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Abstract

Charge transport mechanism in thin-film CdS/Cd;_,Mg.Te (x = 0.08) heterostructure are investigated. It is shown that the measured
-V characteristics and their temperature dependence are described well in terms of the Sah—Noyce—Shockley theory of generation—
recombination in the diode space-charge region. A comparison of the experimental data with the theoretical results allowed determining
the material and diode parameters such as the resistivity and hole density in the valence band of the film, the energy of the Fermi level
and the barrier height at the interface, the lifetimes of charge carriers and the ionization energy of the generation-recombination center.
It is also shown that low resistivity of the Cd,_, Mg, Te absorber layer causes too low barrier height in the heterostructure and unaccept-

ably high electrical losses in the solar cell.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

During the past decades, thin-film technology as an
alternative to solar modules based on single- and poly-sili-
con wafers are being developing rapidly. The most com-
mon PV materials that used in the mass production of
thin-film modules are amorphous silicon (a-Si), CdTe,
and Culn,Ga;_,Se, (CIGS). The efficiency of small area
laboratory samples of CdS/CdTe solar cells increases year
by year and now stands at 20.4% under AM1.5 solar radi-
ation (First Solar, Inc., 2014). However, the efficiency of
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large area CdTe solar modules had reached only up to
16.1% (First Solar, Inc., 2012). Since this efficiency is about
half of the theoretical limit (28-30%), work to improve the
CdTe module efficiency is extremely relevant.

One way to improve the efficiency of CdTe modules is
the use of tandem devices, where the two cells (sub-cells)
with different bandgap semiconductors are superimposed
one layer on another. The bandgap of the top sub-cell is
larger than that of the bottom one, therefore the part of
radiation passed through the top cell is absorbed in the
bottom cell depending on the bandgap, and hence the effi-
ciency of such tandem solar cell is higher than a single junc-
tion device. Ternary alloy semiconductors of CdTe with
Zn, Mn and Mg can achieve the required bandgap criterion
for top sub-cells. In order to achieve current matching
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which is necessary for two-terminal tandem solar cell and
to obtain maximum efficiency the desired bandgap of the
top cell absorber layer should be in the range 1.6-1.8 eV
(Coutts et al., 2001). The efficiency of a two-terminal tan-
dem polycrystalline thin-film solar-cell is predicted to reach
approximately 25% using realistic parameters for materials
and assuming that the performances of the individual sub-
cells will be close to the corresponding record-efficiency sin-
gle-junction cells (Coutts et al., 2003).

It is known that the bandgap of the ternary alloy Cd;_-
Mg, Te can be easily tuned from ~1.5 to 3.5eV (x = 0-1),
and hence this material is a promising candidate for devel-
oping the top sub-cell in tandem devices. The close match
of the lattice constant of MgTe with CdTe (the mismatch
is as low as 0.7% (Waag et al., 1993) and the apparent com-
plete miscibility of MgTe in CdTe and the rapid increase in
the bandgap with Mg content gives the flexibility to pre-
pare top-cell material with the appropriate bandgap for
current matching. For the above top-cell, a suitable absor-
ber material for the bottom sub-cell can be the well-studied
CIGS and Hg,Cd,_,Te alloys with a bandgap in the range
of 1-1.1eV.

In order to develop Cd,_,Mg,Te as a potential top-
cell absorber material in thin-film tandem solar cell, the
structure, morphology, electrical, optical and optoelec-
tronic properties of this material have been studied quite
extensively (Mathew et al., 2009; Martinez et al., 2009;
Tatarenko et al., 1997; Thn et al., 2004; Dhere et al.,
2007). In the literature, the obtained results are discussed
giving emphasis for their impact on device parameters
such as: the short-circuit current, the open circuit volt-
age, the fill factor and, ultimately, the photoelectric con-
version efficiency. Unfortunately, information about
another key characteristic which determines the basic
photoelectric parameters of a solar cell, ie., the cur-
rent-voltage (I-V) characteristic of CdS/Cd,_.Mg.Te
heterostructure, is practically absent in the literature with
very few exceptions.

