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�is paper numerically explores the possibility of high e�ciency, ultrathin, and stable CdTe cells with dierent back surface �eld
(BSF) usingwell accepted simulator AMPS-1D (analysis ofmicroelectronics and photonic structures). Amodi�ed structure of CdTe
based PV cell SnO2/Zn2SnO4/CdS/CdTe/BSF/BC has been proposed over reference structure SnO2/Zn2SnO4/CdS/CdTe/Cu. Both
higher bandgap materials like ZnTe and Cu2Te and low bandgap materials like As2Te3 and Sb2Te3 have been used as BSF to reduce
minority carrier recombination loss at the back contact in ultra-thin CdTe cells. In this analysis the highest conversion e�ciency of
CdTe based PV cell without BSF has been found to be around 17% using CdTe absorber thickness of 5 �m. However, the proposed
structures with dierent BSF have shown acceptable e�ciencies with an ultra-thin CdTe absorber of only 0.6�m. �e proposed
structure with As2Te3 BSF showed the highest conversion e�ciency of 20.8% (�oc = 0.99V, �sc = 24.73mA/cm2, and FF = 0.84).
Moreover, the proposed structures have shown improved stability inmost extents, as it was found that the cells have relatively lower
negative temperature coe�cient. However, the cell with ZnTe BSF has shown better overall stability than other proposed cells with
temperature coe�cient (TC) of −0.3%/∘C.

1. Introduction

�in-�lm polycrystalline CdTe is one of the leadingmaterials
for high e�ciency, low cost, and stable PV cells. CdTe has a
direct bandgap (Eg = 1.45 eV) which is very close to optimum
bandgap (Eg = 1.5 eV) for solar cell as discussed by Shockley
and Queisser [1]. It has a high absorption coe�cient of 5 ×
105/cm, which indicates that e�cient collection of photons
with energy greater than the bandgap (Eg) is possible within
a very thin CdTe absorber layer as discussed by Hädrich
et al. [2]. Already, the CdTe PV cell has gained a lot of
attraction to the researchers and commercials for its low cost,
higher e�ciency, high stability, and large scale fabrication
opportunity as discussed by Bätzner et al. [3]. Commercially
available leading CdTe cell has an e�ciency of 16.5% as
discussed by Wu [4]. �is cell uses a modi�ed structure of
CTO/ZTO/CdS/CdTe/Cu:HgTe:Cu�Te having 10 �m CdTe
and 0.1 �m CdS layer. Recently First Solar announced a new

world record for CdTe photovoltaic (PV) cell having an e�-
ciency of 18.7% as discussed on the website [5], which is quiet
inferior compared to the theoretical maximum e�ciency
(29%). �is inferiority is primarily caused because the open
circuit voltage (�oc = 0.845V) is well below what is expected
for its bandgap (1.45 eV). Another critical issue related to the
CdTe solar cell technology is the formation of an e�cient,
stable, low resistance, and nonrectifying ohmic contact on the
p-CdTe layer as discussed by Romeo et al. [6], since CdTe is
a p-type semiconductor with a high bandgap (1.45 eV) and
high electron a�nity (� = 4.5 eV). Typically a stable ohmic
contact to CdTe requires either a metal with a work function
of more than 5.7 eV or a su�ciently narrow Schottky barrier
to enable tunneling.�ere is no metal having such high work
functions to make good ohmic contacts to p-CdTe; instead
they tend to form Schottky or blocking barriers as discussed
by Partain [7]. Generally Cu is used as back contact, but back
contacts containing Cu are not stable; it leads to e�ciency
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degradationwith time due toCu diusion to the front contact
which causes shunting eect as discussed by Batzner et al. [8].
�ere are many allowed states within the forbidden gap at
the back surface in CdTe solar cell, and recombination can
e�ciently take place through these states.When theminority
carrier diusion length is longer than the cell thickness, back
surface recombination may become the primary limitation
on cell performance. �e use of an electron re�ector is a
strategy to overcome these obstacles. An electron re�ector
is a conduction band energy barrier at the back surface of
the solar cell, which can reduce the recombination due to
the electron �ow to the back surface and helps formation of
stable back contact. Typical techniques to create an e�cient
and stable back contact are as follows:

(i) to moderate the width of conduction band barrier
height for re�ecting the electron by heavily doping an
extra layer of back surface �eld (BSF)with appropriate
material;

(ii) to reduce the valence band barrier height between the
CdTe absorber layer and �nal metal back contact for
smooth transition of hole �ow to the back contact.

