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Abstract: A thin film solar cell based on cadmium telluride (CdTe) has been investigated by means of
an accurate numerical simulation study. To optimize the design in terms of power conversion efficiency,
we have studied the influence of doping concentration and carrier lifetime in the CdTe layer as well as
the impact of different geometrical parameters in defining the device structure. In more detail, the solar
cell consists of a fluorine doped tin oxide layer stacked, from top to bottom, on a highly resistive
transparent film, a n-type layer of cadmium sulphide (CdS), and a p-type CdTe absorber layer. A good
agreement between the simulation results and recent experimental data taken from literature has been
achieved. The optimized design performs a short-circuit current density of 29.09 mA/cm?, an open-
circuit voltage of 0.95 V, a fill-factor of 83.47%, and a conversion efficiency on the order of 23% under
air mass 1.5 global spectrum (AM1.5G) with an incident irradiance of 1000 W/m?.

Keywords: CdTe solar cell; numerical simulations; fill-factor; conversion efficiency.

1. Introduction

In the last decade, the use of cadmium telluride (CdTe) in the field of high efficiency solar cells
developed meaningfully. In fact, thanks to the material long-term stability and low cost, CdTe appeared
promising for the manufacture of solar cells able to absorb wavelengths typically between 350 nm and
850 nm. Conversion efficiencies on the order of 20% with low energy costs (~0.0387 $/kWh) were
already demonstrated experimentally [1,2].

CdTe is from group II-VI of compound polycrystalline semiconductors with a direct optical bandgap

close to 1.5 eV, which makes it well suited for energy conversion in photovoltaic. At the same time, by
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considering the material high absorption coefficient (5x10° cm™), a 2-um-thick p-type substrate could
be enough to absorb the sun beams [3]. However, solar cells are manufactured with a CdTe thickness
ranging from 4 um to 6 um for a better performance [4].

In a CdTe-based device, cadmium sulphide (CdS) is a good candidate to form a p-n junction which
enables the photovoltaic effect. The bandgap of CdS is 2.42 eV and this value corresponds to an
absorption edge close to 500 nm [5,6]. For commercial purpose, CdS/CdTe solar cells are usually
deposited on a glass substrate coated with a transparent conducting oxide (TCO) which consists, for
example, of fluorine-doped tin oxide (SnO»:F or FTO). In addition, to increase the cell efficiency
limiting the effect of non-uniformities, a high-resistive transparent (HRT) thin film, e.g. moderate doped
Sn0O,, is placed between the TCO and the CdS regions [7,8]. This layer has a negligible effect on the
spectral response of the cell and in practice it acts as a buffer layer.

In this work, we used the Silvaco-Atlas simulation software [9] to investigate and optimize the
electrical characteristics of a CdS/CdTe solar cell. Firstly, the measurements reported in Ref. [10] were
fitted to validate the numerical models taken into account. Then, in order to obtain an improved
performance we evaluated the impact of the fundamental geometrical and physical parameters in the
different device regions in determining the overall solar cell conversion efficiency. Recent manuscripts
of ours, which are focused on the modelling of different photovoltaic devices, support the adopted
simulation setup [11-18].

The optimized design, with a 0.4-um-thick FTO and 0.1-um-thick CdS layer (window layer),
exhibits a conversion efficiency in excess of 23% at room temperature. Air mass 1.5 global spectrum
(AM1.5G) with an incident irradiance of 1000 W/m? was assumed during the simulations. The obtained
results represent a significant improvement with respect to the performance reported in Ref. [10] which
is close to 14%, and they could turn useful for the design and realization of high efficiency CdTe-based

solar cells with saving time and money.

2. Cell structure

The considered device structure is schematized in Fig. 1. Basically, it consists of a CdS(n)/CdTe(p)

heterojunction with a n-type and p-type doping concentration of 1x10'"® ¢cm? and 2x10™ c¢m?,
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respectively. A transparent film of SnO, acts as HRT layer between the TCO and the CdS regions. A
deposition of a Snm/50nm of Cu/Au forms the back contact. Details about the fabrication process are

reported in Ref. [10].

Glass

Fig. 1. CdS/CdTe solar cell.

The device geometrical and physical parameters are listed in Table 1. For simulation purposes, the
glass/TCO substrate was modelled as a FTO layer with a thickness of 400 nm and a n-type doping

concentration of 3x10%° ¢m?3.

Table 1. Device parameters.

