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Oxygen incorporation into ZnTe was studied using pulsed laser deposition and
molecular beam epitaxy. Oxygen incorporation at the high partial pressures
studied for pulsed laser deposition was found to result in increasing visible
transparency with oxygen incorporation, and is attributed to the formation of
TeOx based on bonding information obtained by x-ray photoelectron spec-
troscopy measurements. Oxygen incorporation by a plasma source during the
growth of ZnTe by molecular beam epitaxy was found to result in an electronic
band at 0.5 eV below the ZnTe band edge, possessing strong radiative prop-
erties and a resonant-like optical absorption coefficient with a peak
a > 5000 cm-1. The ZnTeO thin films grown by MBE have an epitaxial
structure similar to ZnTe, where it is unclear whether the properties are due
to the formation of a high-density defect level or the formation of a dilute alloy.
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INTRODUCTION

Wide-bandgap semiconductors based on ZnO,
ZnTe, and related II–VI compound semiconductors
are attractive for several device applications
including light emitters and detectors operating in
the visible/ultraviolet spectral region, and trans-
parent electronics. Research and development
efforts on alloys related to ZnO have predominantly
focused on the mixed cation materials CdZnO,
MgZnO, and BeZnO. Mixed anion alloys related to
ZnO such as ZnO(S,Se,Te) may also provide the
ability to tune the semiconductor bandgap energy in
the visible and ultraviolet spectral region, but are
less well understood. ZnTe has a direct bandgap at
2.29 eV, corresponding to the green optical wave-
length, and has been investigated in great detail for
application to ZnSe-based visible light emitters,
CdZnTe x-ray detectors, and ZnTe buffer layers for
HgCdTe infrared detectors. ZnTe has shown the
ability for controllable p-type doping by nitrogen,1–4

with hole concentrations of up to 1020 cm-3. The

source of the unique p-type nature for this wide-
bandgap material is believed to be the native defect
structure, where defects lie within the valence band
rather than within the bandgap.5 The unique p-type
behavior of ZnTe, a notorious problem for ZnO and
many wide-bandgap semiconductors, and the pos-
sibility for a tunable bandgap energy in the visible
spectral region make alloys of ZnTeO potentially
attractive materials for optoelectronic devices.

Compared with oxygen doping in CdTe, where
oxygen acts as a shallow acceptor,6 doping or
alloying of ZnTe with oxygen is believed to result in
a highly mismatched alloy, in which Te and O atoms
possess a very different electronegativity. In the
extreme of low oxygen concentration, a substitu-
tional impurity of OTe in ZnTe results in a defect
level 0.4 eV from the conduction band and a strong
radiative transition at 1.9 eV.7,8 This strong radia-
tive transition in ZnTe:O has in fact been used in
red light emission diodes,9 and also a phosphores-
cent material for x-ray detectors, where long radi-
ative lifetimes of >1 ls have been reported.10

A higher oxygen content in ZnTe is predicted to
introduce a narrow electronic band in the material,
as explained by a band anticrossing model.11
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Experiments and calculations have suggested the
presence of such an intermediate band in ZnTeO
and the quaternary ZnMnTeO.11 Bandgap reduc-
tion in ZnTe with the introduction of oxygen has
also been reported by other research groups
recently,12,13 providing further evidence of an
intermediate band in this alloy. In this work, the
synthesis of ZnTeO thin films by pulsed laser
deposition and molecular beam epitaxy is investi-
gated to further examine the possible formation of
an intermediate band or alloy system spanning the
visible/ultraviolet (UV) spectral region.