Among these, the use of BSF layers at back surface has
been found to be quiet easy and e�cient. �e importance
of BSF layers attracted some attention in the 1980s as
discussed elsewhere [9–11]. �e BSF layer accommodates the
photogenerated minority carriers and keeps them within the
reach of the p-n junction for e�cient collection.

ZnTe is the most common BSF material. It is a p-type
semiconductor having a direct band gap of 2.26 eV. Due to
its lower work function and the ability to dope it highly p-
type, formation of ohmic contacts to ZnTe is much easier.
Bätzner et al. at the University of Parma (Italy) has proposed
two more potential BSF materials for CdTe solar cells; these
are Sb2Te3 as discussed by Bätzner et al. [3] and As2Te3 as
discussed by Romeo et al. [12]. Sb2Te3 (Eg = 0.3 eV) and
As2Te3 (Eg = 0.6 eV) both are p-type semiconductor with
a low optical band gap. Another potential BSF material is
Cu2Te which has a moderate band gap of 1.18 eV as discussed
by Hossain et al. [13]. �roughout this study using “AMPS-
1D” simulator, we aimed to achieve higher e�ciency using
BSF and study the overall eect of zinc telluride (ZnTe),
antimony telluride (Sb2Te3), arsenic telluride (As2Te3), and
copper telluride (Cu2Te) on cell performance. �e eect of
temperature variation is also described to understand the
environmental eect on the cell performance. �is analysis
indicates that As2Te3, Sb2Te3, and Cu2Te are suitable BSF
materials for higher e�ciency (>19%) and ultra-thin (<1 �m)
CdTe cells. However, while considering the performances of
the cell, the cell with ZnTe BSF has shown better stability than
other cells.

2. Modeling and Simulation

�e purpose of numerical modeling and simulation in
photovoltaic cell analysis is to check the validity of pro-
posed physical structures maintaining cell geometry and cell
performance. �e AMPS-1D program has been developed

to visualize the details of the physical operation of solar
cells. �e simulator has also been tested for thin �lm CIGS
and CdTe solar cells as discussed by Degrave et al. [14].
It perfectly simulates the electrical characteristics of the
thin �lm heterojunction solar cells. Recently, more than
200 groups worldwide have been using AMPS-1D in order
to design solar cell as discussed by Zhu et al. [15]. One-
dimensional AMPS-1D simulator has been used to inves-
tigate the eect of dierent BSF on ultra-thin CdTe solar
cell.

�e baseline structure of CdTe cell as discussed by
Gloeckler et al. [16] was initially modi�ed by adding an extra
layer of Zn2SnO4 (200 nm) between SnO2 (TCO) and CdS
layer. �e additional layer of high-resistiance Zn2SnO4 is
known as buer layer. By incorporating a very thin resistive
buer layer, the CdS layer thickness can be further reduced
down to <50 nm, which signi�cantly improves the blue
response, CdS �lm morphology, and conversion e�ciency
of the CdTe solar cell as discussed by Morales-Acevedo
[17]. �e structure SnO2/Zn2SnO4/CdS/CdTe/Cu shown in
Figure 1(a) has been taken as reference structure for this study
with CdS thickness of 60 nm.

�e reference cell has been further modi�ed to Glass/
SnO2/Zn2SnO4/CdS/CdTe/BSF/Metal structure for higher
conversion e�ciency, shown in Figure 1(b). BSF layers have
been added to overcome rollover eect, to improve stability
at higher operating temperature, and to reduce the loss due
to minority carrier recombination at the back contact in
ultra-thin CdTe cells. BSF materials used in this study are
zinc telluride (ZnTe), antimony telluride (Sb2Te3), arsenic
telluride (As2Te3), and copper telluride (Cu2Te). For the low
cost aspect, cheaper metal (Ni, Cu, and Mo) has been used
as �nal back contact in the proposed structure. �e doping

concentration (up to 1014 cm−3) used in the reference case has
been changed to up to 1016 cm−3 as it is the present achievable
value for CdTe material. To understand the stability of the
cell, the operating temperature has been changed from 25∘C
to 100∘C.

