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ABSTRACT

Interband optical transitions in highly mismatched ZnTe1−xOx and Zn1−yCdyTe1−xOx alloys with Cd content y = 0.1 and 0.32 and oxygen
content x < 0.016 grown on ZnTe substrates were studied by photoreflectance (PR) and photoluminescence (PL) in a broad temperature
range. The incorporation of oxygen into a Zn(Cd)Te matrix results in a splitting of the conduction band (CB) into two E− and E+ subbands
forming a semiconductor with an intermediate band. In ZnTeO, only the E− band could be probed by PR and there was no PL signal. An
addition of Cd atoms to form a ZnCdTeO quaternary alloy significantly improves the optical quality as evidenced by an emergence of an
E+ related transition in the PR spectra and the appearance of a PL emission related to the E− band visible up to 260 K. Moreover, for Cd
content above 25%, a change in the E− band character is observed from localized O-like to CB-like. The analysis of a PR signal shows a
strong reduction of the temperature dependence of the energy gap of Zn(Cd)TeO alloys compared to ZnTe. The temperature related
reduction of the bandgap shift with increasing O content is well explained by the band anticrossing interaction between the temperature
dependent conduction band of the host Zn(Cd)Te matrix and the temperature independent energy of highly localized O states.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5111600

INTRODUCTION

Dilute group II-VI oxides in which anion atoms are partially
replaced by oxygen belong to a class of semiconductors called
highly mismatched alloys (HMAs). The energy band structure of
HMAs is well described by the band anticrossing (BAC) model in
which localized states of substitutional elements interact with
extended states of the host matrix.1,2 The interaction leads to the
formation of an intermediate band. This unusual modification of
the electronic band structure has been used to demonstrate an
intermediate band solar cell (IBSC) concept3,4 that can potentially
improve the power conversion efficiency due to a better utilization
of the full solar spectrum. The maximum power conversion
efficiency of an IBSC is achieved for specific, optimized values of

the three absorption edges.5 ZnTeO band alignment gives an
opportunity to cover a significant part of the solar spectrum by
absorbing photons with energies corresponding to transitions
between the valence band and E− or E+ subbands.3,6–8

So far, there are several reports on photoreflectance (PR)
studies of Zn(Cd)TeO.9–12 Measurements were performed to deter-
mine the dependence of the E+ and E− band edges on the O com-
position in ZnTeO.9 Also, an addition of Cd atoms into ZnTeO to
form a ZnCdTeO alloy was studied at room temperature (RT)
showing that a Cd/O atomic ratio of ∼3.5 provides lattice matching
between the ZnCdTeO layer and the ZnTe substrate.10 The effect of
the downward shift of the conduction band (CB) due to the incor-
poration of Cd atoms in ZnCdTe matrix on the anticrossing inter-
action and the nature of formed E− and E+ bands have been
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investigated.11–13 However, there are no reports on the temperature
dependence of these bands in Zn(Cd)TeO alloys.

Initial PL studies on ZnTe identified an oxygen defect level at
∼0.4 eV below the conduction band edge (CBE) originating from
nonintentional O impurities with a concentration <1018 cm−3.14–17

Such a low content of O atoms did not produce the BAC interac-
tion, and only a defect-like emission was observed. At O concentra-
tion of ∼1020 cm−3, an additional peak was observed at ∼1.78 eV
that was attributed to oxygen clusters18 or strong localization on O
centers.19 In a work on ZnTeO with ∼1019 cm−3 of O atoms, a PL
peak at ∼1.8 eV along with a resonant-like absorption band at
∼1.9 eV were observed.20 Although the authors of this work did
unambiguously attribute those features to oxygen defect level, they
pointed out that a strong and sharp absorption edge most possibly
originated from an intermediate band. A similar PL peak at 1.8 eV
was also reported by Wang et al.6,21

It is now well established that the localized O level is located
at ∼0.25 eV below the CBE of the host ZnTe.9 This implies a local-
ized O level-like nature of the lower E− band. An incorporation of
Cd atoms into ZnTe shifts the CBE of ZnCdTe downward,11 and at
large enough Cd content, the CBE of the host matrix falls below
the O level resulting in a change of the nature of the E− band from
localized O-like to extended CB-like. This transition occurs for the
Cd content exceeding 25%.12

In this work, we focus on the temperature behavior of individ-
ual subbands in Zn(Cd)TeO alloys. We applied photoreflectance
(PR) spectroscopy to study the temperature shifts of the interband
optical transitions in ZnTe1−xOx and Zn1−yCdyTe1−xOx thin films
with oxygen content x < 0.016. Zn1−yCdyTe1−xOx films with y = 0.1
and 0.32 were studied since they represent cases where the O level
is just below and above the host CBE, respectively. Results of the
optical study are analyzed using the band anticrossing model. It is
found that the temperature dependence of the conduction sub-
bands is directly related to the degree of localization of the subband
states.