EXPERIMENT

ZnTeO thin films are synthesized using both
pulsed laser deposition and molecular beam epitaxy.
Pulsed laser deposition (PLD) was used to study the
ZnTeO thin-film deposition under a relatively high
oxygen partial pressure. Samples were deposited on
both c-plane sapphire and GaAs (001) substrates
using a ZnTe target, KrF excimer laser (k = 248 nm,
20 ns pulse width, 6 Hz repetition rate), a deposi-
tion temperature of 300�C, and varying ambients of
high vacuum (<5 9 10-6 Torr), nitrogen, or oxy-
gen. Deposition by PLD under nitrogen or oxygen
conditions was done with a partial pressure in the
range of 10 mTorr to 100 mTorr. Nitrogen incorpo-
ration is studied in this work as a form of experi-
mental control, allowing separate comparison of
differing chemical species and differing deposition
partial pressure. The growth rate under these con-
ditions was varied from approximately 0.4 nm/s to
1.1 nm/s, with a sample thickness in the range of
0.7 lm to 1.9 lm. Molecular beam epitaxy (MBE)
was used to study ZnTeO growth under low oxygen
partial pressure. MBE growth was performed with a
base pressure near 10-9 Torr at a substrate tem-
perature of 250�C using zinc and tellurium solid
source effusion cells, and a microwave plasma
source to introduce oxygen or nitrogen. Oxygen or
nitrogen flow rates of up to 1 sccm were used, cor-
responding to a partial pressure of up to 10-5 Torr.
ZnTe and ZnTeO samples grown by MBE were
performed on GaAs (001) substrates, providing a
suitable template for zincblende ZnTe with low
concentrations of oxygen or nitrogen. The growth
rate for samples grown by MBE was approximately
0.4 nm/s, with a sample thickness of 1.5 lm.

The structural, chemical, and optical properties of
the ZnTeO thin films were investigated to study the
influence of oxygen incorporation into ZnTe. X-ray
diffraction h–2h scans were used to determine
crystal structure and crystalline orientation. X-ray
photoelectron spectroscopy (XPS) was used to detect
the presence of oxygen, nitrogen, and associated
bonding configurations. Optical reflectance spectra
were used to determine layer thickness and to
approximate optical absorption characteristics.
Optical transmission measurements were per-
formed on samples deposited on c-plane sapphire

substrates to determine optical absorption spectra.
Photoluminescence measurements were also used to
more carefully identify the band edge and associ-
ated spontaneous emission transitions. Photolumi-
nescence measurements were performed with a
HeCd laser operating at 325 nm.

RESULTS

X-ray diffraction measurements for ZnTe samples
grown by PLD and MBE on GaAs (001) are shown in
Fig. 1a and b, respectively. In the absence of oxy-
gen, zincblende ZnTe (001) is observed for both PLD
and MBE growth, corresponding to epitaxial growth
on GaAs (001). The introduction of nitrogen or
oxygen during the PLD process resulted in the
degradation of the ZnTe (002) and (004) crystalline
reflections and the absence of additional peaks that
would correspond to alternative crystalline struc-
tures or orientations. All of the samples grown by
MBE, including those with oxygen and nitrogen
plasma, demonstrated ZnTe (002) and (004) reflec-
tions, indicating a clear ZnTe (001) orientation on
GaAs (001). The introduction of oxygen resulted in a
decrease in the peak intensity and an increase in
the linewidth of ZnTe reflections, indicating some
degradation in crystalline quality. This degradation
in crystalline structure was more pronounced for
samples grown with nitrogen. X-ray diffraction h–2h
scans of ZnTe films grown on c-plane sapphire by
PLD and MBE exhibit different crystalline orien-
tation in comparison with growth on GaAs (001).
ZnTe deposited by MBE on sapphire (0001) with low
oxygen and nitrogen flow exhibited a polycrystalline
material with a dominant zincblende (111) orienta-
tion. ZnTe deposited by PLD under high oxygen and
nitrogen pressure exhibited weak diffraction peaks
corresponding to polycrystalline zincblende mate-
rial, suggesting a low degree of crystallinity and/or
amorphous material. There is no evidence of the
wurtzite structure of ZnTeO for any of the samples
studied.

