were heated to 1150°C with subsequent slow cooling at
the rate of 5°C/h; the details have been published else-
where.”> Thermal annealing of the crystals in vacuum,
Se-vapor and in the presence of Cu was carried out for
50 h at 650°C. '
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The obtained crystals were characterized by the ther-
mal probe and four-probe methods to determine their
conductivity type and resistivities, respectively, as well
as by electron probe microanalysis (EPMA) to determine
their composition using a JEOL type JXA-8900 microan-
alyzer. In some of the low resistivity p-type and n-type
crystals, the Hall mobilities were measured by the van
der Pauw technique. Hall data could be obtained only
in a limited number of crystals since some of the sam-
ples measured were too small to obtain good electrical
contacts.

Optical absorption measurements were carried out at
room temperature (RT) using a BOMEM Type MB100
Fourier Transform IR spectrometer with a focusing at-
tachment to ensure the optical beam diameter of about 2
mm. ESR spectra were taken at 4.2 K with a JEOL JES-
RE2X X-band spectrometer with the microwave power
of 5 mW,

Result~ - 1 Discussion

3.1 Sample characterization

The composition and electrical properties of the
CulnSe, crystals—as-grown and annealed in various
atmospheres—are shown in Table I.

It can be seen that the as-grown and Se-vapor-
annealed samples become highly conductive p-type,
whereas annealing in vacuum or in the presence of Cu
renders them highly conductive or semi-insulating n-
type, respectively. On the basis of EPMA results and
taking into account the defect chemistry model of ternary
compounds,? the deviation of the actual composition of
our samples from the ideal formula CulnSe, has been
described by two parameters, Az = [Cu|/[In] — 1 and
Ay = 2[Se]/([Cu] + 3[In]) — 1 (where [ ] is the total con-
centration of respective atoms in the sample), which de-
termine the deviation from molecularity and valence sto-
ichiometry, respectively.

Analysis of the parameters Az and Ay combined with
the data on the formation energies of the defects in
CulnSe,® allows us to determine the most probable na-
tive defects in the as-grown and annealed crystals. These
majority defects are also shown in Table I. From these
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Table [. Annealing-induced changes in the composition and electrical properties of CulnSes crystals together with
the electrically active native defects with the lowest formation energies likely to be formed due to deviations from
molecularity (Az # 0) and valence stoichiometry (Ay # 0). The underlined defects have been detected by ESR.
Samples As-grown anmenitd anmeated annesiod
Conduction type p n n P
Resistivity (2cm) 107! 103 101
Cu (at.%) 26 25 29 23
In (at.%) 24 28 26 25
Se (at.%) 50 47 45 52
Az (molecularity) >0 <0 >0 <0
Ay (stoichiometry) ~0 <0 <0 >0
Majority defect Vin, Curg Vcu, Incy, Vse Vin, Cuin, Vs Veu, Ingy
Formation energy (eV) 2.8, 1.5 2.6,1.4, 24 2.8,1.5, 2.4 2.6,1.4

native defects, expected from the defect chemistry con-
siderations, we were able to identify two defects, namely,
Ve, and Ing,, from the ESR spectra discussed below.

Hall effect measurements in p-type and n-type crystals
provided the hole mobility of 26 cm?/Vs on average and
the electron mobility of 380 cm?/Vs, which are in the
range of those previously reported for CulnSe,.®) Car-
rier concentrations differed from sample to sample, the
typical values being ~ 3 x 10'®* cm™2 and 3.5 x 10'® cm ™3
for p-type and n-type crystals, respectively. No reliable
data were obtained in high-resistivity crystals. The sam-
ples in which these transport data were evaluated do not
necessarily correspond to those used to obtain the optical
spectra.

