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Excited states of the free excitons in CulnSe, single crystals
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High-quality CulnSe, single crystals were studied using polarization resolved photoluminescence
(PL) and magnetophotoluminescence (MPL). The emission lines related to the first (n=2) excited
states for the A and B free excitons were observed in the PL. and MPL spectra at 1.0481 meV and
1.0516 meV, respectively. The spectral positions of these lines were used to estimate accurate values
for the A and B exciton binding energies (8.5 meV and 8.4 meV, respectively), Bohr radii (7.5 nm),
band gaps (EQ: 1.050 eV and Eg =1.054 eV), and the static dielectric constant (11.3) assuming the
hydrogenic model. © 2010 American Institute of Physics. [doi:10.1063/1.3502603]

Solar cells with CulnSe,-based absorber layers are the
leading thin-film technology in terms of conversion efficien-
cies, reaching 20%," and stability. CulnSe, has a direct band
gap near 1.05 eV and an absorption coefficient exceeding
10° cm™!, one of the highest among known semiconductors.
Despite a considerable amount of research the evolution of
the conversion efficiency is showing a tendency to saturate
well below the theoretical limit of about 30% for a one-
junction solar cell® suggesting a lack of fundamental under-
standing of these materials.

A key milestone in the understanding and application of
every semiconductor material is the unambiguous observa-
tion of free excitons and their excited states. Resolving both
the ground and excited states of the free excitonic transitions
is a reliable way to accurately determine such parameters as
the band-gap (Eg).3 Despite many studies of the optical prop-
erties of CulnSe, dating back nearly 40 years4 only very few
reports suggest resolution of the A and B free excitonic
states.”™ No reliable information on their excited states has
yet been reported and therefore the band-gap cannot be con-
sidered to be accurately known.

Previous experimental attempts to determine the free ex-
citon binding energies E, in CulnSe, have been carried out
by analyzing either the temperature quenching of the exci-
tonic photoluminescence (PL) emission intensity7’9 or dia-
magnetic shifts under the influence of magnetic fields.'’ The
quenching characteristics of the A and B excitons are rather
complex due to the small energy splitting and proximity of
shallow bound excitons and thus values of E;, determined by
this method cannot be considered as reliable. The technique
based on the analysis of the exciton line diamagnetic shift is
valid within the weak field approximation, which limits the
accuracy of Eb.lo’ll These issues are reflected in the consid-
erable scatter of the E‘,;x values in the literature, ranging from
4.3 to 39.1 meV (Refs. 6, 7, 9, 10, and 12-14) resulting in
scattered values of the band gap. It is advantageous to deter-
mine £, from the spectral positions of the PL lines of the free
exciton ground and excited states as this does not involve
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any other material parameters. This gives one an opportunity
to clarify the static dielectric constant £, which also reveals a
considerable scatter in the literature [from 16 (Ref. 15) to 9.3
(Ref. 16)], assuming published values of the effective masses
are correct and the validity of the hydrogenic model.

In this letter, PL and reflectance (RF) data on CulnSe,
bulk crystals, grown from the melt, are used to resolve a
wide range of excitonic transitions, including the A and B
free excitonic excited states. The quality of the crystal is
demonstrated by the improved resolution and intensity of the
free excitonic transitions. Polarization and magnetic field de-
pendent spectra are used to probe the symmetry and clarify
the assignments. The spectral positions of PL lines related to
excited states were used to calculate accurate values of the
band gap and dielectric constant, as well as the binding en-
ergies, and Bohr radii (ag) of the A and B free excitons in
CulnSe,.

Bulk single crystals of CulnSe, were cleaved from the
middle part of an ingot grown by the vertical Bridgman tech-
nique using a near stoichiometric mix of the high purity el-
ements Cu, In, and Se.!” The elemental composition of the
crystals, measured by energy dispersive X-ray analysis
(EDX) was close to ideal stoichiometry (Cu: 24.9, In: 24.9,
and Se: 50.2 at. %). The orientation of the three major cubic
structure crystallographic axes (001), (010), and (100) of the
samples was established by analysis of x-ray Laue patterns.
Cleaved surfaces of the crystals were examined using PL and
RF at 6 K at Strathclyde and magneto-PL (MPL) at 4.2 K at
the Grenoble High Magnetic Field Laboratory (GHMFL).
Magnetic fields up to 20 T were directed perpendicular to ¢
(B Lc¢), which is the tetragonal distortion direction in the
crystalline lattice. Both the PL and the MPL measurements
employed the unpolarized 514 nm line of an Ar* laser as an
excitation source while the RF measurements used a 100 W
tungsten halogen lamp. The spectral resolution was deter-
mined as 0.07 meV for the RF, 0.8 meV for the polarization
resolved PL at 6.5 K, and 0.14 meV for the PL and MPL at
4.2 K. The spectral position of the lines was determined with
an accuracy of 0.2 meV. More details on the experimental set
ups can be found elsewhere.”'*!?

