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Lone conduction band in Cu,ZnSnSe,

Levent Gitay,? Alex Redinger, Rabie Djemour, and Susanne Siebentritt
Laboratory for Photovoltaics, University of Luxembourg, L-4422 Belvaux, Luxembourg

(Received 5 January 2012; accepted 16 February 2012; published online 9 March 2012)

We present experimental proof for a narrow first conduction band in Cu,ZnSnSe, semiconductor
films as it has been predicted by theoretical calculations. The optical absorption characteristics of
Cu,ZnSnSe, thin films are analyzed by optical transmission spectroscopy. The experimental data
show strong evidence for three absorption edges, as expected from theory, involving the valence
band and two conduction bands, which are separated by a second band gap. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3691945]

The kesterite compound semiconductors Cu,ZnSnSe,
(CZTSe) and Cu,yZnSnS, (CZTS) are promising candidates
for the application as absorbers in thin film solar cells, with
efficiencies exceeding 10%. These compounds are, in com-
parison to current high efficiency thin film materials as
Cu(In,Ga)Se, and CdTe, composed of elements of higher
abundance and less toxicity.'™

All theoretical investigations of the band structures of
CZTSe and CZTS show a peculiar density of states in the
conduction band:*® The conduction band minimum is
formed by a rather narrow band, formed by Sn-s and anion-p
states. At higher energies, the density of states becomes zero
again, forming a second band gap within the conduction
band. For CZTSe, the reports show a direct band gap E,
between the valence band (VB) and the first conduction band
(CB1) in the range of 1eV.%” The second bandgap Eq»
between the first narrow conduction band and the higher
bands in the conduction band is in the range 0.5-1.5eV; the
width of CB1, which remains a lone conduction band, is
calculated to be CB1,;gq, ~0.7-1.2 eV.%" In principle, such
a band structure can be expected to show three optical transi-
tions at Egy, Ego, and Eg3 =Eg; + Ego + CB1yiam. Consider-
ing the theoretical E(k) dispersion curves from literature,®’
it is not unambiguously clear if Ey, and E,3 are direct or indi-
rect. So far, experimental results are reported only for the
first absorption edge around 1eV.°~'? In this manuscript, we
report on our findings on the absorption behavior of CZTSe
absorber films above this photon energy and present experi-
mental results which confirm the existence of a lone conduc-
tion band.

In a semiconductor containing a lone first conduction
band, the absorption coefficient can be expected to decrease
to some extent at photon energies above Ey; + CB1iq, and/
or Eg + CBlyam. At higher energies, it would increase
again due to the transition Eg3.6 As absorber layers of the
usual thickness (i.e., >1 um) do not transmit any measure-
able light above the first band gap, for the purpose of this
study, we have grown thin CZTSe absorber films which
allow for studies by optical transmission. The samples have
been prepared via a two stage process. First, a precursor
layer is co-evaporated from Zn, Sn, and Cu effusion cells,
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and Se is supplied from a valved source. The deposition has
been carried onto soda lime glass, and the deposition temper-
ature has been set to 320°C. This procedure enables a
thorough control of the film composition and eliminates re-
evaporation of SnSe.'? In a second step, the films are post-
annealed in a tube furnace in order to improve the crystal
quality. A temperature of 500°C has been chosen, and the
annealing period has been set to 30 min. The annealing has
been carried out in a H,/N, gas mixture (1 mbar total pres-
sure), and additional Se and SnSe have been introduced into
the hot zone in order to prevent the decomposition of the
absorber layer, described in detail elsewhere.>'* The dura-
tion of the growth step has been adapted to achieve a film
thickness of approximately 200 nm and 400 nm. For thicker
samples, which are otherwise grown by the same procedure
as the samples discussed here, solar cell efficiencies higher
than 4% have been achieved.

The presence of the kesterite phase was assessed by pho-
toluminescence (PL) and Raman, at which no indication for
a contribution of secondary phases was visible. The meas-
ured spectra with a PL peak at ~0.95eV and the main
Raman shift at ~195 cm ™" fit the acknowledged kesterite fin-
gerprints in literature, respectively.'®'"*1>

The absorption behavior of the samples is determined by
optical transmission measurements which were performed in
an UV-VIS spectrometer with an Ulbricht sphere. The
recorded optical transmission data were evaluated by an opti-
cal modeling tool kit in the program Diplot.'® This modeling
includes the optical absorption behavior of the absorber ma-
terial as such and the geometrical properties and structure of
the sample. Diplot allows to determine the absorption behav-
iour from a measurement of the transmission alone, without
measuring the reflection. The model describes the reflection
using the refractive index, which is fitted to the interference
behavior in the transparent region. The full modeling is also
necessary to distinguish if peaks and other features of the
measured transmission spectra occur from Fabry-Perot-inter-
ferences of the transmitted light or from the actual behavior
of the absorption coefficient. The absorption is modeled by
band-band transitions either for a direct or an indirect transi-
tion. The imperfection of the crystal is taken into account by
adding Urbach tailing to the density of states.

