Appl. Phys. A (2015) 119:275-284
DOI 10.1007/s00339-014-8961-7

Applied Physics A

Materials Science & Processing

Modelling of degradation/recovery phenomena in CdS/CdTe

ultrathin film solar cells

Nima E. Gorji

Received: 21 October 2014/ Accepted: 17 December 2014 /Published online: 27 December 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract The degradation/recovery phenomena in ultra-
thin film solar cells based on CdS/CdTe are theoretically
analysed using Sah—Noyce—Shockley theory for generation
and recombination in the depletion region. This theory can
explain the overlap of the depletion regions at both front
and back contacts where the carrier generation and col-
lection are as important as recombination mechanism. The
value of physical parameters such as uncompensated defect
density, carrier recombination lifetime and band bending at
interface are critically important when reducing the thick-
ness of CdTe layer down to sub-micron. The rollover,
materials inter-/out-diffusion, complex defect formation
and the role of mobile ions are taken into consideration to
obtain an insight into the physics of degradation/recovery
phenomena in ultrathin CdTe film solar cells. Both mech-
anisms are precisely analysed drawing the schematics of
the energy band diagrams and mobile ions transport paths
which in this case is the grain interior. This means that we
neglect the metal diffusion through the grain boundaries
which are assumed to be completely passivated. This
assumption enabled us to study the role of the defects on
the carrier transport in the interiors rather than through the
boundaries.

1 Introduction
So far, just a few theoretical analysis have been performed

on the carrier transport and charge collection in ultrathin
CdS/CdTe film solar cells (d < 1 pm) taking into account
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the carrier generation and collection in both depletion
regions at space charge region (SCR) and back contact
(BC). The thickness of such devices (d) is comparable with
the width of SCR (W) and carrier diffusion length (L,).
Karpov et al. [1] have studied the unique physics of
ultrathin photovoltaics (PV) by assuming W > d. They
considered that an ultrathin device resembles a capacitance
with a dielectric inside it. In another approach, Kos-
yachenko and Toyama [2] have analysed the thin-film
devices with d = 2.7 pm and showed that the influence of
BC on the carrier transport in SCR can be ignored if the
concentration of uncompensated acceptors, N,; =5 X
10" cm_3, and the depletion widths of SCR
(W = 0.6-0.8 um) do not overlap with the depletion width
of the BC (W, = 0.2 pum). In fact, band bending at the BC
is smaller than in junction (CdS/CdTe), and hence, its
depletion layer is narrower. This allows considering a flat
energy band outside of SCR (from W to BC). The latter
assumption is also possible about the ultrathin films where
W and d are comparable. The widths of the depletion layers
become important in stabilization/degradation/recovery
issues of CdTe devices under different operation condi-
tions. For example, several research groups have confirmed
that the dark resting of open-circuited device can slightly
recover the performance [3, 4]. The quantum efficiency
measurements of ultrathin devices fabricated by Paudel
et al. have indicated that forward bias (0.4-0.5 V) can
reduce the carrier collection by lowering the electric field
in SCR. In contrary, the reverse-biased devices have
enhanced the quantum efficiency due to faster current
collection by extended electric field to BC and preventing
the carrier recombination there [5]. The performance of the
thinner devices (W < 0.5 um) showed a stronger depen-
dency on applied bias representing the importance of SCR
width for d < 1 pm.

@ Springer



276

N. E. Gorji

The reduced depletion width in the ultrathin films can
lead to increased recombination rate at CdTe/metal. While
the low performance of ultrathin devices is mostly due to
incomplete photo-absorption, the degradation and recovery
of the electrical parameters is related to the electric field
variation. The resultant of the electric fields, across the
CdTe layer, can alter the carrier transport via defects inter-/
back-diffusion into CdTe or BC.