Table 1 shows the signi�cant material parameters used
in this modeling. �e values of Table 1 were selected from
standard literatures and from theoretical and practically
variable values.�e reference structure was the starting point
of the analysis. In this modeling, the CdTe absorber layer
thickness has been varied from 100 nm to up to 5�m; all other
layers thickness has been kept constant.

3. Results and Discussion

3.1. Reference Cell Simulation. �e cell shown in Figure 1(a)
also mentioned as reference cell has been analyzed initially.
�e reference cell has shown the highest conversion e�ciency

of 16.88% (�oc = 0.895V, �sc = 25.10mA/cm2, and FF =
0.75) where layer thickness of CdTe is 5 �m, layer thickness
of CdS is 60 nm, and layer thickness of Zn2SnO4 is 200 nm
and Cu has been used as the back contact metal. CdTe doping

concentration (5 × 1016) and life time (1.6 ns) have been
adopted which is the today’s achievable limit as discussed by
Amin et al. [18].
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Figure 1: Structures of the CdTe solar cells: (a) reference structure, (b) proposed structure for higher performance.

Table 1: Material parameters used in simulation.

Parameter n-SnO2

n-
Zn2SnO4

n-CdS p-CdTe ZnTe/As2Te3/Sb2Te3/Cu2Te
Comments and

references

�ickness (�m) 0.1 0.2 0.06 0.1–5.0 0.2 �eory and estimations

Dielectric constant, �/�0 9.0 9.0 10.0 9.4 14/20/55/10
As discussed elsewhere

[3, 12, 16, 20, 21]

Electron mobility, �e (cm2/Vs) 100 32 100 320 70/500/1094/500
As discussed elsewhere

[12, 16, 18, 21, 22]

Hole mobility, �p (cm2/Vs) 25 03 25 40 50/210/320/100
As discussed elsewhere

[13, 16, 18, 21, 22]

Electron and hole concentration,
n, p (cm−3)

1017 1019 1017 5 × 1015 1021 (Cu2Te)/7.5 × 1019
(Others)

As discussed elsewhere
[13, 16, 19, 21, 23]

Bandgap, Eg (eV) 3.6 3.35 2.42 1.45 2.25/0.6/0.3/1.18
As discussed elsewhere

[10, 13, 16, 22, 23]

Density of states at conduction
band, NC (cm−3)

2.2 × 1018 2.0 × 1018 2.2 × 1018 8.0 × 1017 7.8 × 1017 As discussed elsewhere
[16, 19, 21, 23, 24]

Density of states at valence band,
NV (cm−3)

1.8 × 1019 1.5 × 1019 1.8 × 1019 1.8 × 1019 1.6 × 1019 As discussed elsewhere
[16, 19, 21, 23, 24]

Electron a�nity, � (eV) 4.50 4.50 4.50 4.28 3.65/4/4.15/4.20
As discussed elsewhere

[16, 18, 19, 21–24]

�eoretically a 2 �m thick CdTe layer is e�cient to absorb
99% of the incident photons with energy greater than Eg as
discussed by Wu [4]. Although to avoid pinhole formation
and uniformity limitation, in most high e�ciency CdTe solar
cells, the CdTe absorber layer is intentionally set at a mini-
mum thickness of 5�m. Further numerical analysis has been
done using AMPS-1D to reduce the thickness of CdTe layers
aiming to reduce the materials usages and cell production
cost. �e CdTe absorber thickness has been varied from
100 nm to 5000 nm for both reference and modi�ed cells to
explore possibilities of ultra-thin CdTe absorber layer. �e
simulated results are graphically shown in Figure 2.

Figure 2 shows that, for the reference cell, all the solar cell
output parameters are unaected for the CdTe thickness of
greater than 2 �m and nearly aected around CdTe thickness
of 1 �m. Further reduction of CdTe thickness below 1 �m

shows that, with reduced thickness, �sc and �oc decreased
slowly while FF increased below 500 nm. �e �sc decreases
sharply at CdTe thickness of less than 0.5�m due to critically
short minority carrier diusion length, but FF shows an
increased value due to the bulk resistance reduction. All
these eects result in reduction of cell conversion e�ciency
for CdTe absorber thickness below 1 �m. �ese results are
in good agreement with related published works for CdTe
cells as discussed by Amin et al. [18]. So having a thin CdTe
layer for the reference cell is not possible while maintaining
higher conversion e�ciency. However, there are possibilities
of increasing �oc, �sc, and FF below CdTe thickness of 1 �m
while having improved e�ciency. In order to attain this goal
the reference structure has been modi�ed with a layer of BSF
(200 nm) just a�er theCdTe layer.�eproposed structure has
been shown in Figure 1(b).
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Figure 2: Eect of CdTe thickness layer variation on reference cell
parameters and proposed cell parameter.

