Device characteristics of CulnSe,-based solar cells
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ABSTRACT

Ternary chalcopyrite semiconductor CulnSe, (CIS) is a promising material for the fabrication of high-efficiency low-cost
solar cells. However, various recombination losses decrease the efficiency of the cells and deteriorate their other
characteristics. To identify the recombination channels and to obtain information about the related defects, we conducted
current-voltage measurements at various temperatures, followed by admittance spectroscopy measurements and bias
dependent quantum efficiency measurements. Two types of solar cells were studied: the ones based on the CIS
monograin layers, and the others based on CulnGaSe, thin films. The temperature dependence of the open-circuit voltage
of the monograin cells demonstrated that the dominant recombination channel involves CIS-CdS interface states.
According to the admittance spectroscopy data, the states lie at 150-166 meV below the conduction band of CIS. In
some samples, a defect state at about 45 meV was observed. The quantum efficiency measurements revealed the
influence of the sulphur post-treatment on the band gap of the absorber material. The derivative curves brought out the
influence in the best possible way.
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1. INTRODUCTION

Within the family of Cu-chalcopyrite semiconductors, Cu(In,Ga)Se, (CIGS) is of considerable interest for photovoltaic
applications because of its suitable direct band gap within 1.0-1.4 eV, a high optical absorption coefficient, a moderate
surface recombination velocity, and the radiation resistance.* These properties give an opportunity for the fabrication of
low-cost, stable, and highly efficient thin-film solar cells. With Cu-IlI-VI chalcopyrite solar cells, a laboratory
conversion efficiency higher than 19% has been achieved. The electrical behavior and the performance of the CIGS
based thin-film solar cells depend, to a considerable degree, on the defect structure of the CdS/CIGS interface and the
bulk of the depletion layer. Thus, in order to improve the properties of these heterojunction cells, a characterization of
the near-interface defect levels is indispensable.

It is appropriate to mention here that a new type of solar cells based on monocrystalline CulnSe, (CIS) is under
development.®* These so-called monograin cells consist of very small crystallites embedded in epoxy resin. It has been
shown that the isothermal recrystallization of the as-grown powder in different molten fluxes is a rather simple,
inexpensive, and convenient approach to obtain suitable materials with an improved crystal structure and reduced defect
concentration.* The resultant powders have a single crystalline grain structure, uniform chemical composition, and
narrow granulometry. Due to these features, the monograin technology appears to be very promising for producing solar
cells. On the other hand, there are several challenging unsolved problems related to the surface engineering of the
monaograin crystallites.

It is known that in the case of polycrystalline thin-film solar cells, an ordered-vacancy-compound (OVC) layer is formed
on the surface of the absorber layer. The OVC layer plays an important role in determining the properties of the solar
cell. The layer has been associated with the Cu-In—Se proportion of 1:3:5 and the n-type conductivity.>®

Thin-film solar cells are fabricated mostly by the co-evaporation of elements onto Mo-coated soda lime glass. This
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technology offers more opportunities for the surface layer engineering than the monograin technology. Besides, the
diffusion of Na from the glass into the absorber layer can be profitably utilized in thin-film solar cells.” Despite the fact
that the absorber material is the same, there is a number of differences as concerns the interface between CdS and
CulnSe; in the thin-film and monograin solar cells. Here we draw a parallel between the cells and tackle ways and means
of improving the monograin solar cells.

2. EXPERIMENTAL

The cross-section of a monograin-layer solar cell is

l.’ gfgfg;.eox (50 um) diagrammatically drawn in Fig. 1. The CulnSe, powder
" CdS (50 nm) for the cells was synthesized from Cu-In and Se—In melts.
iZnO (80 nm) More processing details can be found in Ref. 3.

IZHO:AIHOOASOO nm) Subsequent to the removal of the flux, the as-grown

_ i powder was, for restoring the surface and reducing the

Class defectiveness, post-treated in the selenium or sulphur

vapor in two-zone quartz ampoules in which the vapor

Fig. 1. Schematic cross-section of a monograin layer solar cell. pressure was determined by the temperature of the Se(S)

source in the low-temperature zone. The monolayer of the

chemically treated powder was embedded in polyurethane
(PU). CdS was deposited onto the surface of the monolayer in a chemical bath. For the cell completion, thin i-ZnO and
conductive ZnO:Al layers were deposited by rf sputtering.