In this study, we will take into account the role of carrier
collection in ultrathin devices rather than incomplete
photo-absorption which can clearly reduce the short-circuit
current and efficiency [3]. We will simulate the degrada-
tion/recovery phenomena in CdTe devices after degrada-
tion under accelerated life testing (ALT) or recovery under
dark storage. It was observed that the devices left in dark
rest and/or under illumination while short and/or open
circuited could be partially or completely recovered [3, 4].
We will also study the variation of depletion width by
defect density and voltage as well as the effects of physical
parameters on the characteristics of ultrathin devices under
forward or reverse biases. The interesting conclusion of
such analysis is that the degradation of thin-film devices is
not always permanent (irreversible) but rather can be
(slightly) recovered under a proper bias (i.e. short circuit)
and illumination and/or re-annealing. The recovery was
suggested to be due to change in the concentration of defect
density or mobile ions (Cu™) that diffuse back to the BC
and reduce the recombination centres at the SCR (junction)
[6]. We note here that our approach is not modelling the
inter-diffusion of the Cu ions through grain boundaries, but
we assume that the grains size (>1 um) is as big as the
CdTe layer and the defective particles are diffusing though
bulk CdTe. This approach can be extended to the other type
of materials such as radiation detectors based on CdTe and
CdZnTe as well as thin-film solar cells based on CIGS and
CZTS materials [6-8]. Further investigations are required
for the realization of durable and stable semi-transparent
PV windows using ultrathin films proposed and practically
introduced by Plotnikov et al. [9].

2 Theory

For the modelling of the recombination—generation mech-
anism in thin-film solar cells based on CIGS materials, we
have had proposed a simple approach for the carrier
transport in the different regions of the absorber layer
separately [10]. Current study will analyse a more com-
prehensive approach where the most practically known
parameters of the device are taken into consideration.

As shown in Fig. 1, the formation of SCR at the inter-
face of a thin-film CdS/CdTe is similar to the formation of
a depletion region at the p—n junction of a Schottky diode.

@ Springer

Fig. 1 The energy band diagram of CdS/CdTe thin film under
forward bias. The carrier transport through recombination—generation
(Iy) and over-barrier current (/,,), SCR (W), band bending strength
¢@(x) and Fermi levels are indicated

Since the CdS layer is well conductive, the SCR width of
the solar cell is considered to be only in the CdTe p-type
layer given by,

2¢(py — qV)

W =
qz(Na - Nd)

(1)
where ¢ is the relative permittivity of the semiconductor,
®o = qVy; is the barrier height at the semiconductor side
(Vy; is built-in potential), g is the electron charge, V is the
applied voltage and N, — N; = N, is the concentration of
uncompensated acceptors in the CdTe layer. The non-
uniform electric field strength for electrons in SCR at the
distance x from the interface depends on W via,

—qV _ 2(py—qV
qWw w w
and band bending in SCR is described by the parabolic law

(111,

ol V) = (o0 —aV)(1-)" o)

The current density—voltage (JV) characteristics of the
thin-film solar cell can be considered using Sah—Noyce—
Shockley theory for the generation—-recombination under
reverse—forward biases [12, 13]. The forward and reverse
currents are quite sensitive to the position of the defects in
the band gap. For example, if the generation-recombina-
tion level situated in the upper part of the band gap
(E > E//2 with E, = 1.5 e¢V), with a distance more than
0.25 eV away from the midgap, the voltage dependence of
the forward current is given by Eq. 4. In a same way, if the
defect level was in the lower part of the midgap with a
distance more than —0.25 eV, the forward current can be
given by Eq. 5 [13],
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On the other hand, the current of the reverse bias for the
case £ > E /2 and E < E,/2 is given, respectively, as,

 gpWE; —Au—E —qV — JE —qV

Jrey ;
* Tpo ©o —qV
if E> E,/2 (6)
J  gmWVE —Au—qV — \/E, — E, — Ap
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The values n; and p, are determined by the following
equations with the energy spacing between the top of the
valence band and Shockley—Read—Hall recombination
level, E,,

E, — E E
n :Ncexp<_ ng t)y p1 :mep(—ﬁ). (8)

Note that the above formulas are obtained assuming
|gV| > kT. In Ref. [13], the diffusion model (rather than
the diode model) was suggested for the carrier transport at
high forward biases. The above equations come from the
integration over SCR of the generation—-recombination
equation [U(x,V)] of Sah—Noyce—Shockley theory when
V < 0.8 V [12]. The above equations are separated func-
tions from the main equation of the current density
= qo f U(x,V)dx) which is the product of the integrand’s
maximum value and its half width. Note that this theory
considers the carrier transport in the SCR only. At the BC
of the device, where a reverse diode is formed (Fig. 2), the
JV curves show a rollover which is ascribed to Schottky
barrier. The depth of this barrier depends on the CdTe
thickness as well as on the employed BC metal. The sim-
ulation results of Hadrich et al. [14] show that the back
barrier is removed for the ultrathin devices withd < 1 pm.
The ultrathin devices have sufficiently large SCR width, W,
at CdS/CdTe that will overcome (overlap) the back
depletion width, W, (back barrier). This will diminish the
rollover in JV curve of the device as the back barrier is no
longer influensive on the carrier transport at the BC.
Nevertheless, we would like to also bring the equation that
calculates the current at the BC. Kosyachenko et al. [13]
have tried to make a modelling for rollover mechanism
using the well-known thermionic emission theory where
the current density is given by,

electrons is bigger than the depletion width. When
L, ~ 1 um and W = 0.8-1 um, the above formulation
need to be revised. Thus, they suggested that the diffusion
model can better fit the conditions and define the carrier
transport in the back region. Therefore, the diffusion cur-
rent of Eq. (9) is replaced by the form,

