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We synthesized ZnO1�xTex alloys with Te composition x< 0.23 by using pulsed laser deposition.

Alloys with x< 0.06 are crystalline with a columnar growth structure while samples with higher Te

content are polycrystalline with random grain orientation. Electron microscopy images show a

random distribution of Te atoms with no observable clustering. We found that the incorporation of

a small concentration of Te (x� 0.003) redshifts the ZnO optical absorption edge by more than

1 eV. The minimum band gap obtained in this work is 1.8 eV for x¼ 0.23. The optical properties of

the alloys are explained by the modification of the valence band of ZnO, due to the anticrossing

interactions of the localized Te states with the ZnO valence band extended states. Hence, the

observed large band gap reduction is primarily originating from the upward shift of the valence

band edge. We show that the optical data can be explained by the band anticrossing model with the

localized level of Te located at 0.95 eV above the ZnO valence band and the band anticrossing

coupling constant of 1.35 eV. These parameters allow the prediction of the compositional

dependence of the band gap as well as the conduction and the valence band offsets in the full

composition range of ZnO1�xTex alloys. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913840]

In recent years, increasing efforts have been devoted to

the search for new photovoltaic materials and designs of new

solar cell structures as the Si-based solar cell technology

approaches its theoretical efficiency limit.1 In order for solar

energy to play a major role in our society, new high effi-

ciency solar cell device structures have to be based on mate-

rials that are earth abundant and non-toxic. Zinc oxide (ZnO)

is particularly attractive due to its natural availability, envi-

ronmental stability, and non-toxic nature. However, because

of its wide band gap and difficulty in achieving stable p-type

electrical conductivity ZnO has only been used in photovol-

taics (PV) as a transparent conductor.2 In order for ZnO

based materials to be useful as PV absorbers, its bandgap has

to be tunable to the near infrared part of the solar spectrum.

An interesting feature of ZnO is that its conduction band

edge is well aligned with the valence band of Silicon, which

makes a natural tunnel junction between n-ZnO and p-Si.

Therefore, with a proper reduction of the band gap, ZnO-

based alloys could be utilized as a top cell in a Si-based tan-

dem solar cell design.2

Previous work3 has reported dramatic modifications in

the electronic band structure of compound semiconductors

resulting from a substitution of the anion atoms by isovalent

elements with significantly different electronegativity and

atom size. In Highly Mismatched Alloys (HMAs), the

extended band states of the host material interact with the

localized states of the substitutional species. The interaction

is well described by the band anticrossing model (BAC).3

The strength of the interaction depends on two factors: (1)

the energy difference between the host band edge and the

substitutional anion energy level; and (2) the difference

between atomic potentials of the host and substituting anion

atoms represented by the coupling parameter in the BAC

model. The BAC framework has been widely used to explain

the modifications of the electronic band structure of HMAs

based on group III–V and II–V compound semiconductors.4,5

Successful band structure modification of ZnO by the

substitution of Selenium (Se) has been demonstrated previ-

ously.6 Thus, for a ZnOSe alloy with 12% of Se, an experi-

mental band gap of 2.05 eV was obtained. Since the

difference in electronegativity between Tellurium (Te) and

Oxygen (O) is much larger than that between Se and O, the

BAC model predicts that substituting O with Te in ZnO

should have an even larger effect on the electronic band

structure and should result in a larger reduction of the

bandgap.

In this work, we report the structural and optical proper-

ties of ZnO1�xTex HMA with x ranging from 0 to 0.23 syn-

thesized by pulsed laser deposition (PLD). The BAC model

explains the band structure dependence on the alloy compo-

sition. The model predicts the band gap and band offset of

this alloy across the whole composition range. Our results

suggest that the band gap of this alloy spreads a wide spec-

trum from UV to IR range. Consequently, the synthesis of

ZnO1�xTex opens up possibilities of different solar energy

conversion technology for this ZnO-based alloy.

