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ABSTRACT

Cl doping in highly mismatched ZnTe1-xOx (ZnTeO) alloys was achieved by molecular beam epitaxy using ZnCl2 as a dopant source.
The temperature dependence of the bandgap energies for both upper and lower subbands, E+ and E−, of ZnTeO was determined by photo-
reflectance, and it was found to vary in accordance with those expected by the band anticrossing model. Secondary ion mass spectroscopy
indicates that the Cl concentration increases with increasing ZnCl2 cell temperature. Low temperature photoluminescence (PL) spectra show
the broad PL peak near the E− band. Intermediate band solar cells (IBSCs) fabricated using ZnTeO:Cl exhibit improved short circuit current
and open circuit voltage. The results suggest that the Cl doping can effectively improve the PV properties of ZnTeO-based IBSCs and, there-
fore, is potentially useful for the realization of high efficiency IBSCs.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5092553

I. INTRODUCTION

The concept of an intermediate band solar cell (IBSC) has
recently attracted a renewed attention as a viable approach to
achieving high solar power conversion efficiencies.1,2 Several
approaches have been employed to demonstrate the concept of the
IBSC including quantum dot (QD) superlattices3,4 and highly mis-
matched alloys (HMAs).5–8 HMAs are a class of materials whose
electronic band structures are dramatically modified through the
substitution of a relatively small fraction (a few percent) of host
atoms with an element of very different electronegativity/size, for
example, N in GaAs9 and O in ZnTe.5

As has been previously reported,5 a highly mismatched
ZnTe1-xOx (ZnTeO) is one of the promising absorber materials for
IBSCs because ZnTeO has a narrow O-derived intermediate band
(IB, E−) located well below the conduction band (CB, E+) edge of
ZnTe. The energy position of E− and E+ bands in ZnTeO can be
tuned by adjusting the O content as described by the band

anticrossing (BAC) model.9 The three absorption edges of ZnTeO
cover the entire solar spectrum, providing a material envisioned for
the multiband, single junction, high efficiency photovoltaic devices.

So far, several research groups have grown ZnTeO layers by
molecular beam epitaxy (MBE)10–12 and pulsed laser deposition.11

We have previously grown high-quality ZnTeO epitaxial layers on
ZnTe (001) substrates by MBE and characterized the structural and
optical properties including the dependence of the energy position
of E+ and E− bands on the O composition.12 Also, we have demon-
strated the generation of photocurrent induced by two-step photon
absorption (TSPA) through the IB in ZnTeO-based IBSCs with an
n-ZnO/i-ZnTe/ZnTeO/i-ZnTe/p-ZnTe structure using n-ZnO as an
n-type window layer.13 However, the obtained open circuit voltage
(VOC) was small (0.4 V) due to the large conduction band offset
(CBO) of approximately 1 eV between ZnTe and ZnO.

By replacing n-ZnO with n-ZnS, which has a smaller CBO with
ZnTe, the VOC of the IBSC was improved by almost a factor of two.14
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However, the photocurrent induced by TSPA for this structure was
not observed at room temperature (RT) but observed only at low
temperature up to approximately 75 K. This implies that the electrons
excited to the IB were lost or escaped from the IB, probably due to
the increased internal electric field in the depletion layer between the
ZnTeO and the n-ZnS layers.

One of the key requirements for a proper operation of the
intermediate band solar cells is partial equilibrium occupation of
the intermediate band. According to the theoretical simulation,15 a
twofold increase of TSPA photocurrent is expected for a half-filled
IB. In fact, an increase of the photocurrent was reported in QD
solar cells with a direct doping of Si into InAs QDs in a GaNAs
strain-compensated matrix.16 So far, there has been no report on
n-type doping of the IB in ZnTeO. Group III or VII elements such
as Al or Cl are known to be effective donor impurities in some
group II-VI semiconductors, and Cl has been shown to produce
n-type ZnTe with good electrical properties.17 Here, we report the
effect of Cl-doping on the properties of ZnTeO grown by MBE and
show preliminary results on the photovoltaic (PV) properties of an
IBSC fabricated using Cl-doped ZnTeO.