EXPERIMENTAL

Zn(Cd)TeO films were grown on ZnTe(001) substrates using
radio frequency molecular beam epitaxy (RF-MBE) with a RF
radical O cell as well as 7N Zn, 6N Cd, and 6N Te sources. The
temperature of the substrate was set at 350 °C. The Cd content was
controlled by varying the Cd/(Zn + Cd) flux ratio. The O concen-
tration in ZnCdTeO layers was varied by optimizing the RF power
and the O2 flow rate in the range of 50–300W and 0–1 sccm,
respectively. Further information regarding growth conditions can
be found elsewhere.9,12 The typical ZnTeO films thickness was
600 nm, while ZnCdTeO layers thickness was approximately
400 nm.

Figure 1 shows XRD profiles of (004) plane for ZnCdTeO
layers. For the Zn0.9Cd0.1Te0.99O0.01 film, a sharp and strong diffrac-
tion peak is observed indicating a high crystalline quality of the layer
resulting from a small lattice mismatch (Δa/aZnTe) of ∼0.4%. On the
other hand, 2 diffraction peaks (marked as A and B) were observed
for Zn0.68Cd0.32Te0.987O0.013. The origin of these 2 diffraction peaks
was investigated in our previous study,13 and the peaks A and B orig-
inate from a pseudomorphically grown region at the bottom of the

sample and a relaxed region at the top of the sample, respectively. In
this sample, lattice relaxation occurs because of a large lattice mis-
match of ∼1.7%. The crystalline quality of Zn0.68Cd0.32Te0.987O0.013

is much worse than that of Zn0.9Cd0.1Te0.99O0.01 that can be con-
cluded from much broader and weaker XRD peak. Additionally,
XRD profiles for three samples without Cd were shown and dis-
cussed in a previous work.9

Our standard PR setup consists of a 0.55 m focal length
monochromator, a lock-in amplifier, and a Si photodetector.
Measurements were carried out in a so-called bright configuration
with a halogen lamp as a probe and a 404 nm or 532 nm laser as a
pump beam.22 The probe light reflected from the sample surface is
analyzed by a monochromator and detected with a Si photodiode.
The pump beam is modulated by a mechanical chopper at a fre-
quency of ∼280 Hz. PL measurements were performed using a
404 nm laser for excitation. PL spectra were detected by a Si CCD
detector. A closed-cycle helium refrigerator was used for tempera-
ture dependent measurements of PR and PL.

RESULTS AND DISCUSSION

Figure 2 shows PR spectra measured at 290 K for ZnTeO
samples with 0.5%, 1%, and 1.6% of oxygen [panels (a), (b), and
(c), respectively] and for ZnCdTeO with 10% [panel (d)] and 32%
[panel (e)] of Cd and <1.3% of O content. Low temperature PR
spectra are shown in bottom panels (f )–( j). All transition energies
shift to higher energy with decreasing temperature. Individual reso-
nances related to Zn(Cd)TeO layers were fitted using a formula
proposed by Aspnes for electroreflectance:23

ΔR
R

(E) ¼ Re[Ceiw(E � E0 þ iΓ)m], (1)

where C is the amplitude of the signal, w is the phase, E0 is the
transition energy, Γ is the broadening parameter, and m is a

FIG. 1. XRD profiles of the (004) plane for ZnCdTeO layers with various O and
Cd content.
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parameter describing the type of transition. In this work, we used
m = 2.5, which corresponds to a direct band to band transition.

The low energy PR feature in panels (a)–(c) is associated with
a transition from the valence band edge (VBE) to the E− band in
the ZnTe1−xOx layer, while the sharp and strong feature at ∼2.3 eV
can be attributed to the fundamental bandgap transition in the
ZnTe substrate. Similar PR spectra were observed for ZnCdTeO
alloy [Fig. 2(d)]; however, an additional optical transition for the
sample with 10% of Cd is visible at ∼2.45 eV. We attribute this to a
transition between the VBE and the E+ subband. Interestingly, as is
shown in Fig. 2(e), in the alloy with Cd concentration of 32%, a
high energy feature is observed in addition to the VBE to E− transi-
tions. An analysis of the band structure allowed to assign this
feature to the transition between spin-orbit (SO) split off valence
band and E− band. No resonance associated with the transition
between the VBE and the E+ subband was observed in this film.

