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FREE-CARRIER AND INTRABAND ABSORPTION IN CulnSe>

The infrared (IR) absorption and ESR spectra of the CulnSe (CIS) 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 intra-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 have been estimated.

In the ESR spectra the signals from iron residual impurity in its both divalent and
trivalent charged states, as well as the signals arising from native defects V¢, and Inqy,
have been detected, the intensities of the ESR signals being dependent on the composition
of the samples and the Fermi level position.

1. INTRODUCTION

Ternary chalcopyrite semiconductor CulnSe; (CIS) is considered to be a promising
material for solar cell applications because of its high (>10-4 cm-!) optical absorption
coefficient, a desirable for photovoltaics direct band gap E; = 1.08 eV, as well as its
versatile optical and electrical properties which can, in principle, be tuned for the specific
needs in a particular device structure,

In order to actually realize the said tuning of the characteristics of CIS it is vital to know
the dependence of the electro-optical properties of this material on the energy position of
the electrochemical potential (Fermi level) in relation to the band edges, since the position
of the Fermi level determines the physical properties of semiconducters, i.e. the
conductivity type, carrier concentrations, as well as the charged states of deep centres,
including those formed by residual transition atom ions (AKSENOYV et.al). The position of
the Fermi level relative to the band edges can be influenced by thermal treatments of the
material due to the annealing-induced changes in the material stoichiometry, as well as
changes in the concentrations of intrinsic and extrinsic defects.

In this study we report the results of the infrared (IR) optical absorption and electron
spin resonance (ESR) investigations of the CIS single crystals in connection with the
annealing-induced motion of the Fermi level relative to the band edges of CIS.
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where ng is the index of refraction, T is the carrier relaxation time, j is the fitting parameter
and ®p = (nj €2 /mj &,) 2 is the plasma frequency with n; and m; (i = ¢,h) being the
concentrations and effective masses of the carriers in respective energy bands. Fig. 2
shows the best fits of of, given by Eq.(7), to the experimental IR absorption spectra for the
degenerate p-type (as-grown) and n-type {vacuum-annealed) CIS crystals. From these
computer fits we deduced the values of the fitting parameter ) and the carrier relaxation
times for electrons and holes as being Te ~ 40 fs and 1p ~ 13 fs. Then, knowing the
relaxation times and using the classical expression {; =eT;/m;, we estimated the electron
and hole mobilities in our crystals as e ~ 730 cm2/Vs and iy, ~ 30 cm2/Vs, the estimated
values being in the range of those previously reported for CIS (NEUMANN). From the
values of the fitting parameter j ~ 2 for carriers we conclude that the dominant mechanism
of scattering in our samples at RT is the scattering by phonons, in accordance with the
results of electrical measurements (WASIM).

3.3.ESR
3.3.1. The assignment of signals

The typical ESR spectra of the as-grown and annealed CIS crystals are shown in Fig. 4(a).
The spectrum of the as-grown sample exhibit a complex signal, marked as I-signal and
consisting of both isotropic and anisotropic components. The signal is centred on g = 4.3

and is believed to originate from Fe*™ ina strong non-cubic ligand field. The Hamiltonian
of the Fe** ion (GS 572) in the non-cubic crystal field reads (HOLTON et.al)

H=gBHS +D[S;2- 1/35(S+1)] + E(5:2-Sy2) , (8)

where D and E are parameters of the axial and rhombic components of the crystal field, re-
spectively. . A

Both the axial and rhombic components of the ligand field cause the splitting of the six-
fold-degenerate ground state 6Sf,f2 of Fe** into three Kramers doublets, resulting in the
possibility of observation of the ESR signal. The solutions of the above Hamiltonian
depend on the parameter A = E/D, describing the relative strength of the axial and rhombic

terms of the crystal field. If E >> D, we should cbserve a nearly isotropic signal near g =
4.3, which is in accordance with our results and has also been observed for Fe**-X pairs in

AgGaS; (BARDELEBEN et.al). For the second limiting case, when E << D, we may
expect an anisotropic signal consisting of several lines with g-values in the range 2 - 6,
which has also been detected in our CIS crystals.

We believe, therefore, that the Fe** ion in our samples form two different complex de-
fects 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 in the crystal lattice. Further studies are
needed to figure out the nature of the X-centres.
It can be seen from Fig. 4 that annealing of the crystals in vacuum results in a quenching

of the Feh-originated signal and in an appearance of four new signals: a highly
anisotropic signal marked as II, as well as three isotropic signals marked as III, IV and



V, which are shown in detail in Fig. 4 (b}. The CulSe, .
annealing in the presence of Cu partly
quenches the Fe**-related signal and also
leads to an appearance of the Il-signal, annealed in vacons @
whereas annealing in Se-vapour results in 4/)1’_/‘_’_/__4/,,
quenching of the II-signal and an appearance C )
of the III-signal. annealed in Cu

The highly anisotropic II-signal with the
peak-to-peak line width AHpp = 4 mT, the ef- AT TN
fective g-factor of which takes its maximum aanealed ia Se
value of gefry = 28.7 when the tetragonal c-
axis of the crystal is parallel to the external o
magnetic field, has been observed in CuAlS; 0 100 200 300
(KAUFMANN) and CIS (TCHAPKUI-NIAT

ESR SIGNAL INTENSITY {(a.u)
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et.al), and has been attributed to the substitu- Cilader annealed in vacuum b

tional divalent iron irmpurity, the signal origi-
nating from the magnetically allowed mi-
crowave transitions 2 <« -2 within the lowest

Mg=# 2 non-Kramers doublet.