3.2 IR absorption
3.2.1 General observations

The typical IR absorption spectra of the as-grown and
annealed CulnSe, crystals are shown in Fig. 1. The as-
grown samples exhibit a broad absorption (A-band) peak
at about 3000 cm~' (0.36 eV), which was found to be
quenched by annealing in vacuum or in the presence of
Cu. Annealing in Se-vapor, on the other hand, results in
an enhancement of the A-band, as well as in an appear-
ance of a new absorption (B-band) peak at lower energy
(1200cm™"' = 0.14 eV).

Since the A- and B-bands were observed only in the
highly conductive p-type samples, and by analogy with
the results of the IR absorption studies of Ge ® and
GaAs,” we consider that these bands originate from
inter-valence-band transitions between subbands of the
valence band of CulnSe,, split by the noncubic crystal
field and the spin-orbit interaction. Existence of inter-
valence-band IR absorption around 0.3 eV in CulnSe,
has already been discussed by Neumann et al.®

The sharp rise of absorption at the low-energy side of
the spectra, shown in Fig. 1, can be attributed to the
free-carrier absorption, which is known to be observable
in semiconductors at sufficiently high carrier concentra-
tions.” Indeed, we could not observe this absorption in
the semi-insulating samples (Cu-annealed) due to the low
concentration of free carriers in those samples.

The IR absorption spectra of the as-grown (p-
type) and vacuum-annealed (highly conductive n-type)
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Fig. 1. IR absorption spectra of the CulnSe; crystals: as-grown
( ) and annealed in vacuum ( ), in the presence of Cu
(- - - -) and in Se-vapor (--—--)

CulnSe, crystals are shown in Figs. 2(a) and 2(b), respec-
tively. Spectra of computer fits for the free-hole (p-type)
and free-electron (n-type) absorptions are plotted as dot-
ted curves in the figures. In the inset of Fig. 2(a), the
difference between the experimentally measured absorp-
tion and that calculated for the free-carrier absorption
is shown, which is suspected to originate from the inter-
valence-band absorption.

For the vacuum-annealed samples we have also been
able to observe an annealing-induced shift of the funda-
mental band-to-band absorption (Burstein-Moss shift)
from E, = 0.95 eV (original band gap) to E! = 0.96
eV (the spectra are not shown), attributed to an upward
shift of the Fermi level, with the resulting Fermi level po-
sition being situated above the bottom of the conduction
band, as schematically illustrated in Fig. 3(a). There-
fore, the electrons in the conduction band of the vacuum-
annealed samples are degenerate, which is expected to
be easily achieved owing to the low value of the effec-
tive mass m, of the electrons in CulnSe, {(m, = 0.09m,,
where m,, is the free-electron mass),” implying a sharp



Jpn. J. Appl. Phys. Vol. 35 (1996) Pt. 1, No. 4A

curvature of the conduction band and a low density of
states near its bottom.
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Fig. 2. IR absorption spectra of the as-grown (a) and vac-
uum-annealed (b) crystals together with computer fits for the
free-carrier absorption. In the inset of (a) the difference between
the experimentally measured absorption coefficient and that cal-
culated for the free-carrier absorption, is shown. This difference
represents the inter-valence-band absorption spectrum.
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In a degenerate n-type semiconductor, the optical
band gap Ej is given by a separation between the low-
est unfilled level in the conduction band E., lying ap-
proximately at 4kgT below the Fermi level Ey, and
the corresponding level Ej, in the valence band lying
(m./my)(Ee, — E.) below the top of the valence band.!®
The shift of the fundamental absorption edge is then
given by

m,

AE,=E, - E, = (1 + ) (Em — E. — 4k T), (1)

my,
where m,/m,;, takes into account the momentum conser-
vation during optical transition.

