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This study investigates the recombination dynamics in highly mismatched ZnTeO alloys using

time-resolved photoluminescence (PL) spectroscopy. The large PL energy redshift with increasing O

content and the disappearance of the ZnTe emission verify the O-induced conduction band anticrossing

effect. The incorporation of O generates electron localization below the E� conduction subband tail,

which provide additional optical transitions and cause complex recombination mechanisms.

Photoexcited free electrons in both the Eþ and the E� conduction subbands favor rapid relaxation to

low energy states. Additionally, temperature-independent long carrier lifetimes (>130.0 ns) that are

induced by localized electrons increase with O concentration. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4858968]

Dilute II-VI oxide semiconductors whose constituent

anions are partially substituted by isovalent oxygen atoms of

distinctly different electronegativity and size are commonly

referred to as highly mismatched alloys (HMAs). ZnSeO and

ZnTeO are the most widely studied examples of such HMAs,

exhibiting multiple band gaps and giant band gap bowing.1–8

The unusual energy band structures of these HMAs arise from

the anticrossing interaction between the defect states of the

substitutional minority O anions and the extended states of the

host semiconductor matrix.4,9 Since the electronegativity of

the incorporated O atoms exceeds those of the host Se and Te

atoms, isovalent defect states form near the conduction band

edge (CBE). Accordingly, the interactions that occur in

ZnSeO and ZnTeO are thought to be CB anticrossing (CBAC)

such that the CB splits into two subbands (Eþ and E�) with

highly nonparabolic dispersion relations.4,9 In ZnSeO, the O

defect state is located within the CB of ZnSe, so a wide lower

E� band is formed through the anticrossing effect. However, a

narrow lower band can be formed only if the defect state lies

well below the CBE, and this situation occurs in ZnTeO.4

Additionally, the strength of the anticrossing depends on the

mismatch of electronegativities, which is more pronounced in

ZnTeO than in ZnSeO because the mismatch between O and

Te (DX¼ 1.4) exceeds that between O and Se (DX¼ 1.1).

Therefore, in ZnTeO, the naturally formed narrow E� band is

highly separated from the higher-lying Eþ subband and acts

as an intermediate band (IB), which provides additional opti-

cal transitions.

The IB concept was proposed as a solution to the effi-

ciency problem because a partially filled narrow band that is

isolated from the valance band (VB) and CB of a host semi-

conductor would allow the absorption of sub-bandgap energy

photons. For photovoltaic solar cells, this process would result

in the creation of additional electron-hole pairs and, in

principle, an increase in the photocurrent without a decline in

the open circuit voltage. Recently, Tanaka et al. demonstrated

that the optical transitions that correspond to the Eþ and the

E� conduction subbands in ZnTeO (0.04%�O� 1.34%)

films agree excellently with the BAC model and illustrate

the proposed energy conversion mechanism for an interme-

diate band solar cell (IBSC).7 They also presented strong

experimental evidence for the generation of photocurrent

by two-photon excitation in ZnTeO-based IBSC structures.8

A solar cell with the IB as the stepping stone is essential for

the realization of a highly efficient IBSC with a thermody-

namic efficiency limit of 63.2%, which compares favorably

with the Shockley-Queisser limit of 40.7% for a single

band solar cell at optimal concentrations.10,11 However,

greater absorption of photons does not necessarily mean a

larger photocurrent because rapid radiative and nonradia-

tive recombination processes occur. Although much effort

has been made to engineer the electronic band structures of

ZnTeO, the details of the dynamics of carrier generation

and recombination via the IB in this complex system

remain unexplored. This study comprehensively investi-

gates the emission and carrier decay dynamics in ZnTeO

using temperature-dependent photoluminescence (PL) and

time-resolved PL (TRPL) spectroscopy, which are of great

importance for fundamental science and of particular rele-

vance to the IBSC.

ZnTeO (O¼ 0.43, 0.77, and 1.09%) films were grown by

radical source molecular beam epitaxy on ZnTe (001) sub-

strates, following a procedure that has been published previ-

ously.7 The thickness of all films was 0.6 lm. Their O content

was determined by high-resolution X-ray diffraction (XRD)

analysis, as described elsewhere.7 PL and TRPL were excited

using 200 ps pulsed laser diodes (377 or 638 nm/2.5 MHz/1

mW). A 377 nm continuous wave laser was used to make ex-

citation power-dependent PL measurements. The PL and

TRPL signals were dispersed using a Horiba iHR320 spec-

trometer with a 1200 g/mm grating and detected using an
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LN2-cooled InGaAs photodiode and an Si photon-counting

avalanche photodiode. The decay traces were recorded by

time-correlated single photon counting (Time-Harp,

PicoQuant).

