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We investigate Cr-doped ZnS (ZnS: Cr) as a potential deep-level intermediate band material for high efficiency
solar cells. We study n-ZnO:Al/ZnS:Cr/p-GaP heterojunction cell for the first time, and this paper presents an
interpretation of the performance of the solar cell in the framework of intermediate band solar cells. We
conclude that the ZnS:Cr used in this work has two characteristic energy levels at 0.88 eV and 2.68 eV below the
conduction band. This material also has a quasi-continuum of energy levels between the former level and the
valence band maximum. This quasi-continuum results in thermal carrier escape that limits the open-circuit
voltage to the lowest energy gap in ZnS: Cr, ^0.8 V.

1. Introduction
In intermediate band (IB) materials, at least one additional energy
level is present in the semiconductor energy gap, allowing the material
to absorb sub-bandgap photons. When IB materials are used in
intermediate band solar cells (IBSCs), the photo-generated current
increases. As long as the charge carriers are extracted from the
conduction band (CB) and the valence band (VB) only, a high voltage
over the IBSC can be maintained. Thus, IBSCs can potentially be highly
efficient solar cells [1]. Reviews of the operation of IBSCs and the
progress in the research can be found in Refs. [2,3]. Three types of IB
materials have been investigated for the realization of IBSCs, namely,
materials based on (i) quantum dots [4], (ii) highly mismatched alloys
[5], and (iii) deep-levels (DLs) [6]. So far, none of the IB materials
investigated have resulted in high-efficiency IB solar cells. Progress
towards the production of such high-efficiency cells requires development of new IB materials.
The two operating principles of an IBSC are two-photon photocwrent
and voltage preservation. Two-photon photocurrent is the production of
extra sub-bandgap photocurrent from the absorption of two below
bandgap photon energies. The voltage preservation implies that the
voltage of an IBSC should only be limited to the fundamental
semiconductor bandgap, and not to the sub-bandgaps. Voltage preservation only occurs if the quasi Fermi level (QFL) of the IB is
separated/isolated from the QFLs of the VB and CB [6]. Demonstration

of the two operating principles of the solar cells is a key step in the
implementation of any high efficiency IBSC. These demonstrations can
only be done at the device level, and in most cases sophisticated
experimental procedures are required.
This paper is focused on the DL-IB materials, the least investigated
IB materials so far. Si, II-VI, and III-V semiconductors heavily doped
mainly by transition metals have been proposed as DL-IB materials
[7-9]. The main DL-IB materials that have been investigated experimentally include: GaAs:Ti [6], Si doped by Ti [10], S [11], and Se [12];
GaN doped by Mn [13] and Cr [14]; CuGaS2 doped by Fe [15] and Sn
[16]; CuInS2 doped by Ce [17] and Ti [18]; and CuAlS2 doped by Ti
[19]. None of these papers have reported the two-photon photocurrent;
however, the voltage preservation has been demonstrated in GaAs:Ti at
low temperatures [6].
Cr-doped ZnS (ZnS:Cr) is a potential DL-IB material and is the
subject of this work. This material is particularly interesting as an IB
material for three reasons: (i) An isolated partially filled IB was
predicted in ZnS:Cr, with ~ 1.5 at% Cr [7]. (ii) An advantage with
ZnS is that it is made of non-toxic and abundant elements, making
ZnS:Cr an attractive solar cell material, (iii) ZnS:Cr has been a
promising material for use as near- and mid-infrared lasers [20] and
Cr has optically active energy levels in ZnS bandgap.
In contrast to the applications for IBSCs, a very low Cr content
(typically below 4.0 x 10 2 0 cm 3 ) is favorable for laser applications.
However, a high sub-bandgap absorption, and consequently a high Cr