Using the observed shift (AE, = 10 meV) and the
reported effective mass values of electrons and holes,
ie., m, = 0.09m, and my, = 0.71m,,” the Fermi level
Ey, in the vacuum-annealed sample is determined to lie
4kgT + 9 meV (= 109 meV) above the bottom of the
conduction band at RT. The optical band-to-band tran-
sitions then occur between the lowest unfilled level E., in
the conduction band positioned ~ 9 meV above the con-
duction band bottom (see Fig. 3(a)) and the correspond-
ing level in the valence band Ey,,, which satisfies the mo-
mentum conservation rule (vertical electronic transition)
and lies about 1 meV below the top of the valence band.
3.2.2 Inter-valence-band absorption

The energy band structure of CulnSe, relevant to this
section is shown in Fig. 3(c). By the effect of the non-
cubic crystal field (4A.) combined with the spin-orbit
interaction (Aso) the I'\s uppermost valence band of the
zincblende structure is split into three components hav-
ing the symmetry I'Z, I} and I} , where the upper in-
dices indicate the single-group representation from which
the double-group representation shown by lower indices
originates. The positions of the I} and I} energy levels
relative to that of the uppermost I'? level are given by®
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Fexr Eg band gop of degenerate material
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original bond gap
@)= c|—a ] o =
Fa»
| 1oy
Ev.

@ ®

Fig. 3. The energy level diagram, showing the band structure of CulnSez in the vicinity of the center of the first
Brillouin zone for (a) vacuum-annealed n-type, (b) Cu-annealed n-type and (c) as-grown or Se-annealed p-type
crystals. FEg,, E;n and Ef, (— — —) denote the Fermi level positions evaluated from the optical and ESR

measurements.

The lines (— — — — —) delineating iron in various charged states (e.g., 2+/3+) show the

demarcation levels of the Fe impurity. See text for details.
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E(I7) - E(I5) = A
1 1
= _E(Ad + Aso) + 5 [(Acf + Aso)2

8 1/2
- 5 AcfAso:l I
3

E(I3) - E(I?) = 4,

1 1 .
= __2—(Acf + Aso) - 5 |:(Acf + Aso)z

8 1/2
- EACfASO:| (2)

where A = 0.006 ¢V and A,, = 0.233 eV.

The values of A, and A,, evaluated from eq. (2) are
0.003 eV and 0.236 eV, respectively. The crystal-field
splitting of the valence band in CulnSe, is very small,
which is a result of a very small tetragonal distortion of
the CulnSe, crystal lattice (c/a = 2.007).}")

Since the momentum of a photon is negligible com-
pared with the crystal momentum (the momentum of a
carrier in an energy band), the momentum of the elec-
tron should be conserved in the photoabsorption process.
The electron will thus undergo the vertical transition on
the energy level diagram, shown in Fig. 3(c), with the
initial state and the final state having the same momen-
tum k;. In the parabolic energy bands approximation,
which is clearly the case in CulnSe,,> we can write, for
the absorption A-band, that

k2
B, = L 3
hp thhl ( )
K2 k2
EA:A1+A2_Ehp+—1> (4)
2msh

where E,, is the energy of the lowest unfilled level in
the valence band for the p-type crystals (the energy of
the final state of the electron transition), and my,, and
mey, are the effective masses of holes in the respective
valence subbands (see Fig. 3(c)). From eqgs. (3) and (4)
the following equation is derived;

RPk2 /1 1
— (A Ay) = ! -
Ea ( o 2) 2 (msh mhh)
_ RE? (mu, 1
2Myy \ Mien
Mhyh -
fomn Ehp (m:h — 1) (D)

Using the observed transition energy F, = 0.36 ¢V and
reported values of effective mass, my, = 0.71m, and
mg, = 0.085m,,> we can determine the energy position
of level Ey, inside the valence band as 16 meV. Now,
given the position of the final state of the inter-valence-
band transitions, we can predict that the transition be-
tween I7 and Iy valence subbands should take place at

Rk hk,?
2mlh

Myn

— By (22 1) 0

Eg=A4,+

thh Mih

Applying my, = 0.092m, to eq. (6), we find the transition
energy to be 0.14 eV (~ 1130cm™), which is exactly
the spectral position of the peak of the B-band shown in
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Fig. 1.