The PR signal corresponding to the transition between the
VBE and E+ subband could only be observed for Cd containing
alloys that were lattice matched to the ZnTe substrate. We attribute
the presence of this feature to a significantly better optical quality
of the quaternary alloy. An addition of Cd to ZnTeO reduces the
lattice mismatch between the layer and the substrate,12 which is
known to reduce the amount of incorporated defects. Defect states
in the bandgap are located below the CBE of the host ZnTe,16,17

which in ZnTeO falls between E− and E+ bands [Fig. 3(a)]. They
contribute to the overall density of states (DOS) by eliminating the
valley between E− and E+ bands [Fig. 3(b)]. The addition of Cd
results in a sharper DOS spectrum with a deep valley between
E− and E+ states dividing them into separate bands. Thus, without

Cd atoms, the conduction band DOS of ZnTeO may be signifi-
cantly broadened due to defects and/or alloy inhomogeneities
making the E+ related transitions impossible to observe. In contrast,
the feature related to a transition between VBE and the E− band is
clearly visible for all studied samples allowing an analysis of the
temperature shift. Despite the reduction of defect states in Cd con-
taining alloys, there was no signal E+ and VBE transition observed
for sample with 32% of Cd. However, this is not surprising in the
light of previous reports where vanishing of E+ transition was
explained by the fact that the E+ band edge is mostly formed from
localized-like states when CBE of the host matrix shifts below the
O level, which in the present case happens when the composition
of Cd atoms exceeds 25%.12

The substantial improvement in the optical quality of the
ZnCdTeO compared to the ZnTeO alloy is evidenced in an appear-
ance of the PL emission shown in Figures 4 and 5. The emission
was only observed for samples containing cadmium indicating that
the addition of Cd reduces the concentration of nonradiative (NR)
defect centers. A similar effect was observed in other dilute nitride
HMAs, e.g., in GaNAsSb, when Sb was added.24 The improvement
in optical quality was attributed to Sb acting as a surfactant result-
ing in enhanced surface kinetics and reduced concentration of
group V vacancies during the growth.

Figure 4(a) shows the temperature dependence of the PL
signal of the Zn0.9Cd0.1TeO sample. Only the E– related emission is
observed. As is shown in the inset of Fig. 4(a), the PL peak inten-
sity rapidly decreases with increasing temperature and PL signal
was observed for temperatures up to 260 K. Figure 4(b) shows a
comparison of low temperature PL and PR spectra from the

FIG. 2. PR spectra for ZnTe0.995O0.005, ZnTe0.99O0.01, ZnTe0.984O0.016, Zn0.9Cd0.1Te0.99O0.01, and Zn0.68Cd0.32Te0.99O0.013 at room temperature [(a)–(e)] and 15 K [(f )–( j)],
respectively. Solid lines represent fitting curves according to Eq. (3).
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Zn0.9Cd0.1TeO sample. The maximum of the PL emission is shifted
down by ∼110 meV relative to the PR feature attributed to the tran-
sition between VBE and E−. This large Stokes shift is similar to the
difference between PL and absorption edge observed by Wang
et al.20 for ZnTeO. The temperature dependence of the energies
obtained from fitting of PL and PR data in the whole temperature

range is shown in Fig. 4(c). The result can be qualitatively under-
stood considering charge carrier localization in potential fluctua-
tions associated with a nonuniform alloy composition. The PL
emission originates from low energy tails in the E− band, whereas
observation of PR that is associated with optical absorption requires
high density of states.

FIG. 3. (a) Schematic band structure of the ZnTe host (gray lines) and ZnTe0.991O0.009 (black lines) calculated within the BAC model with the following parameters:
EO(290 K) = 1.98 eV and COM = 2.8 eV. (b) Calculated DOS of ZnTeO for different O concentrations. The dashed vertical line indicates the position of the O level in the
matrix material.