content (1.5-5.0 at%) is required for use as an IB material compared to
what is relevant for laser materials. A high doping density can also
suppress the non-radiative recombination via multi-phonon emission
[21].
In our previous work we observed that ZnS:Cr has very high subbandgap absorption coefficient compared to ZnS-with almost no subbandgap absorption [22]. In addition, the solar cells with ZnS:Cr (nZnO:Al/ZnS:Cr/p-Si) have shown much higher current density compared to the reference cells with ZnS [23]. This was attributed to the
increased absorption, and partially to improvement in conductivity. In
this work, we report a similar solar cell structure in which the p-type
silicon is replaced by p-type gallium phosphide (GaP) with a wider
bandgap, and here we refer to it as ZnS:Cr-IBSC. Specifically, we
examine the two operating principles of the IBSCs in the ZnS:Cr-IBSC.
We present the quantum efficiency of the ZnS:Cr-IBSC measured at
various temperatures in Section 3.1, and the voltage preservation study
in Section 3.2. Based on these results, we propose an energy band
diagram for ZnS:Cr in Section 3.3. A corresponding equivalent circuit
model is given in Section 3.4, which is consistent with the suggested
energy band diagram and can fully describe the characteristics of the
ZnS:Cr-IBSC. In Section 3.5 we present the photocurrent produced by
the ZnS:Cr-IBSC in the presence and absence of an additional light bias.
Although there is no obvious evidence of the two photon photocurrent
in the ZnS:Cr-IBSC, we observe an interesting two photon effect in the
photocurrent. Finally, in Section 3.6 we discuss the contribution of the
GaP substrate in photo-current and we show that the overall conclusions of this study are not affected if light is partially absorbed in GaP.
The outcomes of this work are interesting and have never been
measured in a solar cell based on ZnS, and we present an interpretation
in the framework of IBSCs.

2. Experiments
2.1. Solar cell fabrication
The simplified structure of the ZnS:Cr-IBSC is shown in Fig. 1(a).
Ideally, a p-type ZnS should be used as the p-emitter, but since p-ZnS is
not available, we used p-GaP (Zn-doped) as an alternative substrate.
The band diagram of the ZnS:Cr-IBSC is also given in Fig. 1(b). As can
be seen, the band alignment of the solar cell is not ideal. Prior to the
growth, the GaP substrate was etched by Hydrofluoric acid (5%
solution) in order to remove the native oxides. A ZnS:Cr ( = 1.3at%
Cr, thickness =1.97 urn) was grown on the GaP substrate at 200 °C by
molecular beam epitaxy. We used the same procedure as in Ref. [22].
Then, in a separate chamber, a ZnO:Al layer (50 ± 5 nm) was deposited
by pulsed laser deposition (KrF excimer laser Lambda Physics COMPex
Pro 110, 248 nm) using a poly crystalline Al-doped ZnO target with 5 wt
% Al. For simplicity, no back-surface passivation, or anti-reflection
coating on the front surface was added. The Au/Al front contact was
grown by sputtering with = 1 0 0 nm thickness of each layer. Finally, a
Pd/Zn/Pd back contact ( = 200 nm) was grown and annealed at 250 °C
for 7 min to form an ohmic contact with the p-GaP, having a resistance
of 0.9 Qcm 2 .

2.2. Characterization methods
The external quantum efficiency (EQE) of the ZnS:Cr-IBSC was
measured at room temperature using a halogen lamp and a NewPort
Cornerstone 7400 monochromator equipped with appropriate second
order optical filters, and calibrated Newport photodetectors.
Afterwards, the sample was mounted in a vacuum chamber and cooled
using a closed cycle He-gas cryostat. The EQE for temperatures below
297 K was calculated using the sample to calibrate the spectrum inside
the cryostat. The output photocurrent (/ph) was acquired with a lock-in
amplifier synchronized to the frequency of a chopper (23 Hz) in front of
the lamp. In a second experiment, the sample was illuminated with an
additional continuous 0.65 urn (1.9 eV) light bias (AlGalnP laser diode).
To study the voltage preservation, the Voc was measured with concentrated light at various temperatures, following the details of the
experimental condition found in Ref. [24].