ZnO1�xTex films were deposited on glass substrates by

PLD using a KrF laser (k¼ 248 nm), with 20 ns laser pulse

duration. The laser fluence used in this work ranged from 2.3

to 4 J/cm2 with laser spot size of 6 mm2 and a laser repetition

0003-6951/2015/106(9)/092101/5/$30.00 VC 2015 AIP Publishing LLC106, 092101-1
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rate of 5 Hz. All films were deposited at a substrate tempera-

ture of 200 �C in vacuum (low 10�7 Torr). The substrate to

target distance was kept at 9.5 cm for all depositions. In this

work, cold-pressed 1 inch pellets with the following compo-

sitions were used: ZnO, with 0, 1.4%, 5.6%, 8.6%, 12%, and

23% ZnTe.

The film thickness and Te content for these samples were

measured by Rutherford Backscattering (RBS) using a 3 MeV

He2þ ion beam. RBS only measures the total Te content in the

film, not necessarily the substitutional Te incorporated in the

O sublattice. The amount of substitutional Te in the film was

deduced from the lattice parameter of the ZnO1�xTex films

measured by the x-ray diffraction (XRD). The measured

ZnO1�xTex lattice parameter is then linearly interpolated

between the lattice parameter of the pure ZnO and the pure

ZnTe. The optical absorption coefficient of the ZnO1�xTex is

deduced from transmission and reflection measurements per-

formed by using a Perkin Elmer Lambda 950 photospectrome-

ter in the wavelength ranging from 250 nm to 2500 nm.

Transmission Electron Microscopy (TEM) of cross-

sectioned samples was used to determine the microstructure

and chemical distribution of the atomic species within the

grown layer. Electron transparent samples were prepared by

mechanical polishing followed by Ar ion milling at liquid

nitrogen (LN) temperature. Samples were gently plasma

cleaned before being analyzed by a FEI Titan microscope

equipped with a Bruker EDS windowless Silicon drift detec-

tor (SDD) and high-angle annular dark-field detectors.

Elemental maps using energy-dispersive x-ray spectroscopy

(EDX) were acquired concurrently with High-Angle Annular

Dark-Field (HAADF) images. Selected Area Diffraction

(SAD) patterns were taken with JEOL 3010 microscope

using a diffraction aperture with a 200 nm diameter.

Figure 1(a) shows the (0002) XRD diffraction peaks of

ZnO1�xTex films with RBS measured Te content ranging

from 0% to 6%. The inset presenting the full range of the

XRD pattern from a 1.2% Te film shows only a strong

(0002) diffraction peak of ZnO1�xTex. It suggests that the

films have a single phase with c-axis preferred orientation.

We note that for samples with 12% and 23% of Te the films

become polycrystalline with random grain orientation so that

the (0002) peak is absent. The monotonic shift of the (0002)

peak to lower diffraction angle with increasing Te content

suggests that the lattice parameter of the alloy increases with

Te content. This increase in lattice parameter is consistent

with increasing amount of Te substituting the O sublattice in

ZnO. Figure 1(b) shows the dependence of substitutional Te

in ZnO1�xTex films as estimated by the shift in the XRD

peak with the total Te content measured by RBS for samples

with less than 6% Te. The linear relationship shown in

Figure 1(b) indicates the majority of the Te atoms in the film

substitute O in the ZnO lattice. We also point out that such

comparison becomes difficult for samples with higher Te

content where the (0002) peak is absent due to much smaller

grain size and more random grain orientation.

Results of TEM studies on the microstructures of a

ZnO1�xTex sample with 4.5% of Te are presented in

Figures 2(a)–2(c). Cross-sectional TEM micrograph in

Figure 2(a) shows a 80 nm thick film with a columnar-like

structure (columns of about 7 nm, see Figure 2(b)). A co-

lumnar grain growth agrees with the preferred c-axis pre-

ferred orientation observed in the XRD. A SAD pattern

(Figure 2(c)), taken from the whole layer shows a dotted

ring pattern, corroborating a random distribution of these

columns. Calculations of lattice parameters using the SAD

patterns show agreement with ZnO hexagonal structure.