FIG. 4. (a) Zn0.9Cd0.1Te0.99O0.01 PL
spectra in the temperature range of
15–260 K. Inset shows a narrow tem-
perature range to expose the blueshift
of the maximum of emission. (b) A
comparison of PR and PL spectra at
15 K. Purple and green lines in PR
spectra represent features related to
transitions between VBE and E− or E+
band. Gray lines marked as EO and
EM are the positions of O states and
bandgap energy of host Zn0.9Cd0.1Te,
respectively. Red lines in PR and PL
spectra are fitting lines. (c) Energies of
transitions extracted from PR and PL
fitting.
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A similar analysis was also conducted for the high Cd
content ZnCdTeO sample and is shown in Fig. 5(a). Two emis-
sion peaks are clearly visible in the LT PL spectra. The higher
energy peak at ∼1.8 eV vanishes rapidly with increasing tempera-
ture, while the one at ∼1.5 eV is visible up to RT. The high energy
peak is attributed to defect emission from the ZnTe substrate,
which is consistent with reports in the literature.14–17 Also, the
emission at ∼2.35 eV is attributed to band to band emission in
ZnTe. The energy difference between the low energy peak at
∼1.5 eV and the E– related PR feature seen in Fig. 5(b) for the
Zn0.68Cd0.32TeO alloy is ∼270 meV. Figure 5(c) shows the temper-
ature dependence of energy positions of PL and PR features
obtained from fitting. Similar to the 10% Cd sample, the low
energy PL peak shifts to higher energies as the temperature
increases exhibiting a S-shape behavior typical for emission from
HMAs.25–28 The position of the high energy peak remains
unchanged [purple cross symbols in Fig. 5(c)]. Moreover, this
peak disappears fast and cannot be seen above 100 K. Such a
behavior is typical for defect emission. PL measurements of the
back side (substrate) confirmed the origin of the higher emission
peak. Only one emission band has been observed at ∼1.8 eV, see
the purple line in Fig. 5(b). The observed Stokes shift, i.e., the
difference between the PL and PR, is ∼270 eV below 100 K, much
higher than for the 10% sample. The origin of such a strong local-
ization is attributed to the high Cd content, which could induce
the formation of a larger number of defects in the crystal struc-
ture. This is consistent with the previous report that the
ZnCdTeO with 10% Cd is almost lattice matched to the ZnTe
substrate and the crystallinity degraded with increasing Cd
content due to the increased lattice mismatch.10

As we have shown previously, important information about
the band structure of HMAs can be obtained from analysis of the
temperature dependence of optical transitions.29,30 Energies of the

optical transitions extracted from PR spectra for samples with
various oxygen and cadmium content in 15–290 K temperature
range are presented in Figs. 6(a)–6(e). Dashed lines indicate the
temperature bandgap dependence of ZnTe and CdTe binaries.
Solid lines are fits based on the BAC model.1,2,29 The reduction in
the temperature dependence of the lower bandgap (i.e., the
E– related transition) is clearly visible. This was expected since the
E− band shift is significantly reduced because of its interaction with
the localized O level, which is insensitive to temperature variation.
Since thermal shifts of the optical transitions in ZnTe and CdTe do
not significantly differ, we analyze all the results together. The
change of the bandgap energy between 15 K and 290 K for ZnTe
and Zn0.9Cd0.1Te is approximately 94 meV.31 Adding O reduces
this temperature dependence by ∼30 meV for all ZnTeO and the
Zn0.9Cd0.1TeO layer. Additionally, it is clearly seen in Fig. 6(d) that
the E+ subband is more temperature dependent than the
E− subband energy in the Zn0.9Cd0.1TeO sample. This is because,
in this case, the nature of the E+ subband is more conduction
band-like than the E− subband, which is mostly formed from states
with a localized-like character. An interesting result is observed for
the sample with 32% Cd content [Fig. 6(e)]. Here the CBE of the
ZnCdTe host is located below the O level, which implies a change
in the character of the E− subband from localized-like to conduc-
tion band-like. As a result, the E− subband has a significantly stron-
ger temperature dependence compared with the other samples. A
schematic of band dispersion for different Cd content alloys is
shown in Fig. 7(c) with effective masses of electron, light- and
heavy-hole calculated proportionally to the Cd content, and with
border effective mass values of ZnTe and CdTe according to
Ref. 32. An impact of oxygen atoms on the hole effective mass was
neglected due to a small O content. Moreover, it is well known that
due to the anticrossing interaction in HMAs, the conduction band
dispersion changes what is manifested in a significant increase of

FIG. 5. (a) Zn0.68Cd0.32Te0.987O0.013

PL spectra in the temperature range of
30–290 K. (b) A comparison of PR and
PL spectra at 30 K. The blue line in the
PR spectra represents a feature related
to the transition between VBE and E−
band. Gray lines marked as EO and
EM0 are the positions of O states and
bandgap energy of host Zn0.68Cd0.32Te,
respectively. Red lines in PR and PL
spectra are fitting lines. (c) Energies of
transitions extracted from PR and PL
fitting.
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the electron effective mass.33 The changes of the conduction band
dispersion shown in Fig. 7(c) are calculated within the BAC model.