2 —qV + A \%
Jaitt = qlu, %Nc exp — (%) [CXP <Z_T> - 1}

(10)

where the electron concentration at the semiconductor
surface (rather than in the bulk of the film) is described by,

E,—Ap—opx,V) —qV
kT

n=N.exp|— (11)
Note that the first term (pre-exponential factor) in Eq. (10)
depends on the applied bias while in Eq. (9), gA™ is voltage
independent. The last equation will be able to explain the
observed rollover in the JV curves of the solar cell
regarding the BC issues. The same dependency on the
voltage was reported in Ref. [14]. In case that our simu-
lations were not consistent with the literature reports, the
Egs. (9) and (10) are taken into consideration.

3 Simulation results and discussion

Based on the theory of the last section, the variation of
depletion width (SCR) versus voltage has been calculated
for different uncompensated defect densities (Fig. 2).
Higher density of uncompensated defects, N,;, can narrow
the depletion width, whereas the reverse and forward biases
have a different influences. The insets give a schematic
view on the strength of electric field in the reverse and
forward bias regions and flow direction of the carrier cur-
rent in each SCR and BC regions. The distribution of
charge carriers, electric fields, current and relevant diodes
under open-circuit condition is indicated for a better
understanding. At the BC region, there is a small charge
distribution that can be simulated as a Schottky barrier with
an opposite diode. This barrier can cause rollover in the
high forward bias range of the JV curves. The reverse bias
extends the electric fields across the CdTe layer corre-
sponding to a single diode model. On the other hand, the
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Fig. 2 The variation of 1.4 -
depletion width under bias for Cds/caTe ea e ectal
three different values of %o,
uncompensated defect densities. 1.2f *o on ©1° | oo b
The insets indicate the charge %o, = )
distribution at the SCR and BC - e =
where the relevant diodes form 1 0L I — T —
and the current flows in i, CasiCaTe CdTe/Metal 2o, —— Ly
corresponding direction. The B Og 0 W W,d =x
reverse bias diminishes Wy, by —~ 08l E — ol 4
extending the SCR, whereas the g I 0,
forward bias reduces the = 15 -3 N
strength of F and creates a back = 06} woen =——o—N =10"cm o 4
barrier at the BC —o—N_ =1 o' em™ .
N, =10"7 cm™ :
0.4000nn adt Q .
0.2 T Bogn R
0 . ‘ o
-1 -0.5 0 0.5 1
Voltage (V)
forward bias reduces the electric field and a double diode  layer. The rollover comes from the back barrier that

can show this state. In this case, the SCR is reduced by the
forward biasing and the BC region can slightly increase.
This is in agreement with all the conceptual studies in
literature and the physical theory considered above [1, 14].
The reverse bias diminishes the W;, by extending the SCR,
whereas the forward bias reduces the strength of F and
creates a back barrier at the BC. Taking into account the
effect of bias on the depletion widths and also the presence
of the BC region, the JV characteristics of thin and ultra-
thin devices is represented in Fig. 3. Two CdTe devices
with the thickness of 2.5 and 1 pm are simulated expected
to have metallic Cu/Au BC. The rollover was diminished
for the ultrathin film due to diminished back barrier by
extended depletion width (W), to the BC of the ultrathin

25 T T
—&— d=1pm (ultrathin)
20 —— d=2.5 um 7
—
15 .
10 :

5 | 4

Current Density, (mAlcmz)

0 0.2 04 0.6 0.8 1 1.2
Voltage (V)

Fig. 3 The JV curves of thin and ultrathin film devices. The rollover

is diminished for the ultrathin films with the thickness of about 1 pum.
The diodes represent the junction and back barrier