The thin-film polycrystalline CIGS solar cells were prepared at the Institute of Physical Electronics of the Stuttgart
University. They are small-area (0.5 cm?) Al:ZnO/CdS/Cu(ln,Ga)Se,/Mo/glass structures obtained by co-evaporation.

The current-voltage (/-¥) characteristics were taken under the 100 mW/cm? illumination using a Keithley 2400 Source
Meter. For the capacitance measurements, an Autolab Pgstat 30 FRA module working at frequencies up to 1 MHz was
used. The temperature dependences were studied using a closed-cycle helium cryostat (7 = 10-300 K). The quantum
efficiency measurements were performed using
a computer-controlled SPM-2 monochromator
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recombination losses.

It is known that the open-circuit voltage V. vs T
curves are linear at RT and capable of being
used for determining the main path of current
losses in solar cells.® Each recombination mechanism contributes differently to the . dependence. We expect that for
the losses at the CdS—CulnSe; interface V. at 0 K is less than E/g, where E, is the band gap energy of CulnSe, and g is
the elementary charge. In this case

Figure 2. Current—voltage characteristics of various solar cells.
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where @, is the barrier height for holes, 4 is the
diode ideality factor, S, is the interface
recombination velocity for holes, jg is the short-
circuit current density, and N, is the effective
density of states in the valence band. For bulk
recombination, @,~FE, Fig.3 compares two
different monograin solar cells. One of them
exhibits the interface recombination and the other
the bulk one. Consequently, the low efficiency of
sample 294 is mainly caused by the interface
recombination. In this case, we can expect the
Fermi level pinning at the heterointerface due to
the high density of the interface states. In sample
AL, in which the interface recombination proves to
be negligible, another loss mechanism should
dominate.

Sample A73 has the best characteristics among the
CIS monograin cells. This is obviously related to
the post-treatment of the absorber in sulphur vapor.
It is known that the CIS-based monograin cells
have typically lower Voc and fill factor FF than the

q Jse

S N
@, AKT In(q ) ] )

1100

1000 re— @, = 990 mev

500
294

000000,
.o

400+

0 50 100 150 200 250

Temperature (K)

300

Figure 3. Extrapolation of the open-circuit voltage VB, towards 0
K for two different CulnSeB,g monograin solar cells.

polycrystalline CIGS-based cells. One possible reason should be the high recombination rate through the interface states.
Our studies show that in many cases the Fermi level is due to these states pinned at about 100-200 meV below the
conduction band edge. A thin n-type inversion layer usually reduces the interface recombination at the CdS-CIS
interface. However, the inversion of the conduction type adds new problems and does not allow exploiting the benefits of
the heterojunction. Another possibility of reducing the interface recombination is the use of a material with a graded
composition, so that the interface will include the material with higher E,. Widening the band gap of the absorber
reduces the spike at the absorber-buffer interface. Usually a CulnGaSe, or OVC layer is used to that end.’ Intermixing at
the interface can then help to close the recombination channel over the reduced barrier if the band discontinuity spreads
over a certain distance. In monograin-layer cells, it is very difficult to form an OVC layer on the surface and, therefore,
the sulphur post-treatment is used to increase the band gap at the absorber surface.

Table 1. Comparison of monograin CulnSeB, gand thin-film Cu(In,Ga)SeB,g solar cell parameters.

Sample Technology Post-treatment VBocs JBg FF (%) 1 (%)
(mV) (mA/cmP?)