The isotropic 1lI-signal with g = 2.12 and
AHpp = 10 mT has been attributed to the
signal from hele trapped by copper vacancy,
the signal being broadened by the hyperfine
interaction with In nuclei (bearing the nuclear
spin I = 9/2} in the second shell surrounding of
the Vcy-defect. The assignment of this signal FITPEITIT IS P
has been made on the basis of the reported 290 310 330
results (TCHAPKUI-NIAT et.al; PADAM MAGNETIC FIELD {mT)
et.al), the assignment being in agreement with Fig. 4. ESR spectra of the as-grown and aa-
the fact that this signal was observed only in nealed CIS crystals (a) together with detailed
Cu-deficient samples (vacuum- or Se- spectra of the vacuum-annealed samples (b).
annecaled) with Ax < 0 (see Table 1).

Since the IV- and V-signals, shown in Fig. 4(b) and exhibiting isotropic g-factors of
grv = 2.023 and gv = 2.002, were observed only in the highly conductive n-type samples,
they are believed to originate from electrons. The IV-signal may criginate from electrons
in a selenium-depleted phase CulnySe35 (TCHAPKUI-NIAT et.al), while the V-signal
has been assigned to electrons trapped (at low temperatures of our ESR experiment) by
Iny,-donors. The last assignment is in agreement with the previously reported results
{(PADAM et.al), as well as with the defect chemistry considerations, since for the vacuum
annealed samples we can expect the high concentration of the Inc,-defects (Table 1). The
narrowness of the IV- and V-signals (AHpp = 0.5 mT) requires the exchange interaction
effects and, therefore, the high concentration of donors, which is also in agreement with
the IR absorption results showing that our vacuum-annealed samples are degenerate,

ESR SIGNAL INTENSITY (a.u)

3.3.2. The effect of the Fermu level motion

The observed changes in the ESR spectra of the CIS crystals, caused by thermal treatments
in various atmospheres, can be explained by the annealing-induced motion of the Fermi
level retative to the energy bands edges.

It was found out from the IR absorption measurements that in the as-grown crystals the
Fermi level is sitvated only about 80 meV above the top of the valence band and, hence,
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most probably below the FeZ*/Fe* demarcation level (Fig. 3, Efp). We, therefore, observe

the I-signal from Fe 3* in the ESR spectra of the as-grown samples.

Annealing in vacuum or Cu-atmosphere leads to the change of the conductivity type,
the samples being converted, respectively, into the degenerate or semi-insulating n-type
ones. These results indicate that the Fermi level is shifted upwards and is positioned inside
the conduction band (vacuum-annealed samples, Fig. 3, Efp) or in the band gap above the

Fe2+/Fe3+ demarcation level (Cu-annealed samples, Fig. 3, Efn'). We, therefore, observe

the quenching of the Fe3*-originated signal and an appearance of the [I-signal from Fe2+.
Annealing in vacuum also results in a drastic increase in the concentration of the V- and
Ingy-defects (Table 1), which leads to an appearance of the signals from carriers trapped
by these defects.

The annealing in the Se-vapour results in a reverse process, the Fermi level being
shifted down to the valence band (and below the Fe2+/Fe3+ demarcation level), which
results in the highly conductive p-type conductivity and in the quenching of the ESR signal
from Fe2+,

It should be pdinted out that the Fe2+-originated II-signal was found to be quenched
down to about one-half of its original intensity by an illumination with infrared light {a
1.06 pm line of YAG laser was used as an excitation source) in the semi-insulating n-type
samples (Cu-annealed), but exhibits no changes under the same illumination in the
degenerate n-type samples (vacuum-annealed). This phenomena can be explained
assuming that the Fe+/Fe2* demarcation level is in resonance with the conduction band of
CIS, i.e. lies inside of the conduction band (Fig. 3). Then, in the semi-insulating crystals,
under IR light excitation some of the Fe2* ions capture electrons from the valence band
and become monovalent, i.e. Fe2+ + e~ => Fet , which results in the quenching of the
Fel+- originated ESR signal. The last photo-ionization process, however, becomes

impossible in degenerate samples if the Fe*/Fe2* demarcation level is situated below the
level Een (Fig. 3) in the conduction band, since electronic transitions to the completely

filled states are impossible. We, therefore, believe that while the Fe2+/Fe3* demarcation

level is situated in the band gap of CIS, the Fe+/FeZ* demarcation level is in resonance
with the conduction band.
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