XPS measurements focusing on tellurium for
samples grown by PLD and MBE are shown in
Fig. 2a and b, respectively. PLD samples deposited
without oxygen or nitrogen show a clear peak cor-
responding to Te 3d 3/2 and 5/2. PLD deposition
under nitrogen ambient shows degradation of these
peaks. PLD deposition under oxygen ambient shows
clear degradation and disappearance of the Te 3d
3/2 and 5/2 peaks, and appearance of TeO2 3/2 and
5/2 peaks, indicating the formation of tellurium
oxide. XPS measurements of all MBE samples
measured indicate the presence of only Te 3d 3/2
and 5/2 peaks, both with and without oxygen
incorporation. No TeO2 3/2 and 5/2 peaks could be
identified for XPS scans on MBE samples, suggest-
ing that tellurium oxide compounds are not formed
under the MBE growth conditions studied.

For PLD samples, estimated from XPS measure-
ment, the stoichiometry of films grown under
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30 mTorr oxygen was Zn:Te:O = 0.49:0.26:0.25. The
stoichiometry of films grown under 100 mTorr oxy-
gen was Zn:Te:O = 0.46 = 0.24:0.31. There is a clear
zinc deficiency for samples deposited under high
oxygen pressure. For oxygen-doped ZnTe films
grown by MBE under all oxygen partial pressure
from 2.0 9 10-7 Torr to 2.0 9 10-5 Torr, oxygen
concentration was too low to be detected by XPS
measurement. Assuming similar incorporation
rates for nitrogen and oxygen, the oxygen concen-
tration in ZnTe grown with 2 9 10-5 Torr oxygen
partial pressure is estimated to be near 1019 cm-3.

ZnTe films deposited under PLD are all highly
resistive. ZnTe films deposited by MBE without
oxygen or nitrogen are slightly p-type with a hole
concentration in the mid 1014 cm-3 range and a
mobility of around 20 cm2/V s. ZnTe films with
oxygen doping by MBE are highly resistive. ZnTe
with a nitrogen doping by MBE is highly p-type
conductive with hole concentration and an electron
mobility of approximately 1.0 9 1019 cm-3 and
40 cm2/V s, respectively.

The samples grown by PLD under varying oxygen
and nitrogen ambient demonstrate dramatic chan-
ges in optical transparency, as shown in Fig. 3a.

Visual inspection of samples grown on sapphire
indicates samples changing from a red color to
increasing transparency for increasing oxygen par-
tial pressure, while becoming increasingly opaque
for increasing nitrogen pressure. Optical reflectance
measurements (Fig. 3b) are consistent with the
changing optical transparency, where reduced
attenuation of interference fringes is observed at
higher energies for increasing oxygen partial pres-
sure. Optical transmission spectra also support
these observations (Fig. 3c), where increasing opti-
cal transparency is observed at short wavelengths
for increasing oxygen partial pressure, and a
decrease in transparency for nitrogen incorporation.
It should be noted that, whereas an optical trans-
parency change is observed for increasing nitrogen
or oxygen pressure, the turn-on characteristic
exhibits a more gradual slope. This behavior will be
addressed in more detail in the ‘‘Discussion’’ section.

The optical transparency of all MBE samples, on
the other hand, demonstrates a shift to lower energy
with respect to undoped ZnTe for both oxygen and
nitrogen incorporation. The observed shifts in opti-
cal reflectance are less dramatic than those
observed for PLD samples. The optical reflectance

Fig. 1. X-ray diffraction h–2h measurements of (a) ZnTe deposition by PLD under varying oxygen and nitrogen partial pressure on GaAs
substrate, (b) ZnTe growth by MBE with and without the introduction of oxygen or nitrogen by a plasma source on GaAs substrate, (c) ZnTe
deposition by PLD under varying oxygen and nitrogen partial pressure on c-sapphire substrate and (d) ZnTe growth by MBE with and without the
introduction of oxygen or nitrogen by a plasma source on c-sapphire substrate.
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spectra for two MBE samples under 0.1 sccm oxy-
gen flow with varying thickness are shown in
Fig. 4a, indicating increased optical attenuation
below the ZnTe band edge for higher sample thick-
ness. Optical transmission spectra of samples with
varying oxygen pressure clearly show increased
absorption at energies below the ZnTe bandgap
(Fig. 4b). In contrast to the gradual shift in trans-
mission observed for PLD samples, oxygen incor-
poration in the MBE samples demonstrates a
resonant-like behavior near 650 nm (1.9 eV).
Transmission curves were used to extract the opti-
cal absorption coefficient. The transmission equa-
tion for a two-layer (ZnTe or ZnTeO/on sapphire
substrate) film can be expressed as