294 Monograin CIS S 339 26.5 274 2.46
Al Monograin CIS S 425 9.8 34.27 1.42
x14 Thin film CIGS no 633 285 71.78 12.95

SC389 Monograin CIS S 481 21.4 59.08 6.08
430 Monograin CIS S 159 4.1 33.82 0.21
434 Monograin CIS S 253 0.1 27.72 0.0039
AT73 Monograin CIS S 420 39.5 48 8.0
A74 Monograin CIS Se 266 17.2 29.78 1.36
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3.2. Admittance spectroscopy

In the admittance spectroscopy, the
capacitance of a rectifying junction is
investigated as a function of the frequency

80 w and temperature. The junction
: capacitance given by the depletion layer
capacitance is
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Figure 4. Capacitance—frequency curves of sample Al taken at 100-290 K.

and/or high temperatures. The effect of a single majority carrier trap on the junction capacitance can be described by

The active traps in the depletion layer of the
rectifying junction contribute to the

capacitance spectrum at low frequencies
10,11

Clo)=C, + 1 =Ca ©)

1+ w’t

where Cy is the low frequency capacitance which depends on the trap density », and the acceptor concentration N, (if the
depletion layer is in the p-type material), 7* is the trapping time which depends on both », and N, and, in addition, on w.
If N, << N,, t* = Llw,. In the small &V, limit the inflection frequency wy is related to the emission rate e, according to

Figure 5. Arrhenius plots of the inflection frequency wBgs. Shown are the
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activation energies calculated from Eq. (4).
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where ¢,, is the capture cross-section for
electrons and holes, v is the electron thermal
velocity at the interface, N, is the effective
density of states in the conduction and valence
band, and E.y is the activation energy of the
defect level with respect to the corresponding
band edge. All the temperature independent
parameters are included in the emission factor
&. wo at each temperature can be found as a
maximum of the w(dCldw) vs w curve.

The capacitance curves of sample Al at
different temperatures are shown in Fig. 4. All
the other solar cells had similar dependencies.
From these curves the inflection frequencies
wo were found and their Arrhenius plots are
shown in Fig. 5. From these plots, it is
possible to find E,y for each sample. Typical
activation energies for CIGS thin-film solar
cells are 45 and 150 meV. The 150-meV
activation energy is very close to the N; state
usually observed in the CIGS solar cells.** The
N state is very likely to be an interface state.



The ac admittance spectroscopy probes the level when it coincides with the Fermi level. Fitting together the band
diagram and the determined energetic position of the level, it is possible to learn about the possible spatial location of the
center. From Fig. 5 it follows that in several samples there was a 45-50-meV Fermi-level-crossed defect level. The
shallow energetic position of the level suggests that the electron exchange between it and the CIGS or CIS conduction
band takes place in the vicinity of the heterointerface. Due to the presence of the inversion layer in the CdS-CIGS
devices, this is the most probable location of the defect. Similar levels were revealed in Refs. 11 and 16. Mencaraglia et
al.*® showed that in the samples prepared using different CdS deposition times, a chemical surface treatment changes
considerably E,. It is difficult to assign any specific point defect to this level. Very probably, it involves a vacancy like
(IncyVey) (Ref. 17) or Vs, (Ref. 19). At the same time, the low activation energy may be caused by a temperature-
assisted electron tunneling from the interface states to the conduction band of CdS.*® In any event, a further research is
needed to clarify the reason of the observed low activation energy.

3.2. Quantum efficiency

Quantum efficiency (QE), i.e., the ratio of the collected electrons to the incident photons, is often used to characterize the

solar cell response to the light of different wavelengths. Figure 6 shows the normalized QE spectra for three cells.

Sample x14 is the above-described CIGS-based thin-film solar cell. Samples A73 and A74 are prepared on the basis of
the CIS monograin-layer technology. Sample
AT73 was post-treated in S and sample A74 in Se
vapor. Consequently, the absorber of sample A73

Lof 20 Cas” cuns, Cunse, ] consists of multiple layers: a layer of CulnS,, a
layer of CulnSe, and a changed-composition

g-: I solid solution of the two in between.
0.7¢ L A73 4 All the three spectra have shapes typical of the
S 0.6f 1 solar cells of this kind. Their high-energy side is
Lﬂi 05} ] determined by the absorption in CdS and ZnO,
© 0.4} A7 1 while the low-energy side, by E, of the absorber.
o3l 14 P The circumstance that the distance at which the
0.2k L ] photons are absorbed is greater for low-energy
o1k ] photons performs its role in sloping the right-
0.0L—L . . hand side of the curves: the charge carriers
400 600 soko(nm)looo 1200 1400 generated have to travel a longer distance to

contribute to the current and have a higher
probability of recombination.