3. Results and discussion
3.1. External quantum efficiency
Fig. 2 shows the EQE of the ZnS:Cr-IBSC at different temperatures.
The first noticeable characteristic of the cell is that no response above
the ZnS:Cr bandgap was detected. The room temperature ZnS:Cr
bandgap, determined by spectroscopic ellipsometry, is in the range
3.5-3.6 eV, which is slightly lower than that of ZnS [22]. Note that the
intensity of our monochromatic source is very low for E > 3.6 eV,
which results in a higher noise level in EQE. As a result, the
photocurrent and consequently the EQE above 3.6 eV is at the noise
level of the measurement.
Next, it is important to note that the cell response is solely related to
the ZnS:Cr for E < 2.26 eV, whereas for E > 2.26 eV the measured
photocurrent can be partially related to the absorption in the GaP.
We attribute the nearly abrupt increase in the EQE at ~ 2.3 eV to
absorption and carrier generation in the GaP substrate for three
reasons: (i) the transition matches well with the indirect bandgap of
GaP at 2.26 eV; (ii) considering the thickness and the measured
absorption coefficient of the ZnS:Cr film [25], nearly upto 45% of the
photons with E > 2.26 eV can be absorbed in GaP; and (iii) with
decreasing temperature, this abrupt increase is observed at a higher
photon energy that fits well with the increase of the GaP bandgap with
temperature reduction [26].
At room temperature, the EQE noticeably increases at E2 = 2.68 eV
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Fig. 1. (a) Schematic diagram of the ZnS:Cr-IBSC structure(ZnO:Al/ZnS:Cr/p-GaP), and
(b) the band diagram of the ZnS:Cr-IBSC in equilibrium in dark condition; for simplicity
the energy levels in the ZnS:Cr bandgap are not depicted (the x axis is out of scale).
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Fig. 2. External quantum efficiency (EQE) of the ZnS:Cr-IBSC at various temperatures.
The vertical dashed lines show the GaP bandgap, the ZnS:Cr bandgap, Ei, and the two
main transitions related to ZnS:Cr, E2 and E3. The two arrows indicate the change of the
spectra with decreasing temperature. In regime A, the EQE decreases for all photon
energies; in regime B, the EQE is almost constant for all photon energies; in regime C, the
EQE increases for sub-bandgap photons.

and £ 3 = 0.88 eV. We attribute both energies to electronic transitions in
ZnS:Cr. The p-GaP substrate had no absorption below its indirect energy
gap (not shown). Therefore, the absorption threshold at E 3 = 0.88eV
reveals the energy gap between the highest energy levels with electrons
and the lowest energy level with holes in the ZnS:Cr. Consequently, this
gives us an approximation of the position of the IB with respect to one
of the energy bands, either the CB or the VB. Note that £3 is measured
close to the detection limit of the characterization system, and at low
temperatures, it has a shift to higher energies. This is due to the
relatively lower signal to noise ratio for the photocurrent measurements
performed for T < 220 K.
As mentioned above, the measured photocurrent for E > 2.26 eV
can be partially related to the absorption in the GaP. Specifically, £ 2 is
in proximity of the direct bandgap of GaP, that is, 2.8 eV. However, for
two reasons we believe that £ 2 can be related to electronic transitions in
the ZnS:Cr layer. First, we found out that only up to 20% of light at this
energy can enter GaP. Therefore, it is less likely that £ 2 is due to the
absorption in GaP. This was estimated from the absorption coefficient
of a ZnS:Cr film grown under the same condition (not shown, see Ref.
[25]). Second, the optical constants of ZnS:Cr are determined using a
harmonic oscillator dispersion model in Ref. [25], and a Lorenz
oscillator was used to account for the Cr related states within the
ZnS:Cr bandgap. The center energy of the Lorenz oscillators were
~ 2.7 eV, which is approximately at the energy of the absorption
threshold observed at £ 2 . Nevertheless, the overall discussion of this
paper is not affected if one assumes that £ 2 = 2.68 eV is partly related to
carrier generation in GaP. This will be discussed in more detail.
Three regimes can be recognized in the changes of the EQE of the
ZnS:Cr-IBSC when the temperature decreases (see Fig. 2):
Regime A, 297 - 75 K: 7ph (proportional to EQE) decreases for all photon energies.
Regime B, 75 - 10 K: 7ph is constant for all photon energies.
Regime C, 10 - 4.3 K: 7ph increases for E < 2.3 eV.
3.2. Voltage preservation study
To investigate the voltage preservation, we have measured Voc
versus temperature under concentrated light and the result is shown
in Fig. 3. Recall that the IB material is isolated from the contacts by the
emitters (See Fig. 1 (b)); therefore, we expect the voltage to be limited
by the GaP bandgap. However, at room temperature and under 1 Sun
illumination, a very low Vx of 94 mV was measured. The low Voc can be
due to a high level of non-radiative recombination. A high concentration of Cr in ZnS can result in a film with crystal defects and small grain
size [22]. Such recombination processes can be suppressed when the
solar cell is operated at lower temperatures. In addition, a small