In Fig. 1, we show the optical transmission spectrum of
the ~200 nm thick CZTSe film. The blue solid curve shows

© 2012 American Institute of Physics
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FIG. 1. (Color online) Measurement (blue solid curve) and modeling of op-
tical transmission of ~190 nm thick CZTSe layer. Models include i) a direct
(E;=1eV) band gap (dashed green curve) and ii) a direct plus an indirect
band gap (Ey; = 1€V, Eg, = 1.6€V) (red dotted curve).

the actual measurement, and the dashed green and dotted red
ones are modeling results calculated with Diplot. The obser-
vation of the measured spectrum shows one Fabry-Perot os-
cillation with its minimum and maximum at ~0.6eV and
~1 eV, respectively. This oscillation is fitted best for a mod-
eled sample thickness of ~190 nm, which matches the esti-
mation from the growth rate of the deposition process well.
For the modeling, a refractive index of n~ 2.8 is used for the
respective spectral region, fitting the intensity of the oscilla-
tion best.'” The measured curve shows a steep decrease of
the transmission signal at photon energies of 1-1.5eV and a
more shallow behavior at 1.5-2.5eV. The signal shows a
minimum at 2.6eV, then an increase reaching a shallow
maximum at ~ 3 eV, and a final decrease with full extinction
at above 3.6eV.

The green dashed curve in Figure 1 shows a modeling
approach which includes only a single direct band gap
E,=1¢€V, as has been reported before.” "% The absorption
coefficient is o > 10*cm ™" at photon energies >1.05eV, and
Urbach energy is Ey,~ 170meV. The calculated curve fits
the measured spectrum well in the range <1.4eV. Above
1.4eV, the modeled curve shows a remaining transmission
which oscillates around 0.2-0.25, as the given layer thick-
ness is not enough to absorb the light fully. This striking dis-
crepancy between model and experiment is not visible with
thick layers (d > 1 um), where light above the band gap is
completely absorbed. The result of this single gap model
shows unequivocally that the absorption behavior of CZTSe
cannot be explained by only a single band gap.

The dotted red curve in Figure 1 shows the result of a
two band gap modeling approach, including a direct band gap
Eg; =1eV and an indirect one Ey, = 1.6eV. The fit to the ex-
perimental transmission spectrum is a lot better than assuming
the second band gap to be direct. These two gaps correspond
to the transitions described as E4; and E,» in the above discus-
sion of the theoretical background. Further parameters of the
two modeled transitions are o; > 10*cm ™" at photon energies
>1.05eV with Ey,; &~ 170meV and o, > 10*cm™" at photon
energies >1.66eV with Ey,~60meV, respectively. The
curve fits the measured spectrum well in the range <2.3eV.
Above 2.3 eV, the measured curve shows a less steep decrease
than the simulation and the transmission maximum in the
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FIG. 2. (Color online) Measurement (blue solid) and modeling (green, dot-
ted) of optical transmission spectrum of ~190 nm thick CZTSe layer. Model
includes two absorption bands for transitions at Ey; and Ey, and an addi-
tional indirect band gap Eg3 =2.85¢eV.

3eV region. At this photon energy, the modeled curve shows
a full extinction of the transmission. This departure can be
explained as follows: As discussed above, a lone first conduc-
tion band can cause a decrease of the absorption to some
extent at photon energies above Egy; + CBlyqn and/or
Eg» + CBlygm. The transitions in this modeling approach do
not account for such a decrease. The modeled absorption
coefficients increase as a function of the photon energy con-
sistently with square-root or square behavior for direct or indi-
rect band gaps, ie., E-ox (E— Eg)X, with X=0.5 or 2,
respectively. This two-band-gap model is, therefore, only able
to conclusively describe the measured transmission as long as
the absorption coefficient of both transitions increases with
this behavior, which is not the case for the higher energy
region. For the spectral region above 2.3eV, this behavior
seems to change as expected for a lone conduction band, call-
ing for a further modification of the model.