@ Springer

impedes the carrier transport at the semiconductor/metal
interface. This barrier acts as an opposite diode to the
junction known as the origin of high series resistance in the
degradation studies. The reduced CdTe will diminish this
anomaly because in an ultrathin device, the carrier col-
lection at the back region is covered by the electric field of
the extended SCR. Thus, opposite diode in the back region
is overcome by the main junction diode, and the carrier
transport will not face any barrier at the BC. The result is in
agreement with the analysis of Hadrich et al. [14] for the
characteristics of thin/ultrathin CdTe devices with Cu/Au
BCs. Therefore, while the rollover is a negative issue for
the thin-film devices, it is not an effective phenomenon in
ultrathin films. The practical reports in literature confirm
the simulations in this regard with d < 1 um [15, 16]
where the SCR and BC overlap and the rollover in the JV
curves is diminished.

In order to obtain a clear insight into the carrier
transport in ultrathin device, Fig. 4 represents the sepa-
ration of the Fermi levels under reverse and forward
biases. The remarked region displays the extended and
reduced electric field supporting region for the RB and
FB, respectively. So far, it is understood that the BC
cannot effectively impede carrier transport at the back.
Thus, for the rest of the simulations, we correctly assume
that Wi, & W(W, ~ 0). Such assumptions will close our
studies to the experimental analysis reported in literature
and the other publications about the overlap between the
depletion widths of the front and BC, and the fact that in
ultrathin films, the SCR width is sufficient to explain the
JV curves of the device.
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Fig. 4 The redistribution of
band diagram, electric field,
depletion width and quasi-Fermi
levels of the ultrathin films
where the SCR width overlaps

with the BC. The highlighted
region in each biased device is
the coverage region of the
electric field

Metal

reverse biased

3.1 Degradation

The degradation of ultrathin films is a critical aspect of
such devices because the thinner the CdTe layer, the faster
is the accumulation of mobile ions (i.e. Cut, CI~, S) at the
junction. Since the BC and junction are closer in ultrathin
films, the mobile ions will reach the junction in a shorter
time under stress and both photo-conductivity and dark
resistivity of the junction will increase. Finally, the deg-
radation over time is appeared as a significant rollover in
light/dark JV curves [17]. The accumulation of Cu™ ions,
which inter-diffuse from the BC to the junction, increases
the deep/shallow acceptor densities in the depletion region.
The increase in deep acceptor density will reduce the donor
density and increase the recombination centres at the
junction (in SCR). The same process can happen by the
inter-diffusion of S from CdS into CdTe. Any variation in
the density of donor/acceptor defects changes the Fermi
level, recombination—generation rate and resistivity of the
device (Fig. 5). The longer stressed devices show an irre-
versible degradation in electrical parameters.

Not only materials inter-diffusion, but also the humidity
in the deposition or treatment ambient can be the resource
of degradation when the device is operating under real
condition. In this case, at the back surface, Oxygen com-
plexes form as CdTeOs, TeO, or a mixture of both [18].

A
qd
>~ ¥

tunnelin,
Ec .
—
Ef
CdTe TeO2 Back
ultrathin interlayer Contact
layer

Ev

Fig. 5 Tunnelling mechanism enhanced by TeO, interlayer leading
to enhanced carrier transport at the BC

The role of oxide interlayer is still under debate. For
example, a very thin TeO, interlayer can contribute to
enhance the carrier collection at the back region by tun-
nelling mechanism. Clearly, this transport is enhanced in
ultrathin CdTe layers where the electric field is extended to
the back region (Fig. 5).