Previously, the temperature dependence of the bandgap of
HMAs was either based on the assumption that the energy position
of the localized defect level is constant relative to VBE25,34–36 or the
temperature variation of the localized level was treated as a fitting
parameter.37–39 The issue of the temperature dependence of the
bandgaps in HMAs was comprehensively discussed in our previous
paper dedicated to ZnSeO alloys.29 It has been shown that a proper
description of the temperature evolution of the subbands energy in
the BAC model is achieved with the assumption of a constant,

composition independent energy position of the O level relative
to the vacuum level. Consequently, according to the BAC model,
the temperature dependence of the energy gap is given by the
expression:

Eg(T)¼ E+�EVB(T)

¼ 1
2

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

2þ4C2
OMx

q� �
�EVB(T),

(2)

FIG. 6. A comparison of experimental
values of temperature induced change
of E− transitions for ZnTeO [(a)–(c)]
and E+ and E− transitions for
ZnCdTeO layers [(d) and (e)] with BAC
model calculations. Also shown are
temperature dependencies of the
bandgaps of ZnTe and CdTe.

FIG. 7. Comparison of the thermal shift of (a) energy gap and (b) E− subband between 15 K and 290 K observed in PR measurements (points) set together with BAC
model calculations (line) dependent on Cd composition. (c) Schematic graph of the ZnCdTeO host CB shift relative to the O localized level for three Cd contents: 0%,
10%, and 32%.
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where EVB and EVC are the energies of the valance band maximum
and the conduction band minimum, respectively, relative to the
vacuum level. EO is the energy position of localized oxygen states,
and COM is the matrix element describing the interaction strength
between localized and extended states. It is important to note that
in general the VBE and CBE do not have to exhibit the same tem-
perature dependence.

The composition dependence of bandgap shifts between 15 and
290 K is shown in Fig. 7(a). The experimental data are shown as
open (ZnCdTeO) and closed (ZnTeO) points, whereas the theoretical
calculations using Eq. (2) are represented by dashed lines. The
assumption of a constant and composition independent EO relative
to the vacuum level gives a good quantitative agreement with experi-
ment. The results indicate that the entire reduction in the tempera-
ture dependence of the bandgap in ZnTe1−xOx, Zn0.9Cd0.1Te1−xOx,
or Zn0.68Cd0.32Te1−xOx alloys occurs in the conduction band and
can be attributed to the anticrossing interaction between temperature
dependent ECB and the temperature independent EO, see Fig. 7(b)
where the thermal shift of the conduction band (E− subband) is pre-
sented. Previously a similar result has been obtained for ZnSeO.29

Moreover, utilizing our current results and following the calculations
from the previous paper,29 we find that in the case of ZnTe and
Cd0.1Zn0.9Te host matrices, the total bandgap reduction of Zn(Cd)
TeO alloy between 15 and 290 K is almost evenly distributed
between a downward shift of the CBE and an upward shift of the
VBE [ΔEc (T)≈ 44meV and ΔEv (T)≈ 50meV].

The analysis of the data leads to an interesting observation. As
is seen in Fig. 7, the incorporation of even a small amount O into
the host Zn(Cd)Te matrix produces an abrupt discontinuity in the
rate of change of the energy gap with temperature. The change of
the gap, ΔEg = Eg(15 K) – Eg(290 K) decreases from 90 meV for Zn
(Cd)Te to 56 meV for Zn(Cd)TeO with only 0.5% of O. Results in
Fig. 7(b) indicate that most of this effect is attributable to the

O-induced sudden reduction of the CBE temperature dependence.
A similar effect was observed for GaNP(As) where N level is
located below CBE of GaP,30 while for ZnSeO alloys where O level
is located above the CBE of ZnSe matrix and the temperature
dependence of the energy gap and the CBE decreases gradually
with increasing O content.29 The study of the ZnCdTeO with
different Cd content unambiguously confirms the notion that the
change in the rate of the temperature induced bandgap shift
depends on whether the CBE of the host Zn(Cd)Te material is
located above (for <25% of Cd) or below (for >25% of Cd) the O
level, see Fig. 7(c). This behavior is a natural consequence of the
BAC model and provides a simple quantitative method to deter-
mine the degree of localization of a specific subband. Thus, using
Eq. (2), the change of the bandgap with temperature is given by

@Eg
@T

¼ @ECB(T)
@T

1
2
� (ECB(T)� EO)

2[(ECB(T)� EO)
2 þ 4C2

OMx]
1
2

( )
� @EVB(T)

@T
:

(3)

The total temperature coefficient of the bandgap is given by
the shift of the CBE, that is modified by the BAC interaction and
represented by the first term and the shift of the VBE represented
by the last term in Eq. (3). The temperature coefficient of the con-
duction subband edges derived from the BAC interaction is directly
related to the delocalization factor,

DL ¼ 1
2
� (ECB(T)� EO)

2[(ECB(T)� EO)
2 þ 4C2

OMx]
1
2

: (4)