The results discussed in this paper will fill the above
mentioned gap to some extent. We demonstrate for the
first time that the I-V characteristics of thin-film CdS/
Cd;_,Mg,Te solar cell can be described in detail by
the theory based on the model developed for the linearly
graded Si p—n junction by Sah et al. (1957) and modified
and adapted to thin-film CdS/CdTe heterostructure in
Refs. Kosyachenko (2006) and Kosyachenko and
Toyama (2014). A comparison of the modeling results
with the experimental data allows us to determine the
main parameters of the material used and the diode
structure such as: resistivity of the Cd,_,Mg,Te absor-
ber, concentration of holes in the valence band, energy
of the Fermi level, the width and the barrier height at
the surface, the lifetimes of charge carriers, and the ion-
ization energy of the generation-recombination center.
The obtained results allow us to formulate some recom-
mendations to improve the performance of the CdS/
Cd,_,Mg,Te solar cell.

2. Samples

CdS and Cd,;_,Mg,Te films were deposited on glass
substrates coated with SnO,:F (Tec7) obtained from Pil-
kington Group Limited. In order to meet the top-cell band-
gap criteria as mentioned previously and to minimize the
perturbations due to the incorporation of Mg in the lattice
of CdTe, we selected the bandgap in the lower limit by fix-
ing the deposition parameters such that x =0.08. The
Cdy.9oMgg osTe films with the bandgap close to 1.6eV
and thicknesses of 1.3 um were prepared by vacuum co-
evaporation of CdTe and Mg on CdS/Tec7 substrates
heated to 300-400 °C. The CdS films of about 0.1 um
thickness were prepared by sputter deposition at 250 °C.
The metal back contacts to the devices were 3 nm
Cu/30nm Au. Similar to CdTe based solar cells,
CdS/Cd,_ Mg, Te devices showed dependence on the
vapor chloride annealing temperature and Cu diffusion
process (Mathew et al., 2009; Martinez et al., 2009). The
vapor chloride annealing was done in a furnace at 387 °C
for 5-10 min under a continuous dry air flow.

The bandgap E, of the grown Cd;_,Mg,Te layers was
determined by measuring their optical transmission assum-
ing that the absorption coefficient o in the vicinity of the
absorption edge is proportional to (hv — Eg)]/z/hv, which
is true for direct-gap semiconductor, and applicable for
Cd,_ Mg, Teup to x = 0.7 (Dhere et al., 2006). The depen-
dence of o on hv, obtained from the measured optical
transmittance of CdgooMggogTe layer with the theory for
direct-gap semiconductor is shown in Fig. 1. As seen, good
agreement between theory and experiment is observed
which allows a sufficiently accurate determination of the
semiconductor bandgap.

The data in the literature on the relationship of the
bandgap to the Mg content in Cd,_,Mg,Te are quite con-
tradictory (Dhere et al., 2006; Waag et al., 1993; Hartman
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Fig. 1. Correlation of the experimental curve o(Av) with the dependence
oo (hv — Eg)l/ 2/hv for the Cdp9oMgp osTe layer at room temperature.
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et al., 1996). One can assume that this is due to the pecu-
liarities of deposition technique and subsequent heat treat-
ment of polycrystalline Cd;_, Mg, Te layers. As in the case
of CdTe, during the widely used CdCl, treatment, signifi-
cant recrystallization leading to grain growth and grain
coalescence apparently occur in the Cd,_ Mg, Te film.
No less important is also the fact that a morphology in
the form of ordered columns perpendicular to the substrate
is observed in the Cd;_,Mg,Te layer similar to that in the
CdTe layer (see Bonnet, 2003; McCandless and Sites, 2011
and references therein).