The interlayer is not always a barrier for carrier trans-
port and sometimes can assist the behaviour of the BC via
tunnelling if the band gap at the interface with the metallic
BC is large enough. The effect of stress on the properties of
this thin interlayer has to be taken into account, and its
collaboration in carrier transport and series resistance
should be further considered. Oxygenation during CdS/
CdTe deposition has a positive effect on the performance
of the device if the concentration of oxygen (1-5 %) is
optimized to obtain the proper grain size. However, as it
was stated in Ref. [3], the oxidation of the back surface
from the H,O-containing environment can be a back bar-
rier for the hole transport and cause rollover in the JV
curves. The latter phenomena cannot be generalized as the
oxygenation depends on the BC type. This process is
reverse in Cu/Au metallic contacts. To recover the oxide
insulating layer effect, etching and recontacting is sug-
gested. Any etching by Br or Cr solutions applied to
remove the oxide layers from CdTe surface is critical for
ultrathin films as it may thin the film (remove the CdTe too
much) and cause local shunting. To prevent the local
shunting, self-healing method was suggested to create a
barrier for the extra diffusion of those complexes and to
remove the surface non-uniformities [16]. The few avail-
able ALT data in literature for the ultrathin film devices
have not shown any significant degradation over time.
Further analyses are required to track the behaviour of such
devices. Nevertheless, the device stabilization through
heating in dark, before back contacting, can protect against
oxidation and extra Cu diffusion by the formation of Cu-
Te complexes [3]. Though Cu™ is considered to be a fast
diffuser into CdTe (D,, ~ 3 X 107" cm? sfl), Cl treat-
ment can accelerate this diffusion and formation of Clg—
Cucq at the SCR. The Cucq is formed across the CdTe
ultrathin layer due to the presence of V4 or Cls—V4. The
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above discussions have been summarized in Table I rep-
resenting the observed phenomena under different stress
and operation conditions for (only) ultrathin CdTe films
reported in the literature. Fortunately, light soaking the
open-circuited device or heating in dark conditions can
have reversible effect where the Cu™ density is reduced
(reduced acceptor density in CdS) and the cell is recovered
[18]. Degradation of the device was reported with reduc-
tion in open-circuit voltage (V,.), fill factor (FF) and short-
circuit current density (Jg.), corresponding to the degra-
dation of junction, BC and shunt resistance increase,
respectively [20]. Most of the listed phenomena in Table 1
were attributed to the extra inter-diffusion of Cu™ ions and
the variation in the deep or shallow acceptor density in
CdTe layer. In order to show the effect of electric field of
the junction on the degradation rate of the device, Fig. 6
represents the schematic of band diagrams of short- and
open-circuited devices under illumination, diffusion paths
of ions/defects, complexes formation at the junction and
BC. Clearly, the short-circuit condition will still keep the
device under an electric field. On the other hand, the photo-
voltage induced from the illumination will try to reduce
this field. However, the resultant of those biases will not be
zero, and the total electric field is still able to impede the
inter-diffusion of metallic atoms (Cu*). Thus, the defect
density is lower, and the degradation rate is slower in short-
circuited device. On the other hand, the open-circuited
device condition shows a reverse mechanism. The V. of
the p-n junction will be diminished with the induced
photo-voltage, and thus, the Cu™ ions will diffuse faster
into the CdTe layer almost without a barrier. The

degradation rate is higher in this case. The latter mecha-
nism is addressed as recovery of the degraded devices. The
strength of the electric field in short-circuited device has
been indicated with the arrow while in the open-circuited
device it was set as zero. All the degradation/recovery
mechanisms are thermally activated due to the dependency
of recrystallization on the temperature levels. Thus,
annealing the devices under latter considered conditions
can faster inter-/back-diffusion of the mobile ions.

3.2 Recovery

If we consider that the resultant of the electric fields in an
open-circuited device under illumination (V,. and photo-
voltage) can faster the diffusion of mobile ions into the
CdTe layer and cause degradation, thus in the dark con-
dition the reverse process occurs as recovery. In fact, the
devices left in the dark condition while open-circuited have
shown recovered performance. The same behaviours were
observed by re-annealing in dark [21]. In literature, this
mechanism is attributed to the reduced defect density (i.e.
Cu' concentration) that are diffused back to the BC under
the electric field at the SCR. Since, in the ultrathin device,
the depletion width of the SCR is extended to the BC, the
back-diffusion of the mobile ions under the extended
electric field is rather probable. Figure 7 shows the analysis
of the variation of JV curves at the reverse bias range. The
distribution of uncompensated defects, N,;, recombination
lifetime, 7, and band bending, ¢, was selected in a rea-
sonable range for ultrathin CdTe films as reported in Ref.
[5]. The defect density, E, was kept constant at 0.65 eV. It

Table 1 Reports on dominant phenomena under different operation conditions (only for ultrathin film PVs)

