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ABSTRACT

Device modeling and simulation studies of a CdTeSe thin film solar cell have been carried out. A variety of band-gap
profiles, including ungraded, front graded, back graded, and double graded profiles of the CdTeSe absorber layer are
examined and their performance characteristics have been analyzed. The calculation reveals that single junction cells with
band-gap at the optimum value of 1.38 eV exhibit the maximum performance; alloys of CdTe and CdSe with a ratio of 1:1
forming CdTe0.5Se0.5 achieve the band-gap of 1.38 eV due to the bowing effect. The benefits of the band-gap grading
are evaluated when the minimum band-gap is set at the optimum band-gap of 1.38 eV. It is shown that only few graded
band-gap profiles exhibit an increase in efficiency, while most of graded profiles reduce performances.
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INTRODUCTION

Cadmium Telluride (CdTe) has been shown to be one of the most promising absorber materials for producing high-
efficiency and low cost thin-film solar cells because of its high absorption coefficient (a > 10* cm'l) and direct band gap of
1.45 eV, which is well matched to the solar spectrum[1-2]. The recent record efficiency of laboratory size CdTe thin-film
solar cells ties the best laboratory size CIGS thin-film solar cells, sparking interest in investigating new materials to work
with CdTe[3]. Much information is available in the literature regarding single-junction CdTe solar cells; one common
limitation for single band gap CdTe cell is the inability of matching its band-gap to the solar spectrum since one third of
photons that have energy lower than its band gap was not utilized, as shown in Figure 1[4].

Change of the absorber band-gap profile to a narrower band gap (< 1.45 eV) materials could improve the spectral
response in the long wavelength region, thus enhancing photocurrent. Zdanowicz et al has done the theoretical analysis
comparing the maximum efficiency of single junction solar cell with the absorber energy band-gap of semiconductors, and
results indicated that the optimum absorber's energy band gap for single junction solar cells is around 1.39 eV[5]. In
addition, studies of band-gap grading in Cu(In,Ga)Se2 solar cells have shown that using a non-uniform band-gap grading
profile of the absorber, additional fields can be built into p-type based solar cells, which could also enhance
performance[6]. Alloying the CdTe with CdSe to form a CdTeSe absorber layer can change the band-gap to the lower
band gap due to the bowing effect. Thus, band-gap engineering geared to controlling the composition profiles and spatial
distribution of the CdSe content in the absorber layer can lead to enhancing the overall performance of CdTeSe cells.
However, despite the promise that CdTeSe holds as a solar cell structure, there has been few research done into the use
of CdTeSe as an absorber material of solar cells thus far.

In this study, device modeling and numerical simulations of CdTeSe cells are conducted to analyze the impacts of various
band-gap profiles for the absorber layers on the performance characteristics of the cells. Such modeling works provide
insight into which band-gap structures may be desired. The study first focuses on the determination of the optimum band-
gap corresponding to the maximum efficiency for the uniform band-gap CdTeSe absorber, which is used to establish
reference performance. The effect of various graded band-gap profiles on performance are then analyzed and compared
against the ungraded reference performance, including the front graded, the back graded, and the double graded.

MATERIALS AND METHODS
Cell structures and simulation parameters

The schematic energy-band diagram for a typical CdS/CdTe solar cell with a uniform band-gap profile is illustrated in
Figure 2[7,8]. The CdTe cell structure consists of the following material layers: n-SnO; (TCO), n-CdS, p-CdTe absorber,
and the back contact. This structure is the simplified device structure; it can be modified by taking into account of the
possible inter-diffusion layers arising from the cell processing. The cell simulation tool SCAPS (Solar Capacitance
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Simulator), developed by the University of Gent, is used by specifying input values as the parameters in each layer of the
cell structure[9]. The band-gap of the CdTe absorber is engineered through alloying with other II-VI compounds (CdS and
CdSe) to adjust its band gap. The band-gap of these alloys varies with the composition according to this equation:

Egalloy (X) = XEngTe + (1 - X)Egadd_ bX(l - X)’
where b is the bowing factor. In this study, the bowing factors for CdS/CdTe and CdTe/CdSe are 1.8 and 0.75

respectively.
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Figure 1 Solar irradiance spectra and spectral Figure 2 Band diagram of TCO/CdS/CdTe cell
response of CdTe

For all simulations in this study, the parameters of FTO (SnO) layer and CdS window layer are maintained unchanged.
The total thickness of the absorber is maintained at 3pum for all cases. In order to model an effective recombination center,
a deep level defect is placed in the middle of the band-gap. The distribution of the energy levels for the defects was set as
Gaussian with a characteristic energy of 0.1eV. Table 1 summarizes the basic parameters for the simulation in this
study[10-12]. The anticipated changes in the physical properties of the absorber layer include changes in the band-gap,
changes in the doping concentration, bulk defect densities, absorption coefficients, and electron affinities.