We, thercfore, attribute the experimentally observed
A- and B-bands in the IR absorption spectra of the p-
type crystals to the transitions from the I’ and I} va-
lence subbands to the Iy valence subband (see Fig. 3).
Since the level Ey, lies about 4kgT" (~100 meV) below
the Fermi level for the p-type samples, we can determine
the Fermi level position for the p-type samples as being
B¢, = 4kgT — E\, ~ 84 meV above the top of the valence
band. The Fermi level, therefore, lies in the band gap,
L.e., the p-type crystal is nondegenerate.

3.2.3 Free-carrier absorption

As was discussed in §3.2.1, from the optical absorption
measurements near the band edge it was found that the
Fermi level in our highly conductive degenerate n-type
samples lies about 109 meV above the bottom of the
conduction band. Knowing the position of the Fermi
level in the degenerate parabolic conduction band, as
well as the electron effective mass, we can estimate the
electron concentration in these samples at RT using the
expression'?

Z'me 3/2 o0 E1/2
Ne = 4 (7> / E — Ef s (7)
Bc .
1+ exp <7kBT )

to be n, ~ 7 x 10*¥ cm~*. This value is relatively close
to the value of 3.5 x 10" cm ™ determined by the Hall
measurement.

For the concentration of holes in the p-type samples,
which are nondegenerate, we can write

_ o (ZrmukaT 3/2 o (B Er ®
e = X P TG T )

where we introduced the effective density of states hole
mass my, = (m>.° +m/*)2/3 = 0.73m,, since both heavy-
hole and light-hole bands are considered to be equally
populated at the temperature used in our experiment
since kg7 (~25 meV) greatly exceeds the value of A, = 3
meV. From eq. (8) we obtain the RT concentration of
holes in our p-type samples as n, ~ 5.6 x 10" cm™*.
This value is about one order of magnitude smaller than
the typical hole concentration of as-grown p-type crystals
obtained from the Hall effect, 3 x 10'® crn .

Given the concentrations of carriers in the respective
energy bands, we can calculate the free-carrier absorp-
tion coefficient a; using the classical (Drude) formula as
applied to the degenerate energy bands in the first ap-
proximation'®

2
L# (9)
NoCe, (WT)7 + 1
where n, is the index of refraction, 7 is the carrier
relaxation time, j is the fitting parameter and w, =
(n;€?/mic,)'/? is the plasma frequency with n; and m;
(i=e, h) being the concentrations and effective masses of
the carriers in respective energy bands. Figure 2 shows
the best fits of o, given by eq. (9), to the experimental IR
absorption spectra for the degenerate p-type (as-grown)
and n-type (vacuum-annealed) CulnSe, crystals. From
these computer fits we deduced the values of the fitting
parameter j and the carrier relaxation times for elec-

Gy =

L
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trons and holes as being j. = 2.139, 7, = 3.7 x 10~
s and 7, = 2.02, 7, = 1.3 x 107'* 5. Then, know-
ing the relaxation times and using the classical expres-
sion p; = eri/m; , we could estimate the electron and
hole mobilities in our crystals as p, ~ 733 c¢m?/Vs and
ty ~ 3lcm?/Vs, respectively. The estimated values are
in qualitative agreement with the measured Hall mobil-
ities p, ~ 380cm?/Vs and py ~ 26 cm?/Vs, for n-type
and p-type crystals, respectively. From the values of the
fitting parameter j ~ 2 for both types of carriers, we con-
clude that the dominant mechanism of scattering in our
samples at RT is the scattering by optical phonons, in ac-
cordance with the results of electrical measurements.!?