# SC oC FB RB References
Light Reduced deg. Faster deg Deg. Slightly recovered [4, 5, 19, 22]
Dark Deg. Recovery Deg. Recovery [4, 5, 23]
Heat - Recovery - - [3]

p—CdTe (~ 1 micron)
k@ ( n:i e
52

e e e ——

shallow acceptor

level N &)

w~d

short circuited

Cu2Te,CdTe03,Te02

Cu-related complexes
CdSTe

Cu accumulation
Cl-related defects \

p-CdTe (~ 1 micron) 7\
f

«

w~d

open circuited

Fig. 6 The band diagrams of the short- and open-circuited devices under illumination. The inter-/back-diffusion of the defects (Cut, S, C, etc.),
electric field and the formation of complex thin interface layers have been addressed
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Fig. 7 The JV curves of the ultrathin film device at the reverse bias
region. The different values of the parameters were selected in the
reasonable range in order to avoid the overlap of the curves
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Fig. 8 The JV characteristics at lower forward biases for different values
of ¢ and N,,. The inset represents the effect of recombination lifetime (t,,)

is assumed that the uncompensated defect density will
reduce under the dark and open-circuited condition
(Table 1). We calculated the JV curves for the case that N,
reduced after storage for a short time. The variation of N,
from 3 x 10'°to 1 x 10" cm™ could recover the current
density while reduced band bending from ¢ = 1.2 to
0.4 eV had a reverse effect on JV curve. The reduced band
bending represents the increased defect density at SCR
(reduced W). The closer valence and conduction bands
(smaller ¢) will put the generated carriers available to find
each other and recombine. Moreover, smaller ¢ will shift
the E, closer to the minimum of conduction band and
maximum of valence band where the recombination of
Shockley—Read—Hall type is maximum. This is in consis-
tency with the effect of recombination lifetime indicated in
the inset of Fig. 7. The shorter lifetime leads to lower
current density. The reduced Cu™ concentration can longer
the lifetime and cause recovery of JV curves. Remind that
T o< 1/N,4. Note that in order to avoid the overlap of the
curves, E, = 0.7 eV was chosen when N,,; was changing.
Practically talking, the recovery occurs when Cu impurities
are reduced in the junction and bulk of the device.
Therefore, after a while (days to months), the lower num-
ber of the defects will recover the depletion width, electric
field. Clearly, the wider W will collect more generated
carriers, and the current density is recovered again. This
result is in consistency with the variation of W with N,,.
With a higher band bending, the recombination rate at the
junction is reduced. The JV characteristics in forward range
have been presented in Figs. 8 and 9 by Egs. (4) and (5).
The reason why we considered the different ranges of the
forward bias separately is that each bias range is corre-
sponding to a different defect (trap) level in the band gap.
This is in agreement with the approach of double-diode
model where two different ideality factors are attributed to
the different voltage ranges. The latter reminds that two

Fig. 9 The JV characteristics
under forward-biased device
(V> 0.615 V). Each two curve
(solid and marked with the same
colour) represents the variation
of single parameters when the
other two parameters are kept
contact. The parameters have
been justified in a reasonable
range the way that the overlap
between the curves is prevented

-

Current Density, (mAIcmZ)
=]
T

——N_=5x10"% cm™, 9= 0.47 eV, E= 0.8 eV
—o—N,_ =5x10"® cm™®, ¢= 0.45 eV, E= 0.8 eV