Table 1 Simulation parameters in this study

SnO2 Cds CdTe CdSe
Thickness (nm) 500 50 varies varies
Band gap (eV) 3.6 2.4 1.45 1.7
N(donor) 10° 1.1 x10™® N/A N/A
N(acceptor) N/A N/A 10™-10" 10™-10"
Electron Affinity (eV) 4 4 3.9 3.9
Dielectric Permittivity 10 10 9.4 9.4
Defect Density 10" 10" 10™-10" 10™-10™

RESULTS

CdSe has very similar characteristics like CdTe, and CdTe-CdSe forms a series of solid solution alloy CdTe1.xSex, since
selenium has a higher solubility in CdTe[13-19]. Experimental results indicate that the minimum band gap of CdTe;.xSex
can be as low as 1.32 eV with x ~0.38. The energy band gap of these alloys varies as a parabola with the composition
according to this following equation: Eg(x) = 1.70x + 1.45(1 — x) — bx(1 — x), with a bowing parameter b~0.75.

When using wide band materials as absorbers, the light absorption becomes limited only to high energy photons while for
those low energy photons (E< Eg) the solar cell practically remains “transparent”. This loss of photocurrent collection
results in a lower photocurrent of such cell, but wide band gap solar cells do have a higher value of the output voltage of
the cell. In contrast, solar cells made of narrow band materials - though capable of absorbing a larger part of solar
spectrum - exhibit lower output voltage. This leads to the obvious conclusion that to achieve maximum efficiency for a
specified solar spectrum, the absorber material with optimum band gap structure should be realized. Below is the
approach of selecting the optimum absorber band-gap for a single junction cell. The current of the illuminated ideal solar
cell can be described by a simplified equation:

v
=l —lgark = Isc — 1 (ekT - 1) €Y
where V denotes cell voltage, and lqa denotes the current flowing through cell without illumination, and I, is the dark
Eg
saturation current described by K. e «r, where Eg denotes the band-gap of cell absorber. I, the short circuit current of a
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cell, is described by the following equation: I, = Qq f}; N(E)dE , where N(E) denotes the number of incident photons that

have energy in the range of (E+dE), and Q denotes the overall cell quantum efficiency. The maximum output power of the
illuminated solar cell corresponds to the point on the current—voltage curve where product of voltage and current reaches
maximum value, meaning that d(IV)/dV, must be equal to zero, i.e.:

qv
P d(IV) _d[(’“_e”_l)v] o ,
av- av v a @
which gives an implicit relation from which value of voltage Vm responding to maximum power point may be derived:

%
eqk;n = IS—C 3)
qVm
L (% +1)

By definition, the efficiency of the solar cell is

n= I;_m - (%) <15€ -1, (e(q;/_Tm) — 1)) Vm  (4)

where Py, denotes the maximum power of the cell and Go, defined by f:N(E)EdE , denotes the value of the total power-
solar global irradiance-of the incident photon flux. For g Vi >> KT, Egs (3) and (4) can be simplified as

qVm avm q E_gf”
——e kT = Q— ekT | N(E)dE (%)
kT Kc Eg

q? ngN(E)dE
N=Q0—=———Vm (6)

Jy N(E)EAE
Thus, conversion efficiency n can be calculated in Eq. (6) by taking Vi, from numerical solution of the Eq. (5). It is found
that under the conditions of AM 1.5, the optimum band-gap of the absorber of a single junction cell is around 1.38 eV.
Therefore, for maximized efficiency of CdTeSe solar cells, the optimum absorber’s band gap of 1.38eV should be used for
the band-gap of the CdTeixSex uniform absorber, which corresponds to x=0.5, i.e., CdTegsSegs. Figure 3 exhibits the
calculated quantum efficiency characteristics for CdTe and CdTeSe cells, showing a significant increase of CdTeSe in the
long wavelength regions (>855 nm). The simulated characteristics of CdTe and CdTeSe cells are listed in Table 2. The

increase in Jsc, due to increasing response at the long wavelength region, combined with the slight decrease of Voc,
yields an ~8.5% increase in overall cell efficiency.