T ¼ ð1� R1TxÞe�ad

1� R1Rxe�2ad
; (1)

where a is the optical absorption coefficient and d is
the layer thickness. The transmission and reflection
components Tx and Rx are then given by

Tx ¼
ð1� R2Þð1� R3Þ

1�R2R3
: (2)

Fig. 2. X-ray photoelectron spectroscopy of (a) ZnTe samples
deposited by PLD under varying oxygen and nitrogen partial pres-
sure and (b) a representative ZnTe sample grown by MBE with
0.1 sccm oxygen flow through a plasma source.

Fig. 3. Optical transparency of ZnTe samples deposited by PLD
under varying oxygen and nitrogen partial pressure as shown by (a)
photograph, (b) reflectance spectra, and (c) transmission spectra.
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Rx ¼ R2 þ
R3ð1� R2Þ2

1� R2R3
: (3)

In Eqs. 1 and 2, R1 = (1 - n1)2/(1 + n1)2, R2 =
(n1 - n2)2/(n1 + n2)2, and R3 = (n2 - 1)2/(n2 + 1)2 are

the interface reflections of air/ZnTe(or ZnTeO), ZnTe
(or ZnTeO)/sapphire, and sapphire/air, respectively,
where n1 and n2 are wavelength-dependent refrac-
tive indices of ZnTe14 and sapphire. The index of
refraction of ZnTeO was assumed to be the same as
ZnTe. The extracted absorption coefficient spectra of
ZnTe and ZnTeO are shown in Fig. 4c.

Photoluminescence spectra were measured for
MBE samples, as shown in Fig. 5. Samples depos-
ited by PLD only demonstrated very weak PL
characteristics, which were degraded further upon
oxygen and nitrogen doping, and were therefore not
studied in this work. MBE samples grown without
nitrogen or oxygen demonstrate a predominant
peak near 2.3 eV, corresponding to the ZnTe band
edge. Emission at longer wavelength, near 1.8 eV, is
also observed and may be attributed to deep-level
defects and/or unintentional background oxygen
incorporation. For ZnTe with nitrogen incorpora-
tion, the band-edge transition becomes broadened
and moves to lower energy near 2.2 eV. The altered
band-edge emission may be attributed to the incor-
poration of nitrogen acceptor states. For oxygen
doping, a dramatic increase in net PL emission is
observed, with a dominant transition near 1.8 eV.
In addition to the dominant peak at 1.8 eV, oxygen
doped samples exhibit a peak at 2.3 eV corre-
sponding to ZnTe, as well as a peak in the 3.0 eV to
3.4 eV range that may be related to the formation of
ZnO or a related ZnOTe alloy.

DISCUSSION

The PLD process, providing conditions of high
oxygen or nitrogen partial pressure, provides dra-
matic changes in optical transparency. These

Fig. 4. Optical transparency of ZnTe samples grown by MBE with
oxygen plasma as shown by (a) reflectance spectra, (b) transmission
spectra, and (c) absorption coefficient spectra extracted from
transmission measurements.