The arrowhead #1 indicates a set of planes (100), (002), and

(101) with lattice parameters of 2.821, 2.582, and 2.49

(65%) Å, respectively.

A HAADF image of the same sample (4.5% of Te)

along with the chemical maps of Zn and Te within the film is

presented in Figures 2(d)–2(f). The homogeneous distribu-

tion of the chemical species shown in Figure 2(c) suggests

that the sample is a random alloy of ZnO1�xTex with no

observable Te clustering. The overall Te content measured

by EDX agrees with that obtained by RBS.

Similar structural and compositional analyses were per-

formed on the sample with Te concentration of 12%. Cross-

sectional TEM micrograph in Figure 3(a) shows a 40 nm

thick film with a polycrystalline-like structure—shown in

FIG. 1. (a) XRD pattern of ZnO1�xTex alloy with x ranging from 0 to 0.059. The addition of Te into the ZnO lattice causes a shift of the (0002) diffraction

peak to smaller angles, indicating that the Te atom enlarges the d spacing in the ZnO lattice. The lower inset shows a broader range 2h ranging from 20� to

70�, showing that the (0002) peak is the only observable diffraction peak of this alloy. (b) A comparison between the substitutional Te % deduced from XRD

and the total Te % measured by RBS for Te< 6%. The proximity of the data points to the diagonal line (100% substitutional Te in ZnO lattice) indicating that

the substitutional rate of Te in ZnO lattice is reasonable high.

092101-2 Ting et al. Appl. Phys. Lett. 106, 092101 (2015)



detailed in Figure 3(b). A SAD ring pattern with decreasing

number of dots within the rings shown in Figure 3(c) con-

firms the disordered structure of the film. Measurements of

lattice parameters agree with ZnO polycrystalline structure.

Experimental values for the set of planes (100), (002), and

(101) indicated by the arrowhead #2 are 2.791 Å, 2.6075 Å,

and 2.490 Å (65%), respectively.

Figures 3(d)–3(f) present a HAADF image along with

the chemical maps of Zn and Te within the 12%Te film. It is

important to notice here that, even with this considerably

larger amount of Te content, the elemental maps still show a

homogeneous distribution of the chemical species as

observed in the 4.5% Te film.

Optical absorption coefficient (a) spectra of six

ZnO1�xTex films with x ranging from 0 to 0.23 are shown in

Figure 4. A PLD grown pure ZnO shows a sharp onset of a
at �3.25 eV, which agrees with the optical band gap of ZnO

reported in the literature.13 When a small amount of Te is

introduced in ZnO, absorption of photons with energy

smaller than the ZnO optical band gap is observed. At

x¼ 0.03, an onset of photon absorption edge is observed al-

ready at �2.2 eV. The low energy photon absorption

increases with the increase of Te incorporation in the film.

To explain these results, we have adopted a simplified ver-

sion of the valence band anticrossing (VBAC). By assuming

a weak interaction between the fully occupied valence bands,

we decoupled the full 6� 6 Hamiltonian from the k � p for-

malism7 into three non-coupled 2� 2 problems. A similar

approach has been adopted previously in describing the

VBAC interaction in the ZnO1�xSex alloy.6 The dispersion

relations can then be described in the following equation:3

E6 kð Þ ¼ 1

2
E kð Þ þ ETe½ �6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E kð Þ � ETe½ �2 þ 4C2x

q� �
; (1)

FIG. 2. (a)–(c) Structural characteriza-

tion of the sample with 4.5% of Te.

(a) X-section micrograph showing a

columnar-like film with 80 nm of thick-

ness. (b) Shows in detail a columnar

grain (5 nm) taken from an area in the

middle of the layer. The diffraction pat-

tern (c) presents a dotted-ring pattern

(arrowhead 1 points at the strong (100),

(002), and (101) set of planes). (d)

HAADF image of the same sample

along with the chemical maps of (e) Zn

and (f) Te.