In order to determine the Mg content in the films, we
used the results of thorough studies presented in Ref.
Compaan et al. (2008). It has been shown that the bandgap
narrows considerably upon CdCl, treatment (from 1.529 to
1.476 eV measured at room temperature) mainly due to
change in film stoichiometry associated with the affinity
of Mg towards oxygen, relaxation of strain, increase in
grain size, reducing the width of grain boundaries, the oxi-
dized compounds at the surface of films, improving the
homogenous and repeatable cells (Compaan et al., 2008;
Rejon et al.,, 2013; Hernandez-Rodriguez et al., 2014;
Toma et al., 2014). It was shown in Compaan et al.
(2008) that when x =0.15 and 0.3, the value of E, upon
CdCl, treatment amounts to 1.71 and 1.98 eV, respectively.
It follows that at higher values of x, the deviation from lin-
earity occurs. It is easy to verify that for the linear approx-
imation the value E,=1.71eV at x=0.15 gives the
formula:

E,(x) = 1.476 + 1.56x. (1)

From Eq. (1), x=0.08 is obtained for the Cd,_,Mg,Te
absorber layer with the bandgap 1.6 eV.

3. Theoretical model for interpretation of experimental
results

Fig. 2a shows a typical example for measured /-V char-
acteristics of thin-film CdS/Cdy¢,MggosTe heterostruc-
ture. As seen, the forward current at V> 0.5V exceeds
the reverse current by more than 4-5 orders of magnitude,
i.e., the heterostructure has pronounced rectifying proper-
ties. Exponential increase of forward current with voltage
I < exp(qV/nkT) for the ideality factor n =~ 2 in the range
V'=0.05-0.45V is the most characteristic for this and
other studied samples (g is the electron charge, k is the
Boltzmann constant). At V> 0.45V, the I-V characteristic
deviates from this exponential relationship, which is usu-
ally, explained by the voltage drop across the series resis-
tance R of the neutral part of the absorber layer.

The value of the series resistance R, can be found from
the dependence of the differential resistance Rgir = dV/dI of
the diode structure under forward bias as shown in Fig. 2b
for the investigated sample. As can be seen, at "> 0.7V,
there is a horizontal part on the dependence Rgy{(V) at
the level of 6.3 x 10° Q. At such a high forward voltage,
the space-charge region evidently disappears, and the

voltage drop across the resistance of the material domi-
nates. Under such conditions, the dependence of current
on voltage is linear; the value of Ry is constant and equal
to the series resistance R of the Cdg¢,Mgg ogTe layer.

When the series resistance is taken into account, the I-V
curve modifies at V> 0.45V as shown by triangle markers
in Fig. 2a. As a result, the exponential dependence of the
current on the voltage extends approximately for an order
of magnitude, nevertheless at "> 0.55V deviation from
the exponential dependence occurs. The latter is explained
within the theory of recombination by the gradual narrow-
ing of the space-charge region (SCR) when V approaches
to the diffusion potential Vy; = ¢;/q. The value @y; is the
barrier height from the semiconductor side (equal to the
value of the band bending in the CdTe layer near the inter-
face), which is one of the most important parameters of
heterostructure based on CdTe and Cd,_,Mg,Te. The
higher the barrier ¢y, the greater the depletion layer width
and the electric field that separates photogenerated elec-
trons and holes preventing their recombination. Note also
that the reverse current at V above a few kT/q increases
with applied voltage, rather than is constant, as in the case
of thermionic emission mechanism.

The assumption of the generation-recombination mech-
anism of charge transport is quite acceptable because the
Cd;_,Mg.Te layer apparently contains many impurities
and defects with the possibility of their levels located near
the middle of the gap. According to the Shockley—Read-
Hall statistics, such impurities or defects are effective
recombination and generation centers under forward and
reverse bias, respectively. As shown below, the model of
generation—recombination in the SCR can explain well
the observed I-V characteristics of CdS/Cd,_, Mg, Te het-
erostructure just as it is done for the CdS/CdTe solar cells
(Kosyachenko, 2006; Kosyachenko and Toyama, 2014).

According to the Sah—Noyce-Shockley theory, the gen-
eration-recombination rate in the cross section x of the
SCR at the voltage V' is determined by the expression
(Sah et al., 1957):

n(x, Vp(x,V) — n?