Thus, in the case of O level, EO located well above the CBE of
the host matrix and/or vanishing anticrossing coupling the lowest

FIG. 8. Temperature dependence of
the different band edges and O level
energy in studied samples. Solid lines
represent BAC model calculations com-
pared to points indicating PR results
for E− transitions observed in ZnTeO
layers (a), E+ and E− transitions for the
lattice matched ZnCdTeO layer (b), and
E− transitions for the lattice mis-
matched ZnCdTeO where CBE of the
host is located below the O localized
level (c).
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conduction band is fully delocalized, i.e., DL � 1. In this case, the
temperature dependence of the conduction band edge is the same
as for the host material. In the other extreme, for EO located well
below CBE, the delocalization factor DL is small and approaches
zero, indicating that the lowest conduction subband is strongly
localized and independent of temperature. In the intermediate case,
when ECB(T) � EO and DL � 0:5, both subbands have an equal
fraction of localized and delocalized components, resulting in a
twofold decrease of the CBE temperature dependence compared
with the host material.

The above analysis allows a separation of the contributions of
ΔEC(T) and ΔEV(T) to the total temperature induced reduction of
the bandgap Eg(T).

29 The results for ZnTe matrix alloys with
different O content are shown in Fig. 8(a) by open points together
with the temperature shift of band edges in host ZnTe and the
position of the O level. It is clearly seen that for the case of EO
located well below the CBE of the host material, the E− subband
becomes almost temperature independent. This indicates a strongly
localized nature of this subband with DL � 0. The trends in the
temperature dependence can be well explained by the BAC model
with parameters COM = 2.8 eV and EO(290 K) = 1.98 eV above the
valence band maximum, which is in agreement with literature
data.9,10,12 A similar analysis, with the same parameter values, was
performed for the ZnCdTeO sample with the same coupling
parameter and with the CBE position that accounts for the Cd
content. As shown in Figs. 8(b) and 8(c), both E− and E+ positions
calculated with the BAC model are in excellent agreement with
experimental data.

SUMMARY

In summary, we have carried out a comprehensive study of
the optical properties of Zn(Cd)Te1−xOx with oxygen content
x < 0.016. The addition of Cd to ZnTeO significantly improves the
optical quality of the alloy that manifests itself in an appearance of
a PL emission related to the E− band and an emergence of the E+
band resonance in PR experiment. Temperature dependence PL
studies for ZnCdTeO alloys show a strong carrier localization that
is present up to RT. PR studies in the 15–290 K temperature range
reveal a strong effect of the BAC on the temperature dependence of
the E− and E+ conduction subbands. We have shown an excellent
quantitative agreement between experimental data and theoretical
calculations using a constant, temperature independent energy
position of the O level relative to the vacuum. Also, it is shown that
the temperature dependence of the optical transition energies is
directly related to the degree of localization of the subband states,
which is an important parameter determining optical and charge
transport characteristics of the alloy.

ACKNOWLEDGMENTS

This work was performed within the grant from the National
Science Centre through Grant No. HARMONIA 2013/10/M/ST3/
00638. In addition, M.W. acknowledges the financial support from
the National Science Centre through Grant No. Preludium 2014/
15/N/ST3/03811. The work performed at LBNL was supported by
the Director, Office of Science, Office of Basic Energy Sciences,
Materials Sciences and Engineering Division of the US Department

of Energy under Contract No. DE-AC02-05CH11231. K.M.Y.
acknowledges the support from the General Research Fund of the
Research Grants Council of Hong Kong SAR, China, under Project
Nos. CityU 11303715 and CityU SGP 9380076. T.T. acknowledges
the support from the JSPS KAKENHI Grant Nos. 18K19046 and
19H02661, Izumi Science and Technology Foundation, the Mazda
Foundation, and the Asahi Glass Foundation.