The near band gap region of the PL and RF spectra taken
in CulnSe, at 4.2K and 6K, respectively, using nonpolarized
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FIG. 1. (Color online) Near band-gap regions in (a) RF and (b) PL spectra
for CulnSe, single crystals taken at 6 K and 4.2 K, respectively, showing
lines of free and bound excitons.

light, are shown in Figs. 1(a) and 1(b), respectively. The RF
spectrum reveals two prominent resonances, associated with
the A and B free excitons, confirming that the lines at 1.0417
eV and 1.0453 eV in the PL spectra are related to the A and

B free excitons, respectively.7’8 The A exciton energy, deter-
mined in this paper (1.0417 eV), is very close to that re-
ported by Chatrophorn er al.” for single crystals (1.0418 eV)
but higher then the values measured by Schon et al.® for
single crystals (1.0406 eV) and Niki ef al.” for epitaxial lay-
ers (1.0386 eV). The difference can be explained by the in-
fluence of intrinsic defects due to deviations from the ideal
stoichiometlry19 and strain in the epitaxial layer due to a mis-
match in the CulnSe, and GaAs lattice palrametelrs.8 In addi-
tion to the free exciton lines the spectrum shows several well
resolved lines M1-M7 which have been previously attributed
to bound excitons and their excited states.””

The chalcopyrite structure of CulnSe, can be derived
from the sphalerite zinc blende structure of ZnSe by the or-
dered replacement of Zn either with Cu or In. These two
nonequivalent replacements result in two different lengths
for the chemical bonds Cu—Se and In—Se creating a tetrago-
nal distortion'® splitting the triply degenerated valence band
at the I" point of the Brillouin zone in ZnSe into the three
sub-bands A, B, and C. In terms of the quasicubic model*
this splitting can be described as the simultaneous influence
of the noncubic crystal-field and spin-orbit interactions,
which in CulnSe, determine the spectral splitting of the A-B
and B-C bands, respectively. The tetragonal distortion 7,
given by 1—c/2a, where ¢ and a are the lattice constants, has
a small negative value (—0.52%) in the samples studied here.
This results in a small and positive value of the crystal field
splitting (A.¢), which inverts the valence sub-band sequence
in CulnSe, and gives the uppermost A sub-band the T4,
symmetry.

The region of the free excitonic transitions is examined
more closely using PL spectra measured with a linear polar-
izer oriented either along (Ell¢) or perpendicular (E 1 ¢) to
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FIG. 2. (Color online) (a) Near band-gap regions in PL spectra for CulnSe,
single crystals taken at unpolarized, polarized E L ¢ and Ellc¢ conditions at 6
K (offset for clarity); (b) the A and B free exciton region of the unpolarized
PL spectra in CulnSe, single crystals fitted with A, B, A’, and B’ Lorentz
shape curves.

the ¢c—axis of the crystalline lattice as shown in Fig. 2(a).
The A and B free exciton transitions are resolved at 1.0417
and 1.0453 eV in the unpolarized spectrurn.7’8

It is clear that the A free exciton emission is predomi-
nantly polarized E 1 ¢, reaching a maximum intensity I’i at
this polarization as reported for electro-reflectance’’ and PL
(Ref. 22) spectra. This is consistent with the selection rules
for an A excitonic transition involving the I'g, symmetry of
the top valence sub-band and the I'y. symmetry of the con-
duction band. According to the quasi-cubic model,? the the-
oretical ratio of I} /I;* intensities should reach 9.*! In our PL
experiment the value of Iﬁ/ If‘ is 7.1, approaching the theo-
retical value more closely than the earlier reported value of 5
for electroreflectance.”! The B exciton line does not change
as dramatically with polarization as the A exciton line. Its
intensity is almost unchanged, which is consistent with the
selection rules for a transition between the I';, symmetry B
valence sub-band and the T'¢, symmetr?/ conduction band for
both the E L ¢ and Ell¢ polarizations.2 However, it is noted
that its width is reduced from about 2.2 meV in the nonpo-
larized spectrum down to 1.1 meV for the E L ¢ polarization.