percentage of the Cr atoms can be optically inactive. This observation
indicates that the fabricated solar cell is not suitable as a high efficiency
IBSC under the current conditions, and that major improvements are
required. The Voc increased largely by the concentrated illumination,
i.e., 4.3 times higher compared to the Voc measured under 1 Sun
illumination. The temperature reduction also increased the Vx. However, as it can be seen in Fig. 3, the Voc nearly saturates for T < 20 K to
Voc ^ 0.82 V. It is interesting to note that the Voc never surpasses the
voltage associated to the lowest transition energy, i.e., E3. In other
words, the voltage is not recovered in the ZnS:Cr-IBSC, which means
that a high level of thermal carrier escape from the IB is present in the
ZnS:Cr-IBSC. More importantly, the thermalization process is not
eliminated even at 4.3 K.
3.3. ZnS:Cr energy band diagram
Fig. 4(a) shows a schematic energy band diagram of ZnS:Cr, which
we use to explain the behavior of the ZnS:Cr-IBSC. As mentioned
above, the absorption threshold at £ 3 = 0.88eV indicates an approximation of the position of the IB with respect to one of the energy bands,
either the CB or the VB. The as-grown ZnS:Cr has shown n-type
behavior in the p-Si/ZnS:Cr heterojunctions [28]; thus, we can assume
that the Fermi level is close to the conduction band minimum (CBM)
under thermal equilibrium condition. Therefore, we can conclude that
one IB in ZnS:Cr should be located near the CBM. This IB is labelled as
IBi, and it is illustrated with a dashed line in Fig. 4(a). Furthermore, the
second absorption threshold observed in the EQE result indicates the
position of a second IB, which is labelled as IBn in Fig. 4(a). Note that
the two IB levels have a finite energy width, but they are simply
represented with two narrow dashed lines in Fig. 4(a).
Moreover, the low value of Voc obtained at low temperature can be
explained by the presence of a quasi-continuum of energy levels
between the VBM and the IBi energy level. The quasi-continuum of
energy levels are depicted in Fig. 4(a). This energy level distribution
would also explain why we can produce sub-bandgap photocurrent
using "single" photon energies as low as 0.88 eV (that is, only with the
monochromatic light). Indeed, a quasi-continuum of energy levels
would allow a strong thermal generation to close the electrical circuit
for the photo-current measurements. Note that the production of subbandgap photocurrent by two optical transitions through the IB has
been demonstrated in IBSCs [4]. However, in the ZnS:Cr-IBSC studied
here, due to thermal generation the measurement of sub-bandgap
photo-current (and EQE) using "single" photon energies became
possible.
Additionally, the presence of the quasi-continuum of energy levels
in the band diagram of ZnS:Cr is in line with the previous study
performed by resonant photoelectron spectroscopy technique reported
in Ref. [27]. In that work, the Cr related energy levels have been
directly measured, and a continuum of states above the VBM has been
reported for ZnS:Cr made by the same growth method.
3.4. Equivalent circuit model
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Fig. 3. Open-circuit voltage versus temperature under concentrated light for the
ZnS:Cr-IBSC.

The electronic behavior of the ZnS:Cr-IBSC can be explained with
the equivalent circuit-shown in Fig. 4(b)-in short circuit, which is the
bias mode of the cell for EQE measurement. The circuit is based on the
possible generation and recombination mechanisms illustrated in
Fig. 4(a), but the generation and recombination in the GaP are not
included in the model. 7p/, is the current we measure, while the three
current sources of 71; I2, and 73 are associated with the three optical
generations of g 1; g2, and g3, respectively. g 1; g2, and g 3 correspond to
the transitions VB-CB, IB n -CB, and IBj-CB, respectively (see Fig. 4(a)).
In addition, the three diodes D 1; D 2 , and D 3 are included to consider the
recombination processes, regardless of the nature of these processes.
We consider a series resistance Rs in the circuit. However, it is
important to note that since 7p/, is very low we neglect the effect of
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Fig. 4. (a) Schematic of the ZnS:Cr band diagram and the Cr energy levels based on this work and Ref. [27], (b) the ZnS:Cr-IBSC equivalent circuit in short-circuit condition, and (c) the
simplified equivalent circuit for E < 2.26 eV. For simplicity the parallel resistances are not depicted in (b).