The third approach includes two absorption bands to
simulate the absorption at Eg; and E4,. The two absorption
bands are represented by broad absorption peaks of Lorentz
shape. This approach accounts for the narrowness of the first
conduction band and allows for simulating a decreasing
absorption coefficient for higher photon energies, resulting
in an increasing transmission signal for higher energies. The
decrease of the transmission above 3.2eV is then fitted with
an indirect third band gap with E,3=2.85eV. Figure 2
shows the modeling result in comparison to the measured
spectrum. In this last approach, the main emphasis is put on
modeling the higher energy region of the transmission spec-
trum to extract a band gap value for Ey3. The lower energy
part of the spectrum, particularly the region at <1.3eV, is
only roughly reproduced by the approach via the Lorentz
shaped absorption bands, which may not be the best
approach for the description of the absorption by the lone
band. However, it allows to describe the main features of the
observed transmission spectrum. Further, the comparison of
the plots shows a slight difference in the height of the feature
in the 3 eV region. This can be explained by the fact that the
model does not explicitly consider transitions from deeper
energy levels of the valence band into the first conduction
band and transitions from the first conduction band into
higher levels of the upper conduction bands. This is
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FIG. 3. (Color online) Absorption coefficient extracted from the two band
gap (low energy part, red) and three band gap (high energy part, green) mod-
eling approach. Each curve is plotted only for the spectral region of validity
for the respective model.

effectively only very roughly approximated by the width and
tailing of the fitted Lorentz shaped absorption peaks. There-
fore, the spectral feature at ~3 eV shows a slight difference
between model and experiment for the transmission signal.

In Figure 3, we show the spectral absorption coefficient
extracted from the modeling. The low energy part (red
curve) is extracted from the two band gap approach and the
high energy part (green curve) from the three band gap fit.
Each curve is plotted only for the spectral region where it
can be regarded as valid, as it was discussed above. The
shape and height of the spectrum show strong similarity with
the theoretically predicted spectral absorption coefficient by
Persson.® The onset energies for the increase of absorption at
the first and second band gap and the positions of the maxi-
mum and minimum at ~2.6eV and ~3.2eV, respectively,
show a fair agreement.

In Figure 4, we show additional measurements on an as
grown sample with ~380nm thickness and a sample with
~120nm thickness which was prepared by thinning with a
bromine-methanol etching. In the 380 nm case, the maximum
in the 3eV region is only very slightly visible, as almost all
light above 2.1eV is absorbed at this sample thickness. The
inset is a zoom into the region around 3 eV, showing that the
position of the spectral feature stays approximately the same
for all sample thicknesses. This additionally supports that
this feature is related to decreased absorption and not to
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FIG. 4. (Color online) Transmission spectrum for different thicknesses d.
Inset shows zoom into 3 eV region.
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Fabry-Perot oscillations or other artifacts of the measurement.
Fitting results for these additional spectra (not shown here)
support the quantitative results for the discussed transitions.

In this manuscript, we have experimentally shown that
three band gaps are present in the absorption spectrum of kes-
terite CZTSe absorbers. The experimental data were fitted by a
model including three transitions, i.e., a direct band gap
E,1 = 1€V between the valence band and the first conduction
band, an indirect band gap E,, = 1.6eV between the first and
the second conduction band, and another indirect transition
Ey3=2.85¢eV between the valence band and the second con-
duction band. These results confirm the theoretical expectation
of a lone first conduction band as was recently reported.®” In
addition, they demonstrate that the second and third band gaps
are indirect, i.e., the minimum of the second conduction band is
not at the I point. In contrast to the calculated densities of state,
our results indicate a slightly larger gap E,, and a more narrow
first conduction band with CBlyign=Eg —Egp —Eq =
0.25eV. Here, we have to state that for the modeling of each
transition, we assume the transition to begin at the maximum of
the lowest band that is involved. This is of course true for the
transitions Ey; and Egs. For E,,, the situation is a bit more com-
plicated: The charge carriers in CB1 are relaxing to the thermal
distribution which is determined by the Fermi-Dirac-distribu-
tion and the ambient temperature. Therefore, we assume that
there are enough charge carriers present in the entire band
CBl1. According to this argumentation also the transition E,»
can be assumed to start at the maximum of the lower one of the
involved bands (CB1). Still, we have to admit that it could be
possible that our approach overestimates Ey, by the amount of
a few kgT and underestimates CB 14, by the same amount, as
the effective onset energy of this transition can be expected to
depend strongly on the charge carrier profile and concentration
in CB1. Concluding this error analysis, we can state that these
discussed effects do not affect the major findings and conclu-
sions in this letter.

The minimum in absorption is still at a high absorption
coefficient of about 2 x 10°cm™'. It can, therefore, be
expected that it does not influence the efficiency of solar
cells. Besides, it occurs at energies higher than the band gap
of CdS which is used as a buffer layer in these solar cells;
thus, light of this energy is already being absorbed in the
buffer. However, the experimental finding that the lone band
is even narrower than predicted by the calculations indicates
a flatter dispersion and thus a quite high effective mass of
the electrons, which can limit their diffusion length. Further-
more, the predicted and experimentally confirmed density of
states with a large band E,3 and an intermediate band within
the gap is the structure sought for the application in interme-
diate band solar cells."®
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