REFERENCES
1W. Shan, W. Walukiewicz, J. W. Ager, E. E. Haller, J. F. Geisz, D. J. Friedman,
J. M. Olson, and S. R. Kurtz, Phys. Rev. Lett. 82, 1221 (1999).
2W. Walukiewicz, W. Shan, K. M. Yu, J. W. Ager, E. E. Haller, I. Miotkowski,
M. J. Seong, H. Alawadhi, and A. K. Ramdas, Phys. Rev. Lett. 85, 1552 (2000).
3T. Tanaka, M. Miyabara, Y. Nagao, K. Saito, Q. Guo, M. Nishio, K. M. Yu, and
W. Walukiewicz, Appl. Phys. Lett. 102, 052111 (2013).
4K. M. Yu, W. Walukiewicz, J. Wu, W. Shan, J. W. Beeman, M. A. Scarpulla,
O. D. Dubon, and P. Becla, Phys. Rev. Lett. 91, 246403 (2003).
5A. Luque and A. Martí, Phys. Rev. Lett. 78, 5014 (1997).
6W. Wang, A. S. Lin, and J. D. Phillips, Appl. Phys. Lett. 95, 011103 (2009).
7A. Luque, A. Martí, and C. Stanley, Nat. Photonics 6, 146 (2012).
8Y. Okada, N. J. Ekins-Daukes, T. Kita, R. Tamaki, M. Yoshida, A. Pusch,
O. Hess, C. C. Phillips, D. J. Farrell, K. Yoshida, N. Ahsan, Y. Shoji, T. Sogabe,
and J.-F. Guillemoles, Appl. Phys. Rev. 2, 021302 (2015).
9T. Tanaka, S. Kusaba, T. Mochinaga, K. Saito, Q. Guo, M. Nishio, K. M. Yu,
and W. Walukiewicz, Appl. Phys. Lett. 100, 011905 (2012).
10T. Tanaka, Y. Nagao, T. Mochinaga, K. Saito, Q. Guo, M. Nishio, K. M. Yu,
and W. Walukiewicz, J. Cryst. Growth 378, 259 (2013).
11M. Wełna, R. Kudrawiec, Y. Nabetani, T. Tanaka, M. Jaquez, O. D. Dubon,
K. M. Yu, and W. Walukiewicz, Semicond. Sci. Technol. 30, 085018 (2015).
12T. Tanaka, K. Mizoguchi, T. Terasawa, Y. Okano, K. Saito, Q. Guo, M. Nishio,
K. M. Yu, and W. Walukiewicz, Appl. Phys. Express 9, 021202 (2016).
13T. Tanaka, T. Terasawa, Y. Okano, S. Tsutsumi, K. Saito, Q. Guo, M. Nishio,
K. M. Yu, and W. Walukiewicz, Sol. Energy Mater. Sol. Cells 169, 1 (2017).
14R. E. Dietz, D. G. Thomas, and J. J. Hopfield, Phys. Rev. Lett. 8, 391 (1962).
15J. J. Hopfield, D. G. Thomas, and R. T. Lynch, Phys. Rev. Lett. 17, 312 (1966).
16G. W. Iseler and A. J. Strauss, J. Lumin. 3, 1 (1970).
17M. Ekawa, Y. Kawakami, T. Taguchi, and A. Hiraki, J. Cryst. Growth 93, 667
(1988).
18M. Felici, A. Polimeni, M. Capizzi, Y. Nabetani, T. Okuno, K. Aoki, T. Kato,
T. Matsumoto, and T. Hirai, Appl. Phys. Lett. 88, 101910 (2006).
19Y. Nabetani, T. Okuno, K. Aoki, T. Kato, T. Matsumoto, and T. Hirai,
Phys. Status Solidi C 3, 1078 (2006).
20W. Wang, W. Bowen, S. Spanninga, S. Lin, and J. Phillips, J. Electron. Mater.
38, 119 (2009).
21W. Wang, A. S. Lin, J. D. Phillips, and W. K. Metzger, Appl. Phys. Lett.
95, 261107 (2009).
22R. Kudrawiec and J. Misiewicz, Rev. Sci. Instrum. 80, 096103 (2009).
23D. E. Aspnes, Surf. Sci. 37, 418 (1973).
24M. Latkowska, M. Baranowski, W. M. Linhart, F. Janiaka, J. Misiewicz,
N. Segercrantz, F. Tuomisto, Q. Zhuang, A. Krier, and R. Kudrawiec, J. Phys.
Appl. Phys. 49, 115105 (2016).
25R. Broesler, E. E. Haller, W. Walukiewicz, T. Muranaka, T. Matsumoto, and
Y. Nabetani, Appl. Phys. Lett. 95, 151907 (2009).
26A. Polimeni, M. Capizzi, Y. Nabetani, Y. Ito, T. Okuno, T. Kato,
T. Matsumoto, and T. Hirai, Appl. Phys. Lett. 84, 3304 (2004).
27R. Kudrawiec, G. Sęk, J. Misiewicz, F. Ishikawa, A. Trampert, and K. H. Ploog,
Appl. Phys. Lett. 94, 011907 (2009).
28M. Merrick, S. A. Cripps, B. N. Murdin, T. J. C. Hosea, T. D. Veal,
C. F. McConville, and M. Hopkinson, Phys. Rev. B 76, 075209 (2007).
29M. Wełna, M. Baranowski, R. Kudrawiec, Y. Nabetani, and W. Walukiewicz,
Semicond. Sci. Technol. 32, 015005 (2017).