Figure 6. Normalized quantum efficiency spectra of samples A73, A74,
and x14. Vertical bars indicate the approximate positions of £EB,; of the
components.

The cells compared in Fig. 6 differ in E, of the
absorber layer. As a result, in the low-energy side
the spectra diverge. CIS has the lowest £, and is
capable of working with the photons of the lowest
energy. Adding S into CIS increases its E, and, therefore, the spectrum of sample A73 does not extend so far as the
spectrum of sample A74. Sample x14 has the highest £, and, thus, the shortest extension.

The low-energy side of the spectra can be fitted by the equation of Klenk ez al.*?
QE =K(1—-exp(—aLy)) » (%)

where Ly = w + L, is the effective diffusion length of minority carriers, L, is their diffusion length in the absorber
material, and « is the absorption coefficient of the absorber material. The constant X is unity in absolute measurements.

Poor Lek preventing the minority carriers from reaching the junction limits, in many cases, the efficiency of the solar
cells. At the same time, Eq. (5) is not very suitable for the evaluation of Lek as it requires a priori knowledge of a. The
value of this quantity is, however, mostly unknown and often poorly measurable as, e.g., in the case of the layers with
highly adsorbing monograins.



The changes of QE under the bias voltage
can be analyzed based on Eq. (5). Three
reasons for the change are anticipated. First,
reverse biasing widens the space charge
region. It is believed that the collection from
this region is nearly perfect. Therefore, the
applied reverse voltage should increase QE.
Second, biasing can alter L, by accelerating
photogenerated charge carriers. As a result,
they will spend less time in the absorber and
have a lower recombination probability.
Third, the applied voltage can change the
absorption coefficient. The latter, not a
particularly strong idea stems from the
'M observations that the laser-induced electric
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Figure 7. Derivatives of the quantum efficiency spectra for various solar cells. ~ The for_m of the QE spectra of the
monograin-layer solar cells depended on the

bias voltage. This is a sign of a too short
carrier diffusion length.

Figure 7 shows the derivatives of the QE spectra of the same samples as in Fig. 6. For each sample, the measurements
were carried out at two biasing voltages. As seen, the derivative spectrum of sample A74 has one Gaussian peak
regardless of the applied voltage. For sample A73 one peak at 0 V and two Gaussian peaks at —7 V were registered. In
the case of sample x14, the look with one peak remained totally unchanged in the voltage range of 0 to -5 V.

There is a reasonable agreement between the maxima of the derivative spectra and the values of E, of the absorber. So,
the measured peak position for sample A74 (1250 nm) corresponds very well to the band gap energy of CulnSe,. For
sample A73, the left-hand peak has a position at a slightly lower energy than E, of pure CulnS,; the shift seems to be
caused by the incorporated Se. On the contrary, the right-hand peak has the position at a slightly higher energy than E, of
CulnSe,, with the shift caused by the incorporated S.

Note that in the case of solids with a large concentration of native defects as we have,"*'* function a(E) that determines
the shape of the low-energy side of the QE spectra can be approximated as A(E — Eg)”zlE, where 4 is a constant, if £ > E,
(E, is here for the band gap energy of the perfect direct gap material), and as'® B(Eo(,"’exp ((E - §,)/Eo)), where B is a
constant and ¢, and E, are the characteristic parameters of the material that increase with the doping level, if £ < E,.
Hence, a(E) changes slower in the latter region, and the appearance of the inflection in the QE spectra and the maximum
in the derivative spectra are expected.

4. CONCLUSIONS

The properties of CIS monograin-layer solar cells were investigated by admittance spectroscopy and the measurement of
the quantum efficiency spectra and current—voltage characteristics. It follows from the temperature dependence of the
open-circuit voltage that the dominating recombination channel involves the CIS-CdS interface states. The admittance
spectroscopy revealed two types of levels with the activation energies of 150-166 meV and 45-48 meV. The deeper
level is most probably caused by the interface states, while the shallow one, by the bulk defects. A post-treatment in
sulphur vapor was shown to increase the band gap at the absorber surface and the open-circuit voltage. However, the
quantum efficiency measurements showed a poor carrier collection. The derivative quantum-efficiency spectra taken
under various biasing brought out the influence of the sulphur treatment in the best possible way.
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