Layers

FTO SnO>  CdS CdTe
Thickness (um) 0.4 0.1 0.1 6
Bandgap energy, £ (eV) 3.6 3.6 2.42 1.5
Electron affinity (eV) 4.5 4.5 43 4.28
Dielectric ratio 9 9 10 9.4
N-type doping, Ns (cm™) 3x10%0  1x10'8 1x10'® -
P-type doping, N (cm™) - - - 2x10M

3. Simulation setup

During the simulations, the key physical models taken into account included the Shockley-Read-
Hall (SRH) and radiative recombination processes, the bandgap narrowing (BGN) effect, and the
doping-dependent carrier mobility and carrier lifetime. In more detail, the effective carrier concentration

in each device region was calculated in the form
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AE
nZ, = nexp (k—qf’) (1

where £ is Boltzmann’s constant, 7 is the temperature, 4E, is the bandgap due to the BGN effect [19,20],
and #; is the intrinsic concentration of carriers depending on £, and the carrier density of states in the

conduction (N.) and valence (N,) band:

n; = /N.N,exp (— 2’%) . 2)

To describe the carrier behaviour at the thermal equilibrium we used the Fermi-Dirac statistics

defined by the relation [21]

1
— R (3)
)

1+exp( e

fle) =

where f{¢) is the energy level occupation probability for electrons and Er is the Fermi level.

The recombination phenomena were modelled by means of the SRH expression as follows [22-24]:

Rswn = oy O
SRH ‘rn[n+nieexp(ETIfTAP)]+‘L'p[p+nieexp(_E?;AP)]

where Errap is the difference between the trap energy level and the intrinsic Fermi level, and z,, 7, are
the carrier lifetime for electrons and holes, respectively. In addition, the radiative (optical)

recombination process was described by the standard relation [25,26]
Ur = Br(np - ntz) (5)

where B, is the radiative recombination coefficient assumed equal to 4.72x10!! ¢cm?/s [27]. The effective

carrier lifetimes in the different device regions was therefore imposed through the expression [28]

1

+B, xN (6)

Tup  TNRmp

where zwrsp is the non-radiative contribution and A is the total (local) doping concentration.
Finally, to describe the doping-dependent carrier mobility, a simplified low-field mobility model

was used in the form of [29-31]
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u, :% (7

where 4, ,, N

., »and g are reference constants.
The fundamental simulation parameters used as entry data in this study are summarized in Table 2.
These values are consistent with recent literature on CdS/CdTe solar cells [32-36]. In particular, the

carrier lifetimes in the CdTe region were fixed to 1 ns, though values up to 10 ns could be considered

for a low defect material [37,38].

Table 2. Simulation parameters.

Layers

FTO SnO2 CdS CdTe
Ny (cm®) 1.8x10"° 1.8x10"  1.8x10'° 1.8x10"
Ne (cm®) 2.2x108  2.2x10'%  2.2x10'8 8x107
Hon (cm?/Vs) 100 100 100 320
Hop (cm?/Vs) 25 25 25 60
TNRn (1S) 100 100 0.01 1
TNRp (1S) 0.1 0.1 0.01 1

4. Results and discussion

During the simulations, the device active area was 0.25 cm? and it was illuminated with an incident
irradiance of 1000 W/m?. Firstly, to validate the assumed simulation models and parameters, the solar
cell current density-voltage (J-V) experimental curve reported in Ref. [10] was fitted as shown in Fig. 2.

The experimental and simulated behaviours appear in good agreement in the whole considered
voltage range. The main photovoltaic parameters extracted from Fig. 2, namely the short-circuit current
density (Ji), open circuit voltage (V,.), fill factor (FF), and conversion efficiency (), are listed in Table
3. These results support the simulation analysis and highlight that the reference structure in Table 1

performs an overall conversion efficiency of 14%.
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Fig. 2. J-V curve of the considered CdS/CdTe solar cell.

Table 3. Photovoltaic parameters for the reference device.

Jse (mA/sz) Voc (V) FF (%) n (%)

Simulation 25.01 0.81 69.89  14.16
Experiment [10] 25.6 0.82 66.4 14

4.1. Effect of the CdTe absorber layer

By assuming an increasing value of the acceptor doping concentration in the CdTe region, the cell
performance in terms of # improves as shown in Fig. 3. In particular, starting from N,= 2x10'* ¢m™
(reference value in Table 1), the cell efficiency increases rapidly up to about 16.9%.

The effect of the CdTe layer thickness was also investigated as shown in Fig. 4. Here, a fixed doping
concentration of 2x10'5 cm™ was considered.

CdTe thicknesses lower than 2 um strongly penalize the solar cell efficiency. At the same time, a

thicker absorber layer allows, in principle, a better performance. This improvement, however, appears

rather limited.
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Fig. 3. Cell efficiency as a function of the doping concentration in the CdTe region.
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Fig. 4. Cell efficiency as a function of the CdTe layer thickness.

4.2. Effect of the CdS window layer

Starting from an optimized 6-um thick CdTe substrate with N, = 2x10'5 cm?, the CdS window

layer impact on the cell efficiency was evaluated for different donor doping concentrations and


https://doi.org/10.1016/j.ijleo.2019.164112

https://doi.org/10.1016/].ijle0.2019.164112

thicknesses. In more detail, in Fig. 5 is shown the # behaviour for a thickness of 100 nm and N, ranging
from 1x10'7 cm™ to 1x10" cm™. As we can see, Ny = 1x10'8 cm™ (reference value in Table 1) appears

as an optimal value which determines an efficiency peak close to 16.94%.
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Fig. 5. Cell efficiency as a function of the doping concentration in the CdS region.