3.2. E	ect of BSF on Reference Cell Output Parameters

3.2.1. E	ect of BSF on Short Circuit Current Density �sc.
Figure 3 graphically interprets the eect of dierent BSF
layers on the proposed structure. �e simulated �gure shows
that BSF has signi�cant eect on proposed cell as it shows
increase in short circuit current �sc in small scale.�e eect of
BSF is quiet signi�cant, while the absorber thickness is below
1 �m. Here BSF works as a minority carrier re�ector and
reduces the minority carrier recombination at back contact.
As there are more carriers to contribute to �sc, the use of BSF
certainly improves cell short circuit current density.�is is in
a good agreementwith previouswork [18]. As shown above in
Figure 3 the cell with zinc telluride (ZnTe) as BSF has shown
most signi�cance in improving �sc for absorber thickness of
up to 0.5 �m, whereas As2Te3, Cu2Te, and Sb2Te3 have shown
steady, improved �sc with variation of absorber thickness
and are almost identical to each other. From the results it
is evident that, with a BSF layer, a reasonable �sc can be
maintained while having an absorber thickness below 1�m.

3.2.2. E	ect of Back Surface Field on Open Circuit Voltage.
Numerical analysis has been done with the proposed
ultra-thin cell structure SnO2/Zn2SnO4/CdS/CdTe/BSF/BC
aiming to explore the eect of dierent BSFmaterials on open
circuit voltage�oc. For realizing the eect of BSF onmodi�ed
CdTe cell open circuit voltage for dierent BSF materials is
represented graphically taking the base cell parameters as
reference with a variable absorber layer thickness in Figure 4.
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Figure 4: Eect of dierent BSF on cell open circuit voltage on
proposed cell with variable absorber thickness.

�e eect of back surface material on open circuit voltage
is found when CdTe layer thickness is <2 �m. Considerable
impact is found by reducing CdTe absorber thickness below
1 �m. As in Figure 4 it can be seen that �oc is improved
signi�cantly below CdTe layer thickness of 1�m. �is might
be attributed to the reduction of the minority carrier recom-
bination losses at the back contact in ultra-thin CdTe cell.
In improving �oc, uses of arsenic telluride (As2Te3) as BSF
have shownmore signi�cance than ZnTe, Sb2Te3, and Cu2Te,
while Sb2Te3 and Cu2Te have shown almost the same eect
on �oc. It is signi�cant that a desired improvement in �oc is
possible although the absorber is reduced below 1 �m with
just a 200 nm of BSF layer.

3.2.3. E	ect of Back Surface Field on Field Factor, FF. �e �ll
Factor also gets some changes due to the use of BSFmaterials.
Fill factor increases with the reduction of absorber layer
thickness as bulk resistance of materials has been reduced. As
shown in Figure 5.

�e cell with antimony telluride (Sb2Te3) as BSF has
most signi�cant eect on �ll factor. Use of antimony telluride
(Sb2Te3) as BSF increases �ll factor below absorber thickness
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of 1 �mbut shows a decreased value for greater absorber layer
thickness. For As2Te3, Cu2Te, and ZnTe �ll factor slightly
increases, while the absorber thickness is below 1 �m.

3.2.4. E	ect of Back Surface Field on Overall Cell E
ciency.
�e eect of dierent BSF materials on overall conversion
e�ciency of modi�ed CdTe cell has also been analyzed using
AMPS-1D simulator for the proposed ultra-thin CdTe PV
cell. �e eect of BSF on overall cell conversion e�ciency
is represented graphically along the reference cell e�ciency
with a variable absorber layer thickness in Figure 6.