FIG. 3. (a)–(c) Structural characteriza-

tion of the sample with 12% of Te. (a)

X-section TEM micrograph showing a

growth of 40 nm thick film with a

polycrystalline-like structure, detailed

on (b). Diffraction pattern on (c) con-

firms the disordered film by showing a

ring pattern with faint dots within the

rings (arrowhead 2 points at the strong

(100), (002), and (101) set of planes).

(d) HAADF image along with the

chemical maps of (e) Zn and (f) Te

within the 12%Te film.

092101-3 Ting et al. Appl. Phys. Lett. 106, 092101 (2015)



where ETe is the Te deep level above the ZnO valence

band, EðkÞ is the dispersion of the ZnO valence band, and

CTe is the coupling parameter describing the interaction

strength between the extended valence band states and the

localized Te states. It is important to note that x is the frac-

tion of substitutional Te on O sites rather than total Te

content.

In addition, because the p-like states of the heavy ele-

ment Te have a relatively large spin-orbit splitting energy,

we therefore included optical transitions from the spin-orbit

split Te band to the conduction band.6,8 Consequently, the

absorption spectrum for a ZnO1�xTex alloy film consists of

three optical transitions: (i) from the Te derived band to the

conduction band denoted as ½EþðkÞ�, (ii) from the Te spin or-

bital band to the conduction band denoted as ½ESOðkÞ�, and

(iii) from the ZnO matrix-like valence band to the conduc-

tion band denoted as ½E�ðkÞ�.
Also, to account for the band broadening inherent to the

BAC model,4 we convolve the optical joint-density of states

(JDOS) with a Gaussian function at each wave vector k. As a

result, the optical absorption coefficient from a single va-

lence band, e.g., ½EþðkÞ�, can be written as an integral of the

JDOS with respect to k,

gþ �hxð Þ ¼
ð
�sin

h
2

� �� �2
1

D
ffiffiffiffiffiffi
2p
p

� exp � �hx� EC kð Þ � Eþ kð Þ
	 
� �2

2D2

 !
k2dk; (2)

where the [EC(k)] is the conduction band dispersion, the first

term under the integral represents the fraction of the contri-

bution of the delocalized states to the optical transition,9

where

h kð Þ ¼ tan�1 2C
ffiffiffi
x
p

E kð Þ � ETe

� �
; (3)

and D is the broadening parameter.

The expression for the total absorption coefficient

includes the three transitions discussed above, with each

transition weighted by their degeneracy factor

a �hxð Þ ¼ a0

2

3
gþ �hxð Þ þ 1

3
gþ;so �hxð Þ þ g� �hxð Þ

� �
; (4)

where a0 is an overall scaling constant, which we obtained

by fitting the optical absorption spectrum of ZnO.

The total calculated absorption coefficients are shown as

dashed lines in Figure 5. The inset of Figure 5 shows the total

calculated absorption spectrum of a sample with x¼ 0.04

together with contributions from each of Eþ, E�, and ESO

transitions. By fitting the experimentally measured absorption

coefficient for the ZnO1�xTex samples with BAC calcula-

tions, we determined the VBAC parameters: CTe¼ 1.35 eV,

ETe¼ 0.95 eV, and the band broadenings ranges from

D� ¼ 0.1–0.9 eV, Dþ ¼ 0.3–0.4 eV, and DSO¼ 0.4–0.5 eV.

Comparing the VBAC parameters obtained for

ZnO1�xTex with those previously reported for ZnO1�xSex,6

we observe that CTe (1.35 eV) is larger than CSe (1.2 eV).

Since the mismatch in electronegativity and size between Te

and O is much larger than that between Se and O, a stronger

disruption in the potential energy in the ZnO lattice is

expected.

Combining the VBAC parameters obtained in this work

with the conduction band anticrossing (CBAC) parameters

obtained in Refs. 10 and 11, we have calculated the composi-

tion dependence of the CBE and the VBE in ZnO1�xTex

alloy across the whole composition range. The calculations

were done using the compositional weighting procedure

proposed in Ref. 12. The results are shown in the inset of

FIG. 4. Fitting of measured absorption coefficient of ZnO1�xTex alloy with

BAC calculation of x ranging from 0 to 0.23. The colored circles are the ex-

perimental measurements, the black dashed lines are the BAC calculation

result. The top inset shows the contribution of the individual E�, Eþ, Eso

band to the total absorption coefficient.