VO T) =2 Tl V) + ] + ol V) T 1]

2)

where n(x, V) and p(x, V) are the carrier concentrations in
the conduction and valence bands within the SCR, respec-
tively; n; is the intrinsic carrier concentration in the semi-
conductor; t,, = 1/0,0,4N, and 1,,=1/0,0,N, are the
lifetimes of electrons and holes in highly p-type and highly
n-type semiconductor; o, and o, are the capture cross sec-
tions of electrons and holes, respectively; v, is the charge-
carrier thermal velocity; N, is the concentration of the gen-
eration—recombination centers.

The quantities n; and p; in Eq. (2) are determined by the
ionization energy of the generation-recombination center
E; measured from the top of the valence band:

E,— El}

ny = N exp { T (3)
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Fig. 2. (a) Room temperature I~V characteristic of CdS/Cdg¢-Mg ogTe solar cell. The measured curve and the curve obtained by taking into account the
voltage drop across the series resistance are shown by circles and triangles, respectively. The solid lines correspond to the calculated curves. (b)
Dependence of the differential resistance of the sample under forward bias showing the presence of the series resistance R, in the diode circuit.

E

p=Noew |- o @
where N, = 2(m,xT/2nh%)>? and N, = 2(mpKT/2nh2)3/ % are
the effective densities of states in the conduction and
valence bands, and m, and m, are the effective electron
and hole masses, respectively.

The expressions for n(x, V) and p(x, V) in the SCR take
the form (Kosyachenko, 2006; Kosyachenko and Toyama,
2014):

n(x, V) = N, exp |:_EE_AH_]§PT§X, V) —qV:|7 (5)
px, V) = Ny exp [_ M++T<V>] o

where Ap denotes the energy difference between the
Fermi level and the valence band top in the bulk part of
the Cd,_,Mg,Te layer.

In Eqgs. (5) and (6), ¢(x, V) is the potential energy of the
charge carriers in the SCR of the Cd,_,Mg,Te layer. This
potential energy term can be described similar to the case
of an abrupt asymmetric p—n heterojunction by the para-
bolic law (Sze and Ng, 2006):

ol V) = (ow—a")(1-5) )

where W is the width of the SCR:

_ [2ee(@i —qV)
=\, Ve )

Here, ¢ is the relative permittivity of the semiconductor,
&, 18 the permittivity of vacuum, and N, — Ny is the concen-
tration of uncompensated acceptors in the Cd;_. Mg, Te
layer. The potential energy ¢(x) in Eq. (7) is measured
downward from the top of the valence band in the neutral
part of the Cd;_, Mg, Te (in Eq. (8), we neglect kT in com-
parison with ¢@;).

The recombination current density under forward bias
and the generation current under reverse bias are found
by the integration of U(x, V) throughout the entire deple-
tion layer:

J= /OW U(x, V)dx. 9)

4. Comparison of the calculated and measured results

Fig. 2a compares the measured /-V characteristic of the
CdS/Cd, 9oMgy o3 Te solar cell (circles) with the calculation
results (solid lines). In the calculation, it was necessary to
know the energy of the Fermi level Au (appearing in Egs.
(5) and (6)) with respect to valance band in the bulk part
of the Cd,_,Mg,Te layer. The Au value can be found from
the resistivity p using the resistance of the Cd;_.Mg,Te
layer Ry = 6.3 x 10° Q, the diode area 0.031 cm” and thick-
ness of the layer 1.3 pm. Knowing p = 1.3 x 10° Q cm, one
can find the hole concentration in the valence band
p=1/gpp,=12x10"em™>  (for  p,=40cm*/(Vs)
(Gloeckler et al., 2003) and next the Fermi level energy
Ap = kTIn(N,/p) = 0.45 V.