II. EXPERIMENTAL

Cl-doped ZnTeO layers were grown on ZnTe (001) substrates
by a conventional MBE system with a radio frequency radical cell
for O. Zn and Te with 7N and 6N purities, respectively, were used
as source materials, while ZnCl2 with 6N purity was used as the
dopant source. ZnTe (001) substrates were ultrasonically cleaned in
organic solvents and were wet-etched using Br-methanol solution.
The substrate temperature was set to 400 °C during the growth. The
ZnCl2 cell temperature was varied between 70 and 250 °C.

Oxygen composition x was estimated by high-resolution X-ray
diffraction (HR-XRD) assuming Vegard’s law for relaxed lattice
constant aZnTeO of ZnTeO. Both the in-plane and out-of-plane
lattice constants of ZnTeO films were measured by HR-XRD. The
temperature dependence of bandgap energies of the films was
determined using photo-modulated reflectance (PR) in a tempera-
ture variable cryostat. The Cl concentration in Cl-doped ZnTeO
was measured by secondary ion mass spectroscopy (SIMS) using a
Cs+ primary ion beam. The photoluminescence (PL) properties
were measured using an Ar+ ion laser (100 mW) at 488 nm as an
excitation source.

IBSCs with an n-ZnS/ZnTe/ZnTeO:Cl/ZnTe/p-ZnTe (referred to
as “Cl-IBSC”) and an n-ZnS/ZnTe/undoped ZnTeO/ZnTe/p-ZnTe
(referred to as “u-IBSC”) structures were fabricated to demonstrate
the effect of Cl-doping on the PV properties. In both IBSCs, a
150 nm-thick ZnTeO layer with the O content x = 1.2% was sand-
wiched between two 50 nm-thick undoped ZnTe barrier layers in
order to electrically isolate the IB in ZnTeO. The energies of the
expected three optical transitions in ZnTeO from VB to CB (∼2.5 eV),
from VB to IB (∼1.75 eV), and from IB to CB (∼0.75 eV) were esti-
mated using the BAC model with parameters reported for ZnTeO.12

In both solar cells, a thermally evaporated Al grid was used as
the front contact, and an electroless plated Pd was used as a back
contact. No antireflection coating layer was applied to the solar
cells. The solar cells were characterized with current density-voltage
(J-V) measurements under dark and AM1.5G 1 sun illumination.

III. RESULTS AND DISCUSSION

In order to analyze PL properties of ZnTeO, it is necessary to
determine the temperature dependences of the bandgap energies
between VB and CB(E+) and IB(E−) bands for ZnTeO. According
to the BAC model,9 the energies of the E+ and E− bands are
given by

E+(k) ¼ 1
2

EO þ EM(k)+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
[EO � EM(k)]

2 þ 4C2
OMx

q� �
, (1)

where EO is the energy of the localized electronic states associated
with substitutional O atoms, EM(k) is the dispersion relation for the
CB of the ZnTe matrix, and COM is the matrix element describing
the coupling between localized states and the extended states. The
EO in ZnTe and COM in ZnTeO have been reported as 1.98 eV18

and 3.2 eV,12 respectively. The band structure for ZnTe0.98O0.02 at
RT calculated using Eq. (1) is shown in Fig. 1(a). All the possible
optical transitions from VB to E−(IB), from VB to E+(CB) and
from E− to E+ are also indicated in the figure.

We measured the temperature dependent PR for undoped
ZnTeO films with O content x = 0.55% and 0.85%. The PR spectra
for undoped ZnTeO films with O content x = 0.55% measured from
9 K to RT are shown in Fig. 1(b). Two PR features are observed in
the energy regions of 2.4–2.6 eV and 1.6–1.9 eV at all temperatures.
They shift to higher energies with decreasing temperature. The fea-
tures can be attributed to transitions from VB to E+ and from VB to
E− band, respectively (hereafter referred to as E+ and E−). The PR
spectra were analyzed by fitting with the Aspnes third-derivative
functional formula,19

ΔR
R

(E) ¼ Re Ceiw(E � E0 þ iΓ)�m� �
, (2)

where C and w correspond to the amplitude and the phase of the

FIG. 1. (a) Band structure for ZnTe0.98O0.02 at RT calculated using the BAC
model. (b) Typical PR spectra for undoped ZnTeO films with O content
x = 0.55%. Fitting curves are also shown on the spectra.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 125, 243109 (2019); doi: 10.1063/1.5092553 125, 243109-2

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


signal, E0 and Γ are the transition energy and the broadening param-
eter, respectively, and m is a parameter describing the transition
type. In this work, we used m = 2.5, which corresponds to a direct
band-to-band transition. The fitting curves are shown as red curves
in Fig. 1(b). Energies of two transitions, E+ and E−, extracted from
the PR spectra for different oxygen contents are plotted as a function
of temperature and presented in Fig. 2.