The lines related to the excited states (A’ and B’) of the
free excitons become visible to higher energy in Fig. 2. Their
intensities are weak but the polarized spectra aid their iden-
tification. For the Ell¢ polarization the reduced strength of
the A exciton ground and excited transitions improves the
visibility of the excited state line of the B exciton and also
clarifies the A’ (n=2) contribution to the high-energy tail of
the B exciton line. Conversely, for the E L ¢ polarization, the
narrowing of the B exciton line allows the line related to the
A’ excited state, to be more clearly resolved as shown in Fig.
2(a). The straight line emphasizes its presence.

The excited state lines can also be seen in the unpolar-
ized PL spectra taken at higher excitation density as shown
in Fig. 2(b). In particular the separation of B’ from the other
lines allows it to be resolved more clearly, whereas A’ is not
so well resolved due to the proximity of the B line. In order
to determine their spectral positions this unpolarized PL
spectrum has been fitted with Lorentz shape curves of A, B,
A’, and B’. The spectral positions of the excitonic lines fitted
with Lorentzians are shown in Table I. Further evidence for
the excited state nature of the weaker features A’ and B’ in
the PL spectra is provided by the MPL spectra in Fig. 3(a).
The spectra show the B exciton lines shifting toward higher
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TABLE I. The spectral positions of the excitonic lines fitted with Lorentz-
ians.
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TABLE II. The band gaps, binding energies Ej,, and Bohr radii ag of the A
and B excitons.

Excitons A B A’ B’

hv (eV) 1.0417 1.0453 1.0481 1.0516

energies and splitting into two components. At higher ener-
gies the spectra also reveal components of the A’ and B’
(n=2) excited states. These features are more easily seen at
magnetic fields above 2 T, for which the effective exciton
size and the Bohr radius are reduced. In addition the field
causes an increase in binding energy, rendering the excitons
more stable. The dependence of the spectral positions of the
B (n=1), A’, and B’ (n=2) lines on the magnetic field at
B L ¢ are shown in Fig. 3(b). The A’ line is seen to split
noticeably into two components, which converge to 1.0481
eV as the field reduces to zero. At 2 T the B’ line, related to
the excited state, can also be seen in Fig. 3(a). According to
the hydrogenic model for simple parabolic bands in a direct
band gap material the spectral position E(n) of a free exciton
line in the n™ excited state is, as follows: !

E(n):Eg—Eb:Eg—13.6ﬁ, (1)
where w=m,m;/m,+m, is the reduced mass of exciton, m, is
the free electron mass, m, is an effective electron, and m;, an
effective hole masses, and ¢ is the static dielectric constant
of the material. From the spectral separation of the ground
(n=1) and excited (n=2) states, shown in Table I, the bind-
ing energies of the A and B excitons have been calculated
using the formula

E,= %[EFE(n =2)- EFE(n = 1)], (2

and are shown in Table II. Accurate values of the A and B
band gaps are also calculated using E,=E(n=1)+E, and
shown in Table II. Assuming literature values of the effective
masses for the electron and hole in CulnSe, (m,=0.09m and
my,=0.71my, respectively23), the static dielectric constant in
CulnSe, was calculated to be £=11.3 using Eq. (1). The
Bohr radii for the A and B free excitons have also been
calculated as: aB=a§'mos/ M, where ag is the Bohr radius for
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FIG. 3. (Color online) (a) The evolution of the B ground (n=1) state exciton
and the A’ and B’ excited (n=2) states under the influence of magnetic
fields at B L ¢, (b) dependence of the spectral positions of the lines related to
the ground B and A’ and B’ excited states of free excitons on the magnetic
field strength.

E, ag E,
Excitons (meV) (nm) (eV)
A 8.5 7.5 1.0502
B 8.4 7.5 1.0537

hydrogen. The calculated values of ap are shown in Table II.

In conclusion, high quality CulnSe, single crystals were
studied by PL spectroscopy, employing polarization and
magnetic field dependence to clarify the properties of the
free exciton transitions. The lines related to the first (n=2)
excited states for the A and B free excitons at E,(n=2)
=1.0481 eV and Eyz(n=2)=1.0516 eV, respectively, have
been observed in the PL. and MPL spectra. Accurate values
of the A and B exciton binding energies E2=8.5 and Ef
=8.4 meV have been established. These are then used to
estimate Bohr radii ap of 7.5 nm for both excitons, a 6 K
band gap of 1.050 eV for the A exciton and of 1.054 eV for
the B exciton as well as the value of 11.3 for the static
dielectric constant. A standard hydrogenic model is assumed.
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