3.3 ESR
3.3.1 General observations

ESR spectra in chalcopyrite-type compounds have
been intensively studied especially in wide-gap I-11I1-VI,
crystals such as CuAlS, and CuGaS,. Most of the ESR
studies are concerned with transition atom impurities
which are known to be easily incorporated into the lat-
tice as residual impurities which lead to coloration of
crystals ' Of these transition atoms, Fe is known to
be the dominant one, with Cr and Ni being second and
third dominant contaminants, respectively. These ele-
ments are more easily incorporated into iodine-transport
(IT) crystals than into melt-grown (MG) ones. The typ-
ical analyzed concentration of residual Fe impurity in
IT crystal is about 100 ppm, whereas that in MG crys-
tal is below the detection limit of the EPMA system (a
few 10 ppm) and can be detected only by ESR mea-
surements. These transition atoms are believed to be
introduced from the source materials as well as from the
environment during crystal growth experiments. Tran-
sition atoms are multivalent in semiconductors, which
enables us to estimate the position of Fermi levels from
ESR measurements. ESR is also known to be a powerful
tool for detection of defects such as vacancies in semicon-
ductors. We have already reported ESR signals related
to the copper vacancy in CuAlS;'® and CuAlSe,'™ crys-
tals. In the present study we also utilize the ESR signal
of defects to check the consistency of the Fermi level po-
sition and the defect states.
3.3.2 Asstgnment of signals

The typical ESR spectra of the as-grown and annealed
CulnSe, crystals are shown in Fig. 4. The spectrum of
the as-grown sample exhibits a complex signal marked I,
consisting of both isotropic and anisotropic components.
The signal is centered on g = 4.3 and is believed to be
originated from Fe** in a strong noncubic ligand field.
The Hamiltonian of the Fe** ion (®S;,,) in the noncubic
crystal field reads!® 19

H=gBHS+D (Sf - -;-S(S+ 1)) + E(S2—-S%), (10)

where D and FE are parameters of the axial and rhombic
components of the crystal field, respectively.

Both the axial and rhombic components of the ligand
field cause the splitting of the sixfold-degenerate ground
state ®Ss,, of Fe’* into three Kramers doublets, resulting
in the possibility of observing the ESR signal. The solu-
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Fig. 5. Detailed ESR spectra of the vacuum-annealed samples,

showing sharp IV- and V-signals superposed on a broader
III-signal.

tions of the above Hamiltonian depend on the parameter
E/D which describes the relative strength of the axial
and rhombic terms of the crystal field. If £ > D, we
should observe a nearly isotropic signal around g = 4.3,
which is in accordance with our results and has also
been observed for Fe*+-X pairs in AgGaS,.2® For the
second limiting case, when F « D, we can expect an
anisotropic signal consisting of several lines with g-values
in the range 26, which has also been detected in our
CulnSe, crystals.

We believe, therefore, that the Fe®* ion in our samples
forms two different complex defects of the type Fe3*-X|
one of which results in the strong axial field and the
other, in the strong rhombic field of ligands on the site
of Fe*t in the crystal lattice. Further studies are needed
to elucidate the nature of the X-centers.

It can be seen from Fig. 4 that annealing the crystals in
vacuum results in quenching of the Fe** signal and in an
appearance of four new signals: a highly anisotropic sig-
nal marked as II, and three isotropic signals marked III,
IV and V, which are shown in detail in Fig. 5. Annealing
in the presence of Cu partly quenches the Fe®*-related
signal and also leads to an appearance of the II-signal,
whereas annealing in Se-vapor results in an appearance
of the IIl-signal.
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The highly anisotropic II-signal with the peak-to-peak
linewidth AH,, = 4 mT, the effective g-factor of which
takes its maximum value of g.¢;;, = 28.7 when the tetrag-
onal c-axis of the crystal is set parallel to the external
magnetic field, has also been observed in both CuAlS,??
and CulnSe,*® by other researchers, and has been at-
tributed to the substitutional divalent iron impurity,
the signal of which originates from the magnetically al-
lowed microwave transitions 2 < —2 within the lowest
M, = +2 non-Kramers doublet.