It is evident from Figure 6 that, when ZnTe is inserted as a
BSF, the conversion e�ciency does not improve signi�cantly.
Although the FF of the cell with ZnTe, as shown in Figure 5,
was strongly aected, the �sc improved as shown in Figure 3 a
bit due to reduced minority carrier recombination loss at the
back contact. It is clear from band diagram of the cells that
the ZnTe has shown a barrier at the valence band of CdTe and
ZnTe interface.�e reduction in FFmight be attributed to the
barrier developed for holes in the valence band.�ese results
are in good agreement with what was discussed byAmin et al.
[18]. All in all, the decrease in FF dominates over the increase

of �sc; as a result there is no signi�cant improvement in the
cell overall e�ciency when ZnTe is used as BSF.

When Sb2Te3, As2Te3, and Cu2Te were inserted as BSF,
the conversion e�ciency improved signi�cantly with reduced
absorber thickness. �e improvement in e�ciency of this
cell came from the improvement of all the cell output
parameters like FF, �oc, and �sc, as shown in the �gures
earlier. FromFigure 6 it is also seen that back surfacematerial
aects cell conversion e�ciency signi�cantly when CdTe
layer thickness is <1 �m. It is evident that the As2Te3 BSF
has shown the highest improvement on conversion e�ciency
as shown in previous �gure. Sb2Te3 and Cu2Te have shown
moderate improvement on cell conversion e�ciency. �e
most important thing to be noted from Figure 6 is that the
e�ciency limitation with reduced absorber layer thickness
discussed earlier has been overcome by the insertion of just
0.02 �m thin BSF layer.

3.2.5. �-� Characteristics with Back Surface Field on Cell. �-�
(�-�) characteristic of a solar cell refers to the combined
eect of series resistance and shunt resistance. For the better
performance of solar cell higher shunt resistance is desirable,
but higher series resistance is not acceptable as it might
decrease the �ll factor. �e BSF material has great in�uence
in �-� characteristics, as shown in Figure 7. From the �gure it
is seen that the base cell �-� curve starts rolling down around
�oc = 0.6V and shows maximum power at a lower value
for �oc between 0.7V to 0.8V. But modi�ed cell with BSF
has shown noticeable increased value and better performance
than base cell.

As can be seen in the �gure, the structure with BSF shows
higher �oc than the cell without BSF, while the cell with ZnTe
shows higher �sc but poor FF. �e FF is aected because of
the higher series resistance added by the bulk resistance of
the higher bandgap and the barrier for holes in the valence
band and lower dielectric property of the ZnTe material. �e
cells with Sb2Te3 and Cu2Te have shown moderate eect of
parasitic resistance on its output parameters. In this analysis
arsenic telluride (As2Te3) has shown improved performances
better than others and obtains �-� curve almost identical
to ideal �-� curve with a negligible eect from parasitic
resistances.

3.2.6. E	ect of Back Surface Field on Cell Stability. Before
�nalizing any conclusion, the stability of the proposed cell at
higher operating temperature has been investigated.�eoret-
ically, it is expected that higher operating temperature aects
cell parameters such as the band gaps, carrier concentrations,
density of states, and electron and hole mobility. Similar
results have also been found in this analysis. An investigation
was conducted utilizing AMPS-1D at operating temperature
ranging from 25∘C to 100∘C for the proposed cells.�e results
obtained from AMPS-1D simulation are shown in Figure 8.

�e �gure indicates that the conversion e�ciency of
both reference and proposed cells linearly decreased with
the increase of operating temperature. �e temperature
coe�cient (TC) of reference cell is found to be −0.4%/∘C,
which is in good agreement with theoretical evidences and
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Table 2: Output parameters of dierent cells with BSF for maximum e�ciency.

Dierent cell structures
Optimum CdTe layer

thickness (�m)
�oc (V) �sc (mA/cm2) FF E. (%) Temp. coe�cient (% ∘C)