In order to analyze the temperature dependence of the
bandgap, it can be assumed that the localized O level EO is inde-
pendent of the temperature on the absolute scale, i.e., when it is
measured with respect to the vacuum level, because of the highly
localized nature of the O level.20 Also, a coupling parameter COM

can be assumed to be independent of the composition and temper-
ature for a dilute amount of O incorporated (<5%). In Ref. 20, the
same assumption is used and the results on the temperature depen-
dence of ZnSeO are well fit to the calculation, indicating that the
assumption is reasonable.

It should be noted that both the valence band edge and conduc-
tion band edge shift independently relative to the vacuum level when
temperature changes. Consequently, the temperature dependence of
the energy gap Eg±(T) between VB and E+ and E− bands is given by

Eg+(T)¼E+�EVB(T)

¼ 1
2

ECB(T)þEO+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(ECB(T)�EO)

2þ4C2
OMx

q� �
�EVB(T),

(3)

where EVB(T) and ECB(T) are the temperature dependent energies of
the valance band maximum and the conduction band minimum,
respectively, relative to the vacuum level. The EVB(T) and ECB(T)
were obtained using the same procedure reported in Ref. 20. Here,
the temperature dependence of bandgap energy for ZnTe was

estimated using Varshni’s equation,21

E(T) ¼ E(0)� αT2

β þ T
, (4)

where E(0) is the bandgap energy at 0 K [E(0) = 2.394 eV22], and
α and β are fitting parameters. The parameters α = 0.58meV/K and
β = 154 K were obtained from temperature dependent PR measure-
ment of ZnTe shown in Fig. 2. Eg±(T) energies calculated using
Eq. (3) are plotted in Fig. 2 as dashed lines. As shown in Fig. 2,
experimentally obtained temperature dependencies of the bandgap
energies for E+ and E− bands are in good agreement with those cal-
culated using the BAC model.

In order to clarify how much Cl is incorporated under various
ZnCl2 cell temperatures, the SIMS analysis was carried out.
Figure 3 shows an Arrhenius plot on the relationship between Cl
concentration in the Cl-doped ZnTeO film and the ZnCl2 cell
temperature during growth. The Cl concentration increases with
the ZnCl2 cell temperature, and it can be fitted to an Arrhenius
relationship with an activation energy of ∼1.15 eV. The Cl concen-
tration shows a saturated tendency when it approaches to approxi-
mately 3 × 1020 cm−3 at the ZnCl2 cell temperature of 240 °C. This
concentration corresponds to about 1.8% of anion concentration in
ZnTeO, indicating that Cl can be incorporated in the same order of
O concentration in ZnTeO.

Figure 4 shows PL spectra at 6 K for Cl-doped ZnTeO films
grown at various ZnCl2 cell temperatures. The PL spectrum for an
undoped ZnTeO film is also shown for comparison. The bandgap
energies of the E− band for different O composition x are estimated
from Eq. (3) and are indicated by red lines in the figure. In all
samples, PL peaks are observed in the energy range between 1.5 and

FIG. 2. Temperature dependence of transition energies for ZnTeO and ZnTe.
The red and blue dashed lines indicate calculated Eg+ and Eg− energies using
BAC model for ZnTeO. The black dashed line is a fitted line for the transition
energy of ZnTe using Varshni’s equation.

FIG. 3. An Arrhenius plot on the relationship between Cl concentration in
Cl-doped ZnTeO films and ZnCl2 cell temperatures during the growth deter-
mined by secondary ion mass spectroscopy.
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2.0 eV. Note that the increase of the PL intensity at above 2 eV in all
Cl-doped samples is not due to the PL emissions but originate from
reflected light of the laser source. In the sample grown at ZnCl2 cell
temperature of 160 °C, very strong reflection occurs and the 2nd har-
monic light is detected at the energy below 1.5 eV as well.