The presence of Fe’* in vacuum-annealed crystals of
CulnSe, was also confirmed by IR absorption spectra of
highly compensated iodine-transport crystals, in which
a broad absorption ranging between 2000 cm~™' and
4500 em™! with a peak around 3300 cm™! (0.41 eV)
was observed and assigned to the crystal-field transi-
tion SE=°T, in the 3d® manifold of Fe?’* in Ty sym-
metry.?® This result provided the crystal-field parame-
ter of approximately Dg = 330 cm™!. However, such
Fe®*-originated absorption is not clearly resolved in the
IR spectrum of the melt-grown crystal shown in Fig.
2(b). Subtraction of the free carrier absorption (dotted
curve) from the experimental curve leads to the presence
of a broad absorption band extending from 1000 cm™*
to 7000 cm™!. We believe that the Fe’*-originated ab-
sorption is buried in the broad absorption band, since
the total iron concentration in the melt-grown crystal is
several orders of magnitude smaller than that in the IT
crystal in which residual Fe concentration of as high as
0.01 at.% was detected.

The spectral position of the Fe?**-originated absorp-
tion?® was found to be close to that previously ob-
served in other binary and ternary semiconductors, i.e.,
2700 cm™! (ZnSe),’® 3000 cm~! (CdS),*” 3400 cm™!
(ZnS),* 3200 cm~! (CuGaS,)*® and 3200 and 3900
cm™! (CulnS,;).?” Crystal-field theory predicts the value
of g, to be g, — 8k)\,/10Dg,*® where k is the cova-
lency reduction factor and g is the free-electron g-factor.
Therefore, we can obtain the value of g, using the
value of Dg = 330 ¢cm™' from the IR absorption re-
sults. Using k = 0.8 and A, = —100 cm~! we obtain
gy = 2.194. Next, since under H //c the resonance con-
dition for the transition within the M, = +2 doublet is
(hv)? = (4g,BH)* + o* (where « is the cubic field split-
ting parameter and hv is the microwave energy),”® we
calculated the value of o from the known values of g,
and g, using the expression

Gettyy = 44y [1 - (%)2] (11)

and the obtained value of o was |&| = 0.28 cm™!, which
is comparable to that for CuAlS,,2" where |a| = 0.45
cm~!. Further studies are necessary to obtain more con-
vincing experimental evidence to correlate the ESR sig-
nal of g.rr = 28.7 with the IR absorption at 0.41 eV.
The isotropic III-signal with g = 2.12 and AH,, =10
mT has been attributed to the signal from the hole
trapped by the copper vacancy, and the signal is broad-
ened by the hyperfine interaction with In nuclei (nuclear
spin I = 9/2) in the second shell surrounding the V¢,-
defect. This signal is assigned on the basis of the re-

—1/2
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ported results,?*?” and is in agreement with the fact
that this signal was observed only in Cu-deficient sam-
ples (vacuum- or Se-annealed) with Az < 0 (see Table I).

Since the IV- and V-signals, shown in Fig. 5 and with
isotropic g-factors of gv = 2.023 and gy = 2.002, were
observed only in the highly conductive n-type samples,
they are believed to originate from electrons. We ten-
tatively assign the IV-signal to electrons in a selenium-
depleted phase of Culn,Ses; 5,2 and the V-signal to elec-
trons trapped by Inc,-donors. The latter assignment is
in agreement with the previously reported results,?® as
well as with the defect chemistry considerations, since,
for the vacuum-annealed samples (Az < 0), we can ex-
pect a high concentration of Inc,-defects (Table I).

The narrowness of the IV- and V-signals (AH,, ~ 0.5
mT) indicates presence of exchange interaction effects
and, therefore, a high concentration of donors, which is
also in agreement with the IR absorption results, show-
ing that our vacuum-annealed samples are degenerate n-
type. It should be pointed out that neither of the IV- or
V-signals could be attributed to free (mobile) electrons
since, due to the large value of the spin-orbit splitting of
the valence band on CulnSe,, we expect the free-electron
signal to be not around g ~ 2 (the case of conduction
electrons in Si), but at a much smaller g-value of about
0.7.3 However, we were not able to detect the signal
with g ~ 0.7 in our experiment.