Other parameters of the Cd,_,Mg,Te layer are the con-
centration of uncompensated impurities N, — Ny (which
determines the width of the SCR) and the lifetime of charge
carriers T, and 1, in the SCR. According to the Sah—Noy-
ce-Shockley theory, the forward current within the portion
of I-V relationship, where I o< exp(qV/2kT), is determined
by the [ThoTpo(Na — Ng)]? value (Kosyachenko, 2006).
To prevent recombination losses in the SCR, its width
should be equal or less than ~0.3 um, which according to
Eq. (8) corresponds to the concentration of uncompensated
acceptor (N, — Ng) ~ 10"®ecm™ (Kosyachenko et al.,
2013). Taking N, — Ng = 10'® cm 3, in order for the calcu-
lated current values to match with the experimental results
in Fig. 2a, one should assume that (rnorpo)l/ 2 should be



148 L.A. Kosyachenko et al. | Solar Energy 109 (2014) 144152

10 T T
0.662 eV
— 10F 0642 eV ]
g
S o= 0.652 eV
<
£
2
0.1 -1
0.01 1 1
0.4 0.5 0.6 0.8
V (V)

Fig. 3. Comparison of the calculation results with the experimental data
under forward bias voltages close to the built-in potential Vy,; = ¢pi/gq.

equal to 0.6 ns, which is close to the carrier lifetime in CdTe
thin films (Sites and Pan, 2007; Gessert et al., 2009). Note
that in thin-film CdTe, the carrier lifetime is in the range
from 107! to 2 x 10~ s. For such lifetime range, in order
for the calculated values of current match the experimental
data, N, — N4 must be between 10" and 10'7 cm 2.

It should be emphasized that even taking into account
the voltage drop across the series resistance R;, there is a
deviation of the experimental from the relationship
I o< exp(qV/2kT) at V> 0.5V as shown in Fig. 2a. As pre-
viously mentioned, when the applied voltage approaches to
the built-in potential Vy; = ¢@pi/q, the width of the SCR
becomes quite small and, therefore, the dependence of
the recombination current on voltage reduces. Obviously,
the voltage at which the dependence reduces is associated
with the barrier height ¢y;. This is confirmed by comparing
the experimental data with the calculation results for differ-
ent ¢p; at V> 0.4V (300 K), which is shown in Fig. 3. As
seen, the best fit to the experimental data takes place for
@pi = 0.652 ¢V, whereas a small deviation of 40.01 eV
leads to a substantial discrepancy between the calculated
and the experimental data. Thus, such a comparison of
the calculated and experimental data can be regarded as
a method for determining the barrier height ¢; with a
good accuracy.

From Fig. 2a it is clear that the calculation results agree
very well with the measured forward current in the range
V'<0.5V, where the current follows the dependence
I o< [exp(qV/nkT) — 1] with the ideality factor n=1.9
(rather than 2) within more than 4 orders of magnitude.
The deviation of n from 2 is explained by the fact that
according to the theory, the dependence of the recombina-
tion current on the voltage is determined not only by the
exponent exp(qV/2kT), but also by the pre-exponential fac-
tor (E,—2Ap—q V)*l/ 2, which somewhat promotes an
increase in current with ¥ and thus reduces the ideality fac-
tor (Kosyachenko and Toyama, 2014; Kosyachenko et al.,
2013). The theory also gives a precise description of the

J(V) dependence in the range V'=0.5-0.7¢V in Fig. 2a
(taking into account the voltage drop across the series
resistance), if to take ¢p; = 0.652 ¢V.

One might think that the above coincidence between the
theory and experiment is achieved by varying too many
parameters. But it should be kept in mind that these
parameters affect the J—V characteristic differently. In fact,
(i) the value of the forward current over an exponential
portion of the J-V dependence is determined exclusively
by the product of the “effective” carrier lifetimes in the
SCR (rnorpo)l/2 and the concentration of uncompensated
acceptors N, — Ng in the CdTe absorber; (ii) the ionization
energy of the generation-recombination center E; deter-
mines practically only the reverse current with high accu-
racy. A small shift of the generation-recombination level
from the mid-gap causes a significant decrease of the
reverse current, whereas the forward current at > 0.1 V
is unchanged; (iii) the barrier height ¢y; affects the J-V
relationship only at high forward bias, where the current
deviates from the exponential dependence; (iv) the energy
of the Fermi level Ay is determined from the voltage depen-
dence of the differential diode resistance under forward
biases. Thus, an agreement of the calculation results with
the experimental data is achieved for a well-defined combi-
nation of Ay, ¢y, E, and the (rnorpo)l/ (N, — Ng) product.