In the undoped ZnTeO film (x = 0.99%), two broad PL peaks
are observed at approximately 1.80 and 1.62 eV. The energy of the
former peak agrees well with the energy gap between E− band and
VB, and hence, the PL peak is possibly attributed to a near band
edge (NBE) emission from the E− band. On the other hand, the
low energy PL peak can be assigned as a luminescence peak from
an O-related localized defect previously reported.23 In this study, the
strong NBE emission was observed as compared to Ref. 23. This is
probably due to the high laser power used in this study, which can
saturate O-related emission and enhance the NBE emission.

In the Cl-doped ZnTeO film, the PL peaks are observed at
slightly higher energy than those in the undoped ZnTeO film.
Because the O composition decreases with increasing ZnCl2 cell
temperature from 100 to 250 °C, the PL peak energy shift may also
be due to different O cluster size giving rise to O traps. However, in

the sample grown at the ZnCl2 cell temperature of 250 °C, the PL
intensity becomes approximately 5 times higher. This increase
cannot be explained by the change of the O composition. Because
the Cl concentration in this film is more than 2 times higher than
the O concentration as shown in Fig. 3, the emission peak may be
related to the doped Cl impurity. The work to assign the origin of
the PL peak is now under investigation.

We have also attempted to measure electrical properties of
Cl-doped ZnTeO films using Al or In as an ohmic contact.
However, reliable data could not be obtained because of the
difficulty in getting satisfactory ohmic contacts, likely due to the
high resistivity of the samples. This is not surprising as the elec-
trons from the Cl donors reside in a narrow IB and have very large
effective mass and low mobility.

To evaluate the effect of the Cl doping on the PV characteris-
tics we fabricated the Cl- and u-IBSCs. J-V measurements on both
IBSC structures were performed under AM1.5G 1 sun illumination
and results are summarized in Table I. Also, the J-V curves of both
IBSCs are plotted in Fig. 5(a). The Cl-IBSC showed higher
VOC and JSC than the u-IBSC, resulting in a 46% increase of the
product of VOC and JSC. However, the overall efficiency of the two
IBSCs is almost the same because of a low FF for the Cl-IBSC,
which can be attributed to the increased series resistance (Rser) and
the decreased shunt resistance (Rsh) in the Cl-IBSC. Currently, we
are working on reducing the series resistance and enhancing the FF
through an improved Cl doping efficiency.

The EQE curves at RT for the Cl- and u-IBSCs are compared
in Fig. 5(b) in order to clarify the reason for the improved JSC in
the Cl-IBSC. The Cl-IBSC showed the EQE to be higher than
the u-IBSC in the photon energy range between 1.6 and 3.0 eV.

FIG. 4. PL spectra at 6 K for Cl-doped ZnTeO films grown at various ZnCl2 cell
temperatures. PL spectrum for undoped ZnTeO is also shown for comparison.

TABLE I. Parameters of Cl- and u-IBSCs under AM1.5 illumination.

Cl-IBSC u-IBSC

Eff. (%) 0.42 0.42
VOC (V) 0.85 0.78
JSC (mA/cm2) 1.21 0.89
FF 0.41 0.60
Rsh (Ω cm2) 1389 5647
Rser (Ω cm2) 231 99

FIG. 5. (a) J-V curves of Cl-doped and
undoped IBSCs. (b) EQE curves at
room temperature for Cl-doped and
undoped IBSCs.
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These low energy photons are absorbed at the deeper region under
the ZnTeO layer. If the IB is partially filled by electrons due to Cl
doping, the recombination of electrons in the CB through the IB is
expected to be reduced, leading to an increase of EQE. The results
obtained in the Cl-IBSC are consistent with the formation of a par-
tially filled IB by Cl doping. These results indicate that the Cl doping
is effective to improve the PV properties of ZnTeO-based IBSC.

IV. CONCLUSIONS

We have grown Cl-doped ZnTeO films by MBE as the multi-
band absorber layer for IBSCs. The temperature dependence of the
bandgap energies between the VB and E− and E+ bands agrees well
with those calculated using the BAC model. The Cl concentration
in ZnTeO films can be controlled by the ZnCl2 cell temperature.
The low temperature PL spectrum for Cl-doped ZnTeO shows a
broad emission. The Cl-IBSC showed higher VOC and JSC than the
u-IBSC. These results indicate that the Cl doping is effective to
improve the PV properties of ZnTeO-based IBSC.
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