3.3.3  Effect of the Fermi level motion

The observed changes in the ESR spectra of the
CulnSe, crystals, caused by thermal treatments in var-
lous atmospheres, can be explained by the annealing-
induced motion of the Fermi level relative to the energy
band edges.

It was determined from the IR absorption measure-
ments that in the as-grown crystals the Fermi level is
situated only about 80 meV above the top of the valence
band and, hence, most probably below the Fe?*/Fe*+
demarcation level (Fig. 3{(c), Ey,). Therefore, we could
observe the I-signal from Fe®* in the ESR spectra of the
as-grown samples.

Annecaling in vacuum or Cu-atmosphere leads to the
change of the conductivity type, wherein the samples are
converted into the degenerate or semi-insulating n-type
ones, respectively. These results indicate that the Fermi
level is shifted upwards and is positioned inside the con-
duction band (vacuum-annealed samples, Fig. 3(a), Er,)
or in the midst of the band gap above the Fe**/Fe**
demarcation level (Cu-annealed samples, Fig. 3(b), E} ).
Therefore, we observe the quenching of the Fe** signal
and an appearance of the Il-signal from Fe®’*. Anneal-
ing in vacuum also results in a drastic increase in the
concentration of the V¢,- and Ing,-defects (Table I),
which leads to an appearance of the signals from car-
riers trapped by these defects.

Annealing in the Se-vapor results in a reverse process,
wherein the Fermi level is shifted down towards the va-
lence band (and below the Fe?* /Fe*t demarcation level},
which results in the highly conductive p-type conductiv-
ity and in the quenching of the ESR signal from Fe**.

It should be pointed out that the 1l-signal caused by
Fe?* was found to be quenched to about one-half of its
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original intensity upon illumination with infrared light
(a 1.06 pm line of the YAG laser was used as an excita-
tion source) in the semi-insulating n-type samples (Cu-
annealed), but the degenerate n-type samples (vacuum-
annealed) exhibit no changes of the signal under the
same illumination. This phenomenon ¢ 1 be explained
assuming that the Fet /Fe** dema ~~tion level is in res-
onance with the conduction baid of CulnSe,, i.e. lies
inside of the conduction band (Fig. 3). Then, in the
semi-insulating crystals, under . " light excitation some
of the Fe** lons ca tuare 2':ctrons from “Me valence ba’
and become monovalent, i.e. e*t 4+ 27 = Fe® | ~rhich
results in the quenching of the Fe?* EJ5I. signal. ' “he
last photo-ionization process; howe ‘r, becomes impos-
sible in degenerate n-type s~ >les if the "o /1€t de-
marcation level is situated be'sw level F,, (Fig. 3) in
the conduction band, since ~le- ronic t ~nsitions to the
completely filled states are impossible. ‘ nerefore, we be-
lieve that the Fet /Fe*" demarcation level isin _sonar ce
with the co . Ji ction band, in contrast to Lie ' 77 %e®
demi rcation level which is situated in the barn. gap of
Ju aSes.

4. O 18

We have studied the' . absorption and ESR sp ~ a of
the CulnSe, crystals in connection with the annealing-
induced motion of the Zermi level relative to the  .crgy
band edges. The degenerate n-type ¢ _srals exhibited
a f -:-electron absor stion, whe_zas taie p-type crystals
showed both an ance-band and a free-hole ab-
sorption, from the analysis of v."i:h the energy positions
of the Fermi level have been evaluat:d and the electri-
cal parameters of the re. :ctive «r ,.»1s have been esti-
mated.

In the ESR spectra, the signals from
impurities, as well as those arising from n. v~ «
Ve and Ing,, have been detected, and the intensiu
of the ESR signals have been found to depend on the
coraposition of the samples and the Fermi level position.

An important conclusion deduced from these results
is that we can locally change the charged state of e
impurity through appropriate control of the Fermi level,
which indicates the possibility of realizing novel memory
devices.
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