Note that too high value of the Fermi level energy
Ap=0.45¢V (extracted from the voltage dependence of
the diode differential resistance) affect adversely the perfor-
mance of the investigated CdS/CdMgTe solar cell. In fact,
the barrier height ¢y; decreases when the Fermi level moves
away from the valence band (¢w; ~ E, — Au), which occurs
in high resistive materials. But if, on the contrary, the Ay is
made less than 0.1 eV by introducing shallow acceptors in
Cd,_,Mg,Te, the barrier height increases to ~1 eV instead
of 0.652¢eV. As a result, the forward current will deviate
from the exponential dependence Ji. o exp(qV/nkT) at
higher voltage, thus facilitating the achievement of the
desired high short-circuit current density J,.. Furthermore,
when the resistivity of the absorber layer increases, the elec-
trical losses in the solar cell also increases. For example, if
p = 10° Q cm, the voltage drop across the series resistance
R, at J,. =20 mA/cm? is equal to 2V (!).

Summarizing the discussion of the results presented in
Fig. 2a, it can be said that the theory is well described
not only the forward but also the reverse current—voltage
characteristic. However, it does not apply to reverse volt-
ages above 0.5V, when measured values clearly exceed
the calculation results. Mechanism of the observed increase
in the reverse current will be discussed with the example of
another sample with a large deviation of the measured
reverse current from the calculated value. The I~V curves
of such a sample measured at different temperatures are
shown in Fig. 4a. The circles and solid lines show the exper-
imental data and the calculation results, respectively.

For better matching of the calculated and experimental
results, the material parameters and diode structure were
somewhat changed. When the temperature increases from
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Fig. 4. J-V characteristics (a) and differential resistance under forward bias (b) of CdS/Cdy 9,Mgy osTe cell at different temperatures. The circles and solid
lines in this figure (a) show the experimental data and calculated results, respectively.

283 to 336 K, the charge carrier lifetime increases from 0.1
to 1.7 ns due to change in the charge state of the genera-
tion-recombination level. At the same time, the barrier
height decreases from 0.63 to 0.57 eV with temperature
since the energy of the Fermi level increases by approxi-
mately the same value. The ionization energy of the gener-
ation—recombination center E; does not change practically
with temperature but remained in the range 0.79-0.80 eV.

As seen in Fig. 4a, at different temperatures, the theory
describes well the I~V curves under forward bias in a whole
range of applied voltages; however, under reverse bias the
theory coincides with the experimental data only at volt-
ages less than 0.2-0.3 V. The reverse generation current
increases with voltage sub-linearly, but the measured cur-
rent at higher voltages increases super-linearly. One can
assume that the additional increase in the reverse current
at voltages higher than 0.2-0.3 V is due to electron tunnel-
ing just as it happens in CdS/CdTe solar cells
(Kosyachenko and Toyama, 2014).

We are not discussing it in detail since the mechanisms
of conduction processes occurring under reverse bias is
not so important for the solar cells.

From measurements of the I~V characteristics at differ-
ent temperatures, additional information about the param-
eters of the material and the diode structure can be
extracted. Fig. 5a shows the temperature dependence of
the resistivity of the Cdg9,Mgg osTe absorber layer, which
was obtained from similar plots as shown in Fig. 4b.

As seen, the experimental points in the coordinate logp
vs. 1000/ T gives a good straight line fit, and the slope indi-
cates that the thermal activation energy AFE of the electrical
conductivity of Cdgy.9,Mgg osTe is equal to 0.185 eV. Practi-
cally the hole in the valance band has the same thermal
activation energy, whose concentration increases with
temperature from 1.7 x 10'° to 5.4 x 10'®cm > (Fig. 5b).
Also shown in Fig. 5¢ are the temperature dependences of
the reverse current I, at bias voltage 0.1 V and the
so-called saturation current I, in the diode equation