...............
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different charge transport mechanisms are responsible in
each voltage range. It is well known that the recombination
at the SCR (A ~ 2) and diffusion at QNR (1 <A < 2)
dominate the carrier transport. Ideality factor >2 represents
that the Shockley—Read—Hall recombination is dominant
by midgap states that is any decrease in their density would
result in a reduction of the diode factor and improved cell
performance. It is interesting that the diffusion current
becomes important by about 0.62 V in the forward range.
This indicates that in the ultrathin devices, the recombi-
nation current in SCR is less than the one in thin films until
when the device goes under a stronger bias. For
V> 0.62 V, the SCR is limited to a narrower distance
close to junction where the recombination mechanism
(with E, = 0.72 eV) can overcome the transport. Note that,
the observed JV characteristics were obtained in terms of
recombination in the SCR without involving the thermionic
emission. For a better understanding, three different value
of ¢ and E, were examined in forward bias range of
0 <V <0.615 V. The deviation of the curves is started
when V ~ 0.6 V while varying the trap level manifests
itself at the lower voltages (inset of Fig. 8). As we noted
before, the lower band bending reduces the current density
(due to higher recombination at the SCR). Similarly, the
closer trap level (E,) to the midgap (0.75 eV) damages the
current density. The Sah—Noyce-Shockley theory well
describes the JV characteristics of both the forward and
reverse currents of CdS/CdTe solar cells depending on the
uncompensated defect density, carrier recombination life-
times and other parameters of the CdTe layer, which rep-
resent a physical meaning rather than the conventional
single or double-diode models with an engineering back-
ground. The JV curves at high FB represent the R; which is
a parameter of the all device mostly from BC issues [24].
The behaviours of the ultrathin device at higher forward
biases (V > 0.615 V) are rather consistent with the JV
characteristics of the thin-film devices. The different values
of parameters have been used to simulate the recovery
mechanism in CdTe layer. Forward biasing can reduce the
width of SCR and make significant the role of W o< 1/N,,.
For each two curves (solid and marked with the same
colour), one of the parameters is varied and the two others
are kept constant. We tried to keep the simulation closer to
reality by selecting the value of the parameters in the range
of the practical reported data in literature and desirable for
the CdTe device. All the above discussions remind the role
of metallic contacting in controlling the defect density
(deep/shallow acceptor/donor states). Unfortunately, there
are very few investigations in this matter. Paudel et al. have
reported that the MoO;_,/Au BC on ultrathin CdTe can be
replaced by Cu, but the performance is reduced. The deg-
radation behaviours of those devices under stress were not
presented [25]. The inter-diffused Cu® under stress is
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accumulated at the CdS/CdTe interface. In addition to
mobile Cu™ ions, Cl atoms are also diffused into CdTe
(through post-growth treatment/annealing) and are accu-
mulated at the junction. Moreover, Cl can accelerate the Cu
diffusion rate thus back contacting and CdCl, post-growth
treatment/annealing should be reoptimized for ultrathin
devices. On the other hand, heating the device before
stressing can stabilize the performance. This mechanism
was attributed to the formation of a thin Cu,_,Te layer at
the interface of CdTe/metal. The higher density of
favourable Cu,_,Te lowers the Cu' diffusion rate into
CdTe, which, in turn, reduces the degradation rate under
stress [3]. Therefore, the formation of Cu,_,Te complexes
is favourable to the recovery of the film. However, the
effect of this thin layer at the BC needs to be studied
specifically for the ultrathin films where the back barrier is
disappeared by the overlap of the depletion width. In
contrary to the favourable effect of Cu,Te layer, it was also
detected that Cu,Te can be a source of Cu extra inter-
diffusion into the junction [18]. In all the curves presented,
the effect of carrier recombination lifetime at E; is signif-
icant. In practice, the carrier lifetime is usually much
smaller “near the back contact”. In fact, time-resolved
photoluminescence as a function of depth can give exper-
imental values of the space-dependent lifetimes. Again, Cu
can easily diffuse to the absorber layer from the back
contact in shorter devices and eventually acts as recombi-
nation centres. The interface effects are more prominent in
shorter devices. Shorter carrier lifetimes in thinner devices
result in leakage current increment and reduced photo-
current, which, in turn, lowers the V.. and FF. Ultrathin
solar cells with small grains are prone to form shunt paths
(reduction of R,,) and shorter the carrier lifetime [26]. Kabir
et al. have analysed the role of holes in carrier transport of
the ultrathin films. The photo-generated electrons quickly
move towards CdS layer, whereas holes have to travel a
longer distance in the CdTe layer. Therefore, the charge
collection efficiency is mainly controlled by the hole
transport [27]. We have also taken this into account
introducing the p and N, in the theory section of this work.
Gupta et al. have developed an efficient deposition tech-
nique to increase the grain size and to ensure high-quality
CdTe films [16]. Grain growth and recrystallization can
reduce recombination paths and thus enhance the carrier
lifetime. For the sake of completion, we note that the hot
spot runaway will be one of the irreversible issues espe-
cially in ultrathin films where physically removing the
shunted area could be the only solution [28]. The inset of
Figs. 8 and 9 schematically shows the position of the
recombination level for two different forward bias regions.
For small forward biases, the efficient recombination
region is very narrow, and E, generates only a small
recombination current. At higher forward bias, however,
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the region of efficient recombination is much wider, and
the total recombination current is higher. The variation of
depletion width is significant in each case. The complex
formation across the CdTe layer or at the interfaces might
be well analysed for the ultrathin films. Formation of Clg—
Cucy complexes keeps the Cut immobile. This prevents
the Cu atoms to play the role of deep defects in the CdTe
and reduce the performance as well. In recovery mecha-
nism, the back-diffusion of the Cu™ ions reduces the den-
sity of deep defects across the CdTe layer. Note that the
formation of Cu-related complexes is accelerated by Cl
concentration around the junction. The increase in the
acceptor density (increased Cu atoms) can reduce the donor
density in CdS (or at the SCR), and thus, the conductivity
of the layer is reduced (increase the series resistance). The
photoluminescence study indicated that the dissociation of
those complexes under reverse bias and re-annealing, can
partially recover the performance [21, 29]. From Fig. 6, it
is understood that the degradation under bias can be
recovered by opposite biasing the device. Clearly, the light
soaking before back contacting can stabilize the device.
The reason is that the concentrations of complexes with Cd
vacancies are reduced and lead to lower defect densities of
the following types:

Cugy — Cu't — Vg, + Cu'" (12)
Vg — Cu't — Cugy + Cu't (13)
Cugy — Clf — Cugy + CI¢ (14)
Vg — Clf, — Cugy + CIg (15)

The above counterbalance shows also the variation in
the shallow acceptor or deep donor defect densities under
stress. Despite the above considerations, Krasikov et al.
[30] have theoretically shown the formation of Vg, + Cu’"
defect. Saying that Cu™ is readily replaced with Cug, +
Cu'" is unlikely because it transforms into the Cucq in
CdTe. This is why the Cu; is found in the entire of CdTe
thickness as it is the only mobile specie at room tempera-
ture. Grecu et al. [29] have investigated that the device
finished with Cu-free contacts (Ag) can show reversible
degradation by re-annealing after stressing. Further inves-
tigations are required to determine the advantage of Cu-
free contacts and their degradation/recovery rate by
acceleration life testing. The interface layer of CuTe could
be also a resource of Cu for the ultrathin CdTe film. The
optimized layer of Cu—Te can be a barrier for the Cu to the
CdTe layer. The concern is when this layer prevents Cu
inter-diffusion into CdTe that can increase the conductivity
of this layer. We might remind that our approach does not
take into account the diffusion of the defective particles
through grain boundaries but it assumes that the CdTe layer
is a slab. This is a valid assumption as in the ultrathin films,

and the grain size of >1 pm is comparable with the CdTe
thickness. The strong electric field in this structure could be
sufficient to accelerate the ions across the CdTe layer
through the grains interior. In above investigations, we
have neglected the role of metal diffusion through grain
boundaries which are assumed to be completely passivated.
This can be realized by an optimized chlorine treatment or
improved deposition and post-growth annealing the film.
This assumption enabled us to study the role of other
mechanisms, separately. This is because the other insta-
bility phenomena are usually hidden behind the metal
diffusion into grain boundaries and a clear understanding
of these phenomena have not been well studied yet. In this
case, we assumed that the grain boundaries are well pas-
sivated, and the metallic ions are not easily diffusion
towards the junction under stress conditions.

4 Summary

Ultrathin film devices based on CdTe have been theoreti-
cally analysed in order to obtain an insight into the physics
of such particular devices. Reducing the CdTe thickness to
<1 pm is essential in order to: (1) reduce the price of the
device, (2) reduce the usage of rare Te and hazardous Cd
components, (3) reduce the fabrication time in large pro-
duction lines and (4) reduce the toxic components. We
have discussed the degradation and recovery of JV char-
acteristics and calculated the variations under reverse and
forward bias ranges. Several physical parameters such as
uncompensated defect density, carrier recombination life-
time and band bending at the junction of CdS/CdTe were
taken into consideration using the Sah—Noyce—Shockley
theory for generation-recombination in the SCR. The
depletion width was simulated for each biasing profile for
several defect densities. The rollover in the JV curve was
shown to be disappeared for the ultrathin devices because
of the extended electric field to the BC. This work provides
a physical analysis based on the band diagrams and the
experimental reports in literature suggesting that the
growth and deposition conditions need to be reoptimized
for ultrathin devices since the re-growth and inter-diffusion
of the device components seem to accelerate with thinner
CdTe layer. The recovery of the ultrathin solar cell happens
when the mobile Cu™ ions are diffused back to the BC, and
the concentration of the acceptor density (deep/shallow) is
reduced across the device especially at the junction. We
note that in this work, we have assumed that CdTe layer is
like a slab and the defects diffuse from the BC to the
junction through bulk of the grains. The inter-diffusion
through the grain boundaries can be modelled by the weak
diode or shunting pathways approaches. The proper bias,
illumination and heating conditions can faster the recovery
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process as abstracted in Table 1. The Effect of uncom-
pensated acceptor concentration, band bending and carrier
lifetime on the JV characteristics indicates that, in fact,
inter-diffusion of the materials and/or accumulation of the
ions at the junction (SCR) or BC can cause degradation.
The reverse process can recover the electrical parameters.
All the changes in JV curves were due to variation in
electric field that is responsible for the carrier transport and
carrier collection.
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