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

J. Appl. Phys. 126, 083106 (2019); doi: 10.1063/1.5111600 126, 083106-8

Published under license by AIP Publishing.

https://doi.org/10.1103/PhysRevLett.82.1221
https://doi.org/10.1103/PhysRevLett.85.1552
https://doi.org/10.1063/1.4790643
https://doi.org/10.1103/PhysRevLett.91.246403
https://doi.org/10.1103/PhysRevLett.78.5014
https://doi.org/10.1063/1.3166863
https://doi.org/10.1038/nphoton.2012.1
https://doi.org/10.1063/1.4916561
https://doi.org/10.1063/1.3674310
https://doi.org/10.1016/j.jcrysgro.2012.12.086
https://doi.org/10.1088/0268-1242/30/8/085018
https://doi.org/10.7567/APEX.9.021202
https://doi.org/10.1016/j.solmat.2017.05.002
https://doi.org/10.1103/PhysRevLett.8.391
https://doi.org/10.1103/PhysRevLett.17.312
https://doi.org/10.1016/0022-2313(70)90002-5
https://doi.org/10.1016/0022-0248(88)90601-X
https://doi.org/10.1063/1.2183809
https://doi.org/10.1002/pssc.200564697
https://doi.org/10.1007/s11664-008-0577-2
https://doi.org/10.1063/1.3274131
https://doi.org/10.1063/1.3213613
https://doi.org/10.1016/0039-6028(73)90337-3
https://doi.org/10.1088/0022-3727/49/11/115105
https://doi.org/10.1088/0022-3727/49/11/115105
https://doi.org/10.1063/1.3242026
https://doi.org/10.1063/1.1719274
https://doi.org/10.1063/1.3055605
https://doi.org/10.1103/PhysRevB.76.075209
https://doi.org/10.1088/1361-6641/32/1/015005
https://aip.scitation.org/journal/jap


30M. Wełna, K. Żelazna, A. Létoublon, C. Cornet, and R. Kudrawiec, Sol. Energy
Mater. Sol. Cells 196, 131 (2019).
31Y. T. Shih, W. C. Fan, C. S. Yang, M. C. Kuo, and W. C. Chou, J. Appl. Phys.
94, 3791 (2003).
32S. Adachi, Properties of Semiconductor Alloys (John Wiley & Sons, Ltd, 2009),
pp. 229–258.
33C. Skierbiszewski, P. Perlin, P. Wisniewski, W. Knap, T. Suski, W. Walukiewicz,
W. Shan, K. M. Yu, J. W. Ager, E. E. Haller, J. F. Geisz, and J. M. Olson, Appl.
Phys. Lett. 76, 2409 (2000).
34I. Suemune, K. Uesugi, and W. Walukiewicz, Appl. Phys. Lett. 77, 3021 (2000).

35F.-I. Lai, S. Y. Kuo, J. S. Wang, H. C. Kuo, S. C. Wang,
H. S. Wang, C. T. Liang, and Y. F. Chen, J. Vac. Sci. Technol. A 24, 1223
(2006).
36Q. X. Zhao, S. M. Wang, Y. Q. Wei, M. Sadeghi, A. Larsson, and
M. Willander, Phys. Lett. A 341, 297 (2005).
37I. A. Buyanova, M. Izadifard, A. Kasic, H. Arwin, W. M. Chen, H. P. Xin,
Y. G. Hong, and C. W. Tu, Phys. Rev. B 70, 085209 (2004).
38K. I. Lin, T. S. Wang, J. T. Tsai, and J. S. Hwang, J. Appl. Phys. 104, 016109
(2008).
39K. I. Lin and J. S. Hwang, Appl. Phys. Lett. 89, 192116 (2006).

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

J. Appl. Phys. 126, 083106 (2019); doi: 10.1063/1.5111600 126, 083106-9

Published under license by AIP Publishing.

https://doi.org/10.1016/j.solmat.2019.03.039
https://doi.org/10.1016/j.solmat.2019.03.039
https://doi.org/10.1063/1.1601685
https://doi.org/10.1063/1.126360
https://doi.org/10.1063/1.126360
https://doi.org/10.1063/1.1322633
https://doi.org/10.1116/1.2208996
https://doi.org/10.1016/j.physleta.2005.04.089
https://doi.org/10.1103/PhysRevB.70.085209
https://doi.org/10.1063/1.2952514
https://doi.org/10.1063/1.2387972
https://aip.scitation.org/journal/jap

	Effects of the host conduction band energy on the electronic band structure of ZnCdTeO dilute oxide alloys
	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	SUMMARY
	References