Fig. 5. Room-temperature photoluminescence spectra of undoped,
nitrogen-doped, and oxygen-doped ZnTe.
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changes may be attributed to the formation of
tellurium oxide (oxygen incorporation), or incorpo-
ration of nitrogen acceptors (nitrogen incorpora-
tion). The formation of tellurium oxide is apparent
based on XPS measurements where TeO2 bonding is
observed, increased optical transparency corre-
sponding to the larger bandgap of this material, and
lack of crystal structure observed by x-ray diffrac-
tion. The gradual transmission spectra observed for
oxygen incorporation, and the presence of some
degree of Te 3d bonding in XPS, suggests that these
thin films consist of a composite of both ZnTe and
amorphous TeOx. The formation of crystalline
semiconducting Zn(Te,O) alloys is clearly inhibited
for the PLD process under the conditions studied,
possibly requiring the introduction of reactive oxy-
gen in the form of a plasma source or ozone. How-
ever, the formation of the amorphous ZnTeO
composite may provide a valuable technique for
integrated optical/electronic devices based on this
material system where optically transparent and/or
electrically insulating layers are needed.

The MBE samples studied in this work clearly
show that Zn(Te,O) alloys are achievable in the
ZnTe zincblende crystal structure. X-ray diffraction
measurements indicate slight degradation in the
crystal structure, but this degradation is relatively
minor in comparison with nitrogen doping. XPS
measurements indicate that oxygen incorporation is
primarily due to O-Te substitution, rather than the
formation of TeOx. The resonant-like optical
absorption below the ZnTe band edge for samples
grown with oxygen indicates the presence of an
efficient optical transition corresponding to an
optically active defect level or ZnTeO alloy with
intermediate band or large bandgap bowing. For an
oxygen concentration lower than a threshold
value,15 typically near 1018 cm-3, the oxygen state
is localized. The energy level of the oxygen state is
fixed at 0.4 eV below the conduction band edge
where the energy level is determined by the differ-
ence of electronegativity between atomic oxygen
and tellurium.7,16 With increasing oxygen concen-
tration, oxygen states will be coupled as oxygen–
oxygen pairs, or oxygen clusters17,18 with the energy
level shifting further away from the conduction
band. With a further increase in oxygen concentra-
tion, typically Te/O ratio of 1%, an intermediate
band may be formed whose energy level shifts with
oxygen concentration.11 At higher oxygen concen-
tration, a phase separation is believed to occur due
to the differing crystal structure for ZnTe and ZnO.
Tellurium oxide may also be formed, as demon-
strated in our ZnTeO films grown by PLD. The
extreme case of ZnTeO is tellurium-doped ZnO,
where the valance band of ZnO may be shifted to
higher energy.19 The spectral position of the optical
transition near 1.8 eV observed in optical absorp-
tion and PL spectra for oxygen-doped samples is
consistent with previously reported oxygen defects
in ZnTe.10,11,20,21 Since the maximum oxygen

concentration in our sample is about 1 9 1019 cm-3,
the optical transition in our samples is believed to
result from oxygen pairs or oxygen cluster instead of
the formation of an intermediate band alloy where a
shift with oxygen concentration would be expected.
The large absorption coefficient observed, however,
is more consistent with a higher density of states
than would be typically observed for a defect level
transition. The strong radiative emission and
absorption properties of these ZnTeO thin films is
useful for optical emission or optical conversion
devices, as well as an impurity band or intermediate
band detector that is currently sought for high-
efficiency solar cells.22,23

CONCLUSION

Oxygen incorporation is demonstrated in ZnTe
samples synthesized by PLD and MBE. The high
oxygen partial pressure in the PLD process was
found to result largely in the formation of amor-
phous TeOx, where thin film exhibit increasing
optical transparency in the visible spectral region.
These thin films may find application as electrically
insulating or optically transparent layers for elec-
tronic or optical devices based on ZnTe, ZnO, or
related semiconductor material systems. The low
oxygen content and active oxygen component in the
MBE process was found to result in the formation of
ZnTe with a defect band or intermediate band
0.4 eV below the band edge. The defect or interme-
diate band resulting from oxygen incorporation
exhibits high radiative efficiency and strong optical
absorption properties, and may be useful for optical
emitters/converters or intermediate/defect band
solar cells.
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