the series resistance in the rest of the discussion. To close the circuit, we
need to include g 4 , g5, and g6. These generations are assumed to be
thermal generations, and are illustrated in Fig. 4(a). Accordingly, they
are inherently included in the three diodes D 4 , D 5 , and D 6 by means of
the diode term " — 1" of its current-voltage characteristic. Because we
have a quasi-continuum of energy levels between the VBM and the IBi
energy level, one can also assume that the three diodes of D 4 , D 5 , and D 6
are an approximation for many diodes in series connection, representing the recombinations. Also note that no shunt resistances are depicted
in Fig. 4(b), for simplicity.
The
current
flowing
through
each
diode
D¡
is
IDÍ = k¡(exp(qVD./mkT) - 1) for i = 1 - 6, where VD¡ is the diode bias
voltage associated to the quasi-Fermi level split between the bands
involved, m is the diode ideality factor, and IQ¡ is the diode saturation
current. Considering the equivalent small signal resistance of
r, = dVoildIoi = (mkTIq)(lui + 7o¡)_1 f° r the diodes, D 4 and D 5 would have
the lowest resistances compared to the other diodes. As a result, D 2 and
D 3 are biased nearly at the same voltage. This voltage cannot exceed the
lower voltage that is related to D3. Therefore, Voc of the ZnS:Cr-IBSC is
limited to the lowest energy gap. Similarly, Voc is also limited to the
lowest energy gap for high energy photons that can pump electrons
from the VB to the CB.
To avoid the complexities, we restrict the discussion to the case
where E < 2.26 eV. The corresponding equivalent circuit for this case is
shown in Fig. 4(c). In this situation, the only current source would be 73.
Also note that the effects of the r 1; r 2 , and r 6 recombinations are
negligible compared to the other three recombinations, i.e., r 3 , r 4 , and
r 5 . Thus, only D 3 , D 4 , and D 5 are kept. In addition, for each diode a
parallel resistance is considered, namely, R3, R4 and R5. These
resistances represent alternative paths for electron transitions that do
not depend on the temperature and do not follow the temperature
dependence established by the Shockley equation, such as a tunnel
escape mechanism [29].
Therefore, for E < 2.26 eV, the three regimes of the EQE variation
with temperature can be explained based on the circuit presented in
Fig. 4(c):

these resistances do not vary when the temperature is further
reduced, a constant 7ph is observed.
Regime C, 10 - 4.3 K: In this case, the generated current 73 still goes
through the parallel resistances R4 and R5. However, the temperature is very low and the population of the E 3 energy
level is expected to increase when the temperature decreases.
The lower the temperature the higher the occupancy of such
states; thus 73 increases with decreasing temperature. As is
seen in Fig. 3, the Voc slightly decreases for T < 10 K, i.e., in
regime C. Then, at 4.3 K, Voc is about 0.78 V. This can indicate that the population of the levels below IBi are enhanced
and consequently the energy gap between the IB : and the CB
is reduced (see Fig. 3 for 4.3 K).

3.5. Photo-current under light bias
In a second experiment, we measured the photocurrent produced in
the ZnS:Cr-IBSC in the presence and absence of an additional light bias
at 4.3 K. As can be seen in Fig. 5, the photocurrent is decreased largely
when the light bias is used. Note that the energy of the light bias is
— 1.9 eV; hence we can cause the IBi-CB transitions, but not the IB n -CB
one. The simplified equivalent circuit of the ZnS:Cr-IBSC shown in
Fig. 4(c) can be used to explain the change in the photocurrent after this
light bias was used. Note that the light bias is a constant DC light
compared to the chopped monochromatic light. In the presence of the
light bias, ID3 increases, which results in the reduction of the equivalent
resistance for D3. As a result, the generated current can recombine more
in D 3 compared to the measurement with no bias. Hence a lower
photocurrent is measured. In Fig. 5, the photocurrent is also slightly
decreased for E ^ 3 eV. In this case, most of the current can return
through R5. Therefore, the current generated via IB n -CB transition is
partially reduced by recombination in D3.