SnO2/Zn2SnO4/CdS/CdTe/Cu 5.0 0.895 25.10 75.0 16.88 −0.4%
SnO2/Zn2SnO4/CdS/CdTe/ZnTe/Ag 0.6 0.96 25.63 74.4 18.37 −0.3%
SnO2/Zn2SnO4/CdS/CdTe/Sb2Te3/Mo 0.6 0.98 24.63 80.0 19.45 −0.4%
SnO2/Zn2SnO4/CdS/CdTe/As2Te3/Cu 0.6 0.99 24.73 84.5 20.78 −0.4%
SnO2/Zn2SnO4/CdS/CdTe/Cu2Te/Ni 0.6 0.99 24.73 79.8 19.54 −0.35%
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related works as discussed elsewhere [13, 18, 19]. Moreover,
Cells with Sb2Te3 give better stability as its e�ciency remains
almost unchanged in the operating temperature range from
25∘C to 50∘C, and then it decreases with a TC of −0.4%/∘C.
�e stability of cell with As2Te3 showed the same stability of
the cell without BSF.�us, theAs2Te3 has no eects on the cell
stability at higher operating temperature.�e cell with Cu2Te
has shown improved stability more than the cell without BSF
as the temperature coe�cient (TC) is found to be around

−0.35%/∘C, whereas the cell with ZnTe showed better stability
with TC of −0.3%/∘C.

4. Comparison of Different BSF in Ultrathin
CdTe Cells

By analysing all the graphs of dierent BSFmaterials from the
previous sections it is evident that they all have similar eect
on cell performance. But the numerical value of dierent
performance parameter varies for dierent BSF material.
Maximum e�ciencies of dierent proposed structures with
the optimum CdTe layer thickness are listed on Table 2.

Maximum conversion e�ciency of cells with dierent
BSF is found for CdTe thickness of just 0.6 �m. It is also found
from Table 2 that in the proposed cell with ZnTe as a BSF the
conversion e�ciency (18.37%) drops more than the reference
cell as the FF was strongly aected, but the �sc improved a
bit due to reduced minority carrier recombination loss at the
back contact. �e reduction in FF might be attributed to the
band defect in ZnTe structure. When Sb2Te3 was inserted as
BSF layer, the FF and conversion e�ciency improved better
than that of ZnTe BSF. �e As2Te3 BSF produced best cell
performances and highest conversion e�ciency of 20.78%.
�e improvement in e�ciency of this cell came from the
improvement of all the cell output parameters like FF,�oc, and
�sc. Use of Cu2Te results in a moderate conversion e�ciency
of 19.54%. Figure 9 shows the band diagram for dierent
proposed structures.

5. Conclusion

It has been seen that, without BSF, thinning is not pos-
sible while maintaining higher e�ciency. Most important
thing to be noted from the results is that the e�ciency
limitation with reduced absorber layer thickness has been
overcome by the insertion of 200 nm thin BSF layer. From
the analysis it is evident that 0.6 �m thick CdTe absorber
layer is possible with acceptable range of e�ciency for the
proposed structure with BSF. A highly e�cient (20.78%)

(�oc = 0.99V, �sc = 24.73mA/cm 2, and FF = 0.84) ultra-
thin CdTe solar cell with 0.6 �m of CdTe, 100 nm SnO2,
200 nm of Zn2SnO4, 60 nm of CdS, and 200 nm of As2Te3
has been obtained. Sb2Te3 and Cu2Te as BSF are suitable for
higher e�ciency (>19%) and ultra-thin CdTe cell. Cells with
ZnTe have shown comparatively inferior performance with
an e�ciency of 18.37%. Cells with Sb2Te3 gives improved
stability as its e�ciency remains almost unchanged in the
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Figure 9: Band diagramof the proposed cells (Zn2SnO4/CdS/CdTe/
BSF).

operating temperature range from 25∘C to 50∘C, and then
it decreases with a TC of −0.4%/∘C. �e cell with Cu2Te
shows moderate stability with TC of −0.35%/∘C. As2Te3
has no eect on stability as the TC is same as that of the
reference cell. Although cell with ZnTe is the most stable
cell, but while considering e�ciency and stability, structures
with SnO2/Zn2SnO4/CdS/CdTe/As2Te3/Cu are proven to be
comparable to other reported cells.

�ese results could open new window for ultra-thin
CdTe cell development and possibly lead to some improve-
ment like: thinner absorber layer with signi�cant perfor-
mance, reduced material consumption for cell fabrication,
and reduced cell fabrication cost; low cost materials (Cu,
Al, and Ni) could be used as �nal back contact without
interrupting cell performance and stability. In order to realize
the possibilities, this proposed cell can further be investigated
using standard fabrication technique for practical implemen-
tation.
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