Table 2 Simulated performance characteristics of CdTe and CdTeSe thin film cells

Eg(eV) 1 (%) Voc (mV) Jsc(mA/cm2) FF (%)
CdTe (3um) 1.45 18.54 876 255 82.92
CdTeSe (3um) 1.38 20.12 858 28.46 82.40
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Figure 3 Quantum efficiency of CdTe and CdTeSe cell
DISCUSSION

In the band-gap profile study of CIGS, the general expectation has been that (a) back grading increases minority carrier
collection from the bulk, due to additional drift fields for electrons established in the quasi-neutral region, and (b) front
grading leads to higher open-circuit voltage as the band gap in the space-charge region (SCR) expands, while similar
current-densities can be maintained. Both approaches are predicted to allow for combinations of Voc and Jsc that are
better than those that can be achieved with uniform absorber layers with constant Eg. However, some results reveal that
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the back, front, and double grading have also been observed to reduce efficiency when simulation parameters or
experimental conditions were varied[20]. A simulation study is conducted to evaluate the effect of graded band-gap
profiles of the CdTeSe absorber on the performance of the cells. Six graded band-gap profile cases are considered in
Table 3. The simulation results for each case yield these performance characteristics: efficiency n(%), Voc, Jsc, and FF,
which are reported in columns 3—6 of the table.

The band-gap profiles of Cases 1 and 2 are two back graded cases, where the band-gap increased monotonically toward
the back contact (1.38 eV to 1.45 eV). Cases 3 and 4 represent the front graded cases, where the band-gap increased
monotonically toward the front junction. In Cases 5 and 6, a double graded band-gap structure is introduced, where the
band-gap increased toward both the front and the back of the absorber. The simulated results for uniform CdTeosSegs is
also listed in Table 3, as Case 7, for a reference performance. Comparing with the uniform band-gap reference case, the
performance characteristics of all graded profiles in Table 3 (with the notable exception of Case 2) did not demonstrate the
better performances that were expected, unlike what most CIGS studies revealed. This lack of improvement is because in

Table 3 Simulated performance characteristics of CdTeSe cells with various absorber band-gap profiles

. Jsc
- 0 0
Structure Band-gap profile (%) Voc (mV) (MA/cm2) FF (%)
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most CIGS studies, the reference uniform band-gap was generally set to be the band-gap of CIS, 1.04 eV. Since this band
gap of 1.04eV is quite narrow compared with the optimum absorber’s band gap of 1.38 eV, the cell efficiency is relatively
low. Thus, any increases of the band-gap (due to either graded or ungraded band-gap increases) may lead to significant
increase in efficiency. The generally expected grading benefits actually come from two parts: the true grading benefits and
the contribution of the band-gap increase. In fact, Dullweber et al. observed a close correlation in CIGS solar cells
between the average Ga-content (the band-gap) and the device performance, independent of the Ga distribution (the
graded band-gap)[21]. M Gloeckler et al. further indicated that if uniform band-gaps being equal to the graded band-gap
minimum are used for comparison to determine the grading benefit, this selection of the reference performance would
result in overestimates of efficiency gains attributed to the grading benefit, especially for front and double graded
structures where the band gap increases in high recombination regions. Therefore in this study, the optimum band-gap of
1.38 eV is used for the uniform band-gap reference to minimize the contribution from ungraded band-gap increase, as to
identify the true grading benefits. As seen in Table 3, only Case 2, the high slope back graded profile provides the true
grading benefits to CdTeSe cells.

CONCLUSION

Comprehensive device modeling and numerical simulation studies for CdTe based thin film solar cells have been carried
out using the SCAPS simulation program. It is shown that the better performance for CdTe based solar cells can be
achieved by alloying CdTe with CdSe forming CdTegsSeqs of which the band-gap approaches to the optimum absorber
band-gap of single junction, 1.38 eV. The effect of graded band-gap profiles of absorbers on the performance of CdTeSe
cells has been investigated. An approach of selecting and optimizing the graded band-gap profiles corresponding to the
maximum performance has been presented.
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