4

Regime A, 297 - 75 K: A constant current of 73 is produced via IBi-CB
transition. Assuming that the equivalent resistances for D 4
and D 5 are low, this generated current does not go through
the parallel resistances R4 and R5. Instead, it goes through the
two diodes. When the temperature decreases to 75 K, the diode saturation currents of D 4 and D 5 decrease; consequently,
the corresponding equivalent resistances of those diodes increase. Hence, 7ph decreases with decreasing temperature. From the temperature dependence of the EQE, we obtained the
carrier escape activation energy [30]. The activation energy
in regime A was determined to be nearly 200 meV. This indicates that the distribution of the quasi-continuum of energy
levels can have a gap of 200 meV.
Regime B, 75 - 10 K: Again, a constant current of 73 is produced via
IBi-CB transition. But the temperature is low enough so that
the current does not flow through D 4 and D 5 any more. Instead, it goes through the parallel resistances, R4 and R5. As
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Fig. 5. Spectral photocurrent of the ZnS: Cr-IBSC at 4.3 K (square), and when the 1.9 eV
laser bias is applied (circle). The spectral correction for the lamp intensity is not
performed.

3.6. Photo-current generated by GaP
We now consider the case that the E2 = 2.68 eV absorption threshold
observed in the EQE result can be partly caused by light absorption in
the GaP substrate (see Fig. 2). As mentioned earlier, the measurements
of the absorption coefficient of the ZnS:Cr film have shown that more
than 80% of the light at E ~ 2.7 eV is absorbed in the ZnS:Cr layer. In
other words, only up to 20% of the light can reach to the GaP substrate.
This result was achieved for a ZnS:Cr film with the same Cr content and
thickness ( = 1.3at% Cr =1.97 \im) grown on a Si substrate simultaneously.
Now, even if we assume that all the absorbed light in both ZnS:Cr
and Gap results in charge carrier generation, the non-radiative recombination lifetime of the two materials might be very different. As a
result, the GaP can have a higher share in the observed photo-current at
~ 2.7 eV compared to that of ZnS:Cr. In this case, the only conclusion
that cannot be supported would be the position of the IB n in ZnS:Cr. It
is important to note that the position of the IBi at 0.88 eV below the
CBM, and the presence of quasi-continuum of energy levels do not rely
on the presence of IB n . Therefore, we emphasize that the overall
conclusion of this study is not affected if the absorption threshold at
E2 = 2.68 eV is partly related to carrier generation in GaP.
4. Conclusions
In summary, ZnS:Cr-IBSC (n-ZnO:Al/ZnS:Cr/p-GaP) was fabricated
to study the ZnS:Cr as a potential intermediate band material. With this
cell structure, the ZnS:Cr (and the IB) is electrically isolated from the
contacts; thus, we expect the Voc to be limited only by the lowest energy
gap, the GaP bandgap. However, we observed a low Voc of ^0.8 V at
4.3 K under concentrated light. In addition, the ZnS:Cr-IBSC was
capable of producing photo-current when illuminated solely with
"single" sub-bandgap photon energy of E > 0.88 eV.
Based on these observations and in line with the previous studies on
ZnS:Cr, it was concluded that the ZnS:Cr made for this work exhibits a
quasi-continuum of energy levels above its valence band maximum. We
also concluded that the lowest energy gap in ZnS:Cr is nearly 0.8 eV.
Specifically, we discussed that ZnS:Cr has two energy levels at 0.88 eV
(IBi) and 2.68 eV (IB n ) below the conduction band minimum.
Consequently, the quasi-continuum of energy levels caused thermal
carrier generation, and restricted the Voc to the lowest transition, i.e.,
IBi-CB. Therefore, the Cr energy levels in the bandgap of highly doped
ZnS:Cr are determined. This information can be used to evaluate the
theoretical efficiency limit of the ZnS:Cr-IBSCs, but this is not the
concern of this paper. It is also important to note that as long as the
quasi-continuum of energy levels are present in the bandgap, one
cannot expect a high open-circuit voltage and short-circuit current in
such ZnS:Cr-IBSC. Doping ZnS with a high Cr concentration results in a
film with small grain structure, impurities and crystal defects, which
lead to the formation of the quasi-continuum of localized energy levels
in the bandgap. This reveals a technological challenge in fabrication of
DL-IB materials with a high density of deep-levels. The future work on
ZnS:Cr should focus on the improvement of the ZnS:Cr crystal quality,
to shrink the width of the intermediate bands and to lower the thermal
carrier escape.
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