I=1I[exp(qV/1.9kT) — 1]. From the slope of the best
straight line the fit, the thermal activation energy was
obtained as AE = 0.87 eV. Assume a linear decrease in the
bandgap with temperature Eq(T) = E,(0) — yT, where 7 is
the temperature coefficient of the bandgap, which is equal
to 4.52 x 107% eV/K for CdTe (Kosyachenko et al., 2011).
Then, to obtain E,=1.6eV at 300K for Cd,_.Mg,Te,
the E,(0) value must be set equal to 1.74 eV, i.e. double of
the value of AE=0.87¢V. As it is known, if the genera-
tion-recombination level is located at the middle of the
bandgap (in our case E, = 0.79-0.8 V), the saturation cur-
rent I, and the reverse current at ¢V > kT are proportional
to the intrinsic carrier concentration n; On the other
hand, the thermal ionization energy associated with the
intrinsic conductivity of the semiconductor is equal to half
of the bandgap at T= 0, i.e., E,(0)/2 = 0.87 eV, which coin-
cides with the obtained AE value. Thus, the dependences of
the forward and reverse currents on the temperature
confirm once again the applicability of the generation—
recombination theory to the investigated CdS/Cd,_, Mg, Te
solar cells.

It should also be noted that some of the investigated
CdS/Cd,_Mg,Te solar cells turned out to be shunted.
Fig. 6a shows the results of the /- characteristic measure-
ment of such a sample (shown by circles) and their analysis
at 300 K. As seen, on the forward I~V curve at voltages
V'<0.2V, the measured currents are significantly higher
than the exponential J. o [exp(qV/1.9kT) — 1] depen-
dence, which is clearly visible at V"< 0.3 V. In addition,
at '<0.2 'V the forward and reverse currents are the same
in magnitude. These features are a sign of the presence of a
shunt in the sample. This is supported by the dependence of
the differential resistance on the forward voltage Ry V)
shown in Fig. 6b. When V> 0.8 V, the presence of series
resistance Ry in the circuit clearly reveals itself. In addition,
when V"< 0.1V the horizontal portion of the curve is also
observed indicating the presence of a shunt, the value of
which is equal to 1.07 x 107 Q.
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Obviously, taking into account shunting, the measured
current can be written as the sum of the generation—
recombination current J,, and the current through the shunt:

y
JfJgr+RSh. (10)
As seen in Fig. 6a, allowing for the action of the shunt
using Eq. (10) leads to modification of the /—V characteris-
tic shown by triangles. The exponential dependence of
Joo o< [exp(gV/1.9kT) — 1] extends down to the lowest
forward biases and the reverse currents coincide with the
calculation results. When the reverse voltages are higher
than 0.3V another mechanism of charge transport
(tunneling as previously mentioned) manifests itself.

5. Conclusions

We have investigated the electrical characteristics of
CdS/Cdy9oMgy osTe solar cells with bandgap of the absor-
ber layer 1.60 eV. The coincidence between the theoretical
data and the measured results show that the Sah-Noyce-
Shockley generation-recombination theory developed
earlier for interpretation of the electrical properties of
thin-film CdS/CdTe solar cells are applicable for CdS/
Cd,_,Mg,Te structures as well. The theoretical predictions
agree well with the experimental forward current in a wide
range of bias voltages, where the current follows the depen-
dence [Ioc[exp(qV/nkT)— 1] with the ideality factor
n = 1.9. The deviation of n from 2 is explained by the fact
that according to the theory the dependence of the recom-
bination current on the voltage is determined not only by
the exponent exp(qV/2kT), but also by the pre-exponential
factor (E,—2Apu—q V)]_l/ 2. A comparison of the theoretical
values with the experimental data allows us also to deter-
mine the main parameters of the material used and the
diode structure such as: resistivity of the Cd,_.Mg,Te
absorber, concentration of holes in the valence band,
Fermi level position, width and height of the barrier at
the interface, lifetimes of charge carriers, and the ionization
energy of the generation-recombination center. The need
to reduce the resistivity of the Cd,_ Mg, Te absorber layer
causing too low barrier height in the heterostructure and
unacceptable electrical losses in the solar cell have been
discussed.
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