For N;= 1x10" cm?, different thicknesses of the CdS region were considered between 20 nm and
100 nm as shown in Fig. 6. The CdS thickness determines, de facto, the effective light transmittance to
the CdTe layer.

Although the cell efficiency tends to increase for thinner CdS regions, thicknesses below 50 nm are
considered not electrically reliable resulting, in fact, discontinuous and shorting the cell [38]. For a

thickness of 50 nm we achieve an efficiency as high as 18.5%.
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Fig. 6. Cell efficiency as a function of the CdS layer thickness.

4.3. Optimized design

Together with the presented analysis on the role of the CdTe and CdS layers, further investigations
have been made considering different thicknesses of the SnO; region in the range 50-120 nm. The
simulations showed that this parameter has only a limited impact on the cell performance and the
conversion efficiency has a variation in the limit of 2%.

The comparison between the simulated J—V characteristics of the reference cell in Table 1 and the
improved design obtained by combining the previous results in terms of doping concentrations and
geometrical parameters is shown in Fig. 7. Here, the J-V curve of an optimized device, where a longer
carrier lifetime of 10 ns is imposed for electrons and holes in the CdTe region, is also reported. This
value, in fact, is suggested in Refs. [36] and [37] as well appropriate for high-purity CdTe-based solar
cells in dependence of their fabrication process.

In more detail, the cell efficiency behaviour calculated as a function of the carrier lifetimes in the
CdTe absorber layer is shown in Fig. 8. As expected, the decrease of the recombination phenomena in
the space-charge region of the CdS/CdTe heterojunction leads to an increased efficiency which is

calculated on the order of 23%.
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Fig. 8. Cell efficiency as a function of the carrier lifetime in the CdTe absorber layer.

The photovoltaic parameters extracted from Fig. 7 are summarized in Table 4.
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Table 4. Photovoltaic parameters.

Jse (mA/cm?) Voo (V) FF (%) 5 (%)
Reference cell 25.01 0.81 69.89 14.16
Improved cell 28.01 0.87  78.08  19.02

Optimized cell with 29.09 095 8347 2301
longer carrier lifetime

Compared to the reference device, the improved cell is based on a CdTe substrate with an acceptor
doping concentration of 2x10'°> ¢cm™ and the CdS and SnO, thicknesses both scaled to 50 nm. It performs
an overall conversion efficiency of 19.02%. This result could be further optimized up to a value of

23.01% by considering a longer carrier lifetime (10 ns) in the CdTe region.

4.4. Spectral response

The useful wavelength range of the investigated solar cell can be observed by plotting the device
external quantum efficiency (EQE). This figure of merit is defined as the ratio between the effective

photocurrent calculated through the cell and the source photocurrent which is in the form of [9]
1
Isrc = P qAP, W, 3

where 1 is the photon wavelength, ¢ is the electronic charge, c¢ is the speed of light, 4 is Planck’s
constant, Pg is the power density of the incident light, and W} is the beam width clipped to the device.

For a given light source, the available photocurrent through the cell depends on the optical
properties of the different materials. In particular, the wavelength-dependent refractive index (n) and
extinction coefficient (k) of the CdS and CdTe layers have been assumed according to [39] where they
were extracted experimentally in the 250-1500 nm wavelength range. At the same time, we referred to
[38] to characterize the SnO, region optically.

The EQE behaviour of the reference and optimized cell in Table 4 are shown in Fig. 9 for a
wavelength range extending from 300 nm to 950 nm.

For the optimized design, we can observe an increased EQE in the whole explored wavelength
range before the CdTe optical bandgap determines an absorption edge close to 850 nm. The maximum

absorption occurs in the range 500 < 4 < 800 nm where the average EQE is on the order of 96% with a
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maximum of 96.98% at 1 = 650 nm. The absorption knee around A = 500 nm is due to the CdS material

properties. Finally, below this 4 value the light is mainly absorbed by the FTO layer.

EQE (%)

—o— Reference cell
—a— Optimized cell

0 +————————1——r—r—————————————apa—,
03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Wavelength (um)

Fig. 9. External quantum efficiency behaviours.

Conclusion

The fundamental photovoltaic parameters of different solar cells based on the CdS/CdTe
heterojunction were calculated. The role of the doping concentration and thickness of both the CdS and
CdTe region in determining the device performance was investigated by means of a careful numerical
simulation analysis.

The simulation results for the reference cell are in good agreement with the experimental data
reported in literature. The optimized design performs a high short circuit current density of 29.09
mA/cm?, an open circuit voltage of 0.95 V, and a fill-factor of 83.47%. The conversion efficiency is

23.01%. This value appears strongly dependent on the CdTe thickness and carrier lifetime.
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