FIG. 5. The predicted fundamental band gap (solid magenta line) of the

ZnO1�xTex alloy across the whole composition range, while the inset shows

the calculated band edges. For the VBAC, the Te level and coupling parame-

ter are 0.95 eV and 1.35 eV, respectively. For the CBAC, the O level and

coupling parameter are 0.2 eV and 2.7 eV, respectively. The black triangle

data points are obtained by fitting the measured absorption coefficient with

the BAC calculation (as shown in Figure 4) in this work, while the rest of

the data points on the high Te content range (x> 0.9) are from Refs. 5

and 10. The y error-bar �0.1 eV is obtained from the graph fitting adjust-

ment. The abrupt reduction in the band gap at low Te contents is associated

with the appearance of the Te derived Eþ band at 0.95 eV above the ZnO

valence band.

092101-4 Ting et al. Appl. Phys. Lett. 106, 092101 (2015)



Figure 5. The BAC calculations reveal that the drastic band

gap reduction on the O-rich side is primarily due to the

upward shift of the valence band caused by the interaction

with the Te deep level. The upward shift of the valence band

is experimentally confirmed with X-ray photoelectron spec-

troscopy (XPS) results.

The black triangles in Figure 5 represent the Eþ value at

k¼ 0, determined from the VBAC fitting of the absorption

coefficient. The band gap of the samples with x¼ 0.12 and

0.23 are larger than the band gap predicted by the BAC

model. One possible explanation of this discrepancy could

be that Te concentration for these two samples represents the

total Te content measured by RBS. The substitutional frac-

tion of Te could not be determined because the (0002) XRD

diffraction peak was not observed for these two samples.15

The values of the optical gaps seem to indicate that the sam-

ples with total Te concentration of 12% and 23% have,

respectively, only 9% and 12% of Te substituting O sites.

This suggests a gradual decrease of the solubility of substitu-

tional Te in ZnO even at our low growth temperature of

200 �C. We also point out that the calculated bandgap de-

pendence on x shown in Figure 5 is a composition weighted

interpolation of the BAC models for O-rich and Te-rich sides

and thus is expected to be less accurate for the alloys in the

middle range of compositions. It should be noted that our

determination of the band gaps is not affected by the

Burstein Moss shifts as the alloy samples were insulating for

all composition with exception of pure ZnO that had electron

concentration of only 8.8� 1018 cm�3.

The results in Figure 5 show that ZnTexO1�x with

x¼ 0.14 has the direct energy gap of about 1.7 eV and the

CBE energy at about 5.1 eV below the vacuum level. This

provides a very good match for a top sub-cell on a Si-based

double junction tandem as it divides the solar spectrum in

two equal parts and provides good band alignment with the

VBE of Si located at 5.3 eV below the vacuum level. Also, it

is now well recognized that the difficulty in p-type doping

ZnO originate from the low location of the VBE at more

than 8 eV below the vacuum level.14 The rapid, Te-induced

upward shift of the VBE offers an interesting potential of

realizing the p-type doping in material with low Te content.

In conclusion, guided by the BAC we have demon-

strated a way to reduce the band gap of ZnO to the visible

range by alloying with Te. An alloy with a total of 23% Te

content has a band gap of only 1.8 eV. Fitting the absorption

coefficient of this system, we have determined the BAC cou-

pling parameter and the Te localized level within the ZnO

band gap. This can be used to predict the energies of the CB

and the VB edges relative to the vacuum level. The large,

Te-induced upward shift of the VBE in ZnOTe offers an

interesting opportunity for energy conversion applications of

this HMA.

This work was supported by the Director, Office of

Science, Office of Basic Energy Sciences, Materials

Sciences and Engineering Division and National Center for

Electron Microscopy/LBNL, under Contract No. DE-AC02-

05CH11231.
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