Figure 1(a) shows the PL spectra of ZnTeO (O¼ 0.43,

0.77, and 1.09%) at 10 K. Notably, the spectra were obtained

under an excitation energy of 3.29 eV (377 nm laser), which

is well above the ZnTe band gap (�2.37 eV at 15 K)12 and

the ZnTeO Eþ-VB transition (>2.40 eV at 10 K).7 However,

Fig. 1(a) presents only broad multi-peak emissions below

2.00 eV. Such broad emissions cannot be simply attributed to

the direct E�-VB transition. Additionally, as the O content

increases, the PL emissions shift rapidly downward in

energy. The large PL energy redshift and the lack of ZnTe

near-band-edge (NBE) emission upon the incorporation of O

are strong evidence of the O-induced CBAC effect in

ZnTeO. Accordingly, the absence of the Eþ-VB transition in

ZnTeO is attributable to the fast electron relaxation from the

Eþ to the E� or lower energy states and will be discussed

later. Figure 1(b) shows the excitation power-dependent PL

spectra of ZnTeO (O¼ 1.09%) at 10 K. The PL peaks are

redshifted by �100 meV and exhibited asymmetric band-

width broadening as the laser power is reduced by two orders

of magnitude. The huge PL peak energy redshift with

decreasing power reveals that the density of states exhibits

an exponential tail, which arises from O clustering or alloy

fluctuations, indicating possible carrier localization. These

results are highly consistent with the variance of O concen-

tration in ZnTeO films that was determined by XRD and sec-

ondary ion mass spectroscopy because the O atoms are

incorporated not only at substitutional sites but also at inter-

stitial sites as O clusters.7 Similar results were obtained from

the other two samples over the same range of excitation

power, revealing that the broad multi-peak emissions of

ZnTeO are attributed to localized excitons. The electronic

states that correspond to O provide a means to trap electrons

from the Eþ and the E� conduction subbands, and local

regions of higher O concentration are associated with trap-

ping states (traps hereafter) of lower energy and larger local-

ization energies.

To gain insight into the recombination dynamics of

ZnTeO, Fig. 2(a) shows the TRPL spectra at 10 K. Clearly,

the PL lifetimes increase with the O content and are in the

range of several tens to a few hundreds of nanoseconds. The

PL decay traces exhibit nonsingle exponential decay and can

be decomposed into an initial fast decline and a curved slow

tail. The fast component exhibits mono-exponential decay,

while the slow component cannot be traced by a single-

exponential function. This behavior implies unusual (long

decay lifetimes) and complex (curved slow profile) carrier

decay dynamics in ZnTeO. To analyze the TRPL data, a

four-level rate equation model, schematically depicted in

Fig. 2(b), was first adopted. However, the standard analysis

procedure fails to correlate well with the curved slow decay

component, implying a wide and continuous distribution of

O traps. Therefore, to obtain a more quantitative measure of

the decay behavior, the decay curves are all fitted using the

exponential equation, IðtÞ ¼ I1e�ðt=s1Þ þ I2e�ðt=s2Þb . The

stretching exponent, 0< b� 1, is basically a measure of the

relaxation rates that are involved in the PL decay process,

where a smaller b represents a broader distribution of rates.

Table I summarizes the decay coefficients that are derived

from the fits to experimental data. Increasing the O concen-

tration markedly increases s2 and reduces b. These phenom-

ena are signatures of II-VI HMAs due to the increasing

number of additional decay paths for electrons, implying that

the slow decay originates in localized excitons.3,13

Moreover, increasing the O content substantially reduces/in-

creases the magnitude of the fast/slow decay component

(I1/I2). These facts reveal that the entire PL decay profile

FIG. 1. (a) PL spectra of ZnTeO (O¼ 0.43, 0.77, and 1.09%) under 377 nm

excitation. (b) Excitation power-dependent PL spectra of ZnTeO

(O¼ 1.09%) with peak positions indicated.

FIG. 2. (a) TRPL spectra of ZnTeO (O¼ 0.43, 0.77, and 1.09%) obtained at

PL peaks under 377 nm excitation. Inset shows TRPL spectrum of ZnTeO

(O¼ 1.09%) on a double logarithmic scale. (b) Schematic energy band dia-

gram and associated optical transitions of ZnTeO. For simplicity, only one

O trapping state is considered.

TABLE I. Fitting parameters of TRPL spectra in Fig. 2(a). In and sn are

amplitudes as percentages of the total signal and PL lifetimes, respectively,

for n¼ 1 and 2.

O content (%) I1 (%) s1 (ns) I2 (%) s2 (ns) b

0.43 60 3.6 40 29.0 0.70

0.77 20 6.0 80 106.5 0.62

1.09 5 6.3 95 134.8 0.52

261905-2 Lin et al. Appl. Phys. Lett. 103, 261905 (2013)
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gradually becomes a simple stretched exponential decay,

IðtÞ ¼ I0e�ðt=sÞ
b
, in which the decay curve on a double loga-

rithmic scale is a straight line, as is the case for ZnTeO

(O¼ 1.09%), displayed in the inset in Fig. 2(a).

Figure 2(b) shows the energy band diagram and the

associated optical transitions of ZnTeO. Under 377 nm exci-

tation, the initial fast decay of ZnTeO can be ascribed to the

following effects. (i) The radiative recombination of elec-

trons directly from the E� to the VB (channel IV). (ii) The

radiative recombination of electrons directly from the

high-energy O traps (electrons that do not hop toward

low-energy traps) to the VB (channels VI). The nonradiative

recombination is negligible since the PL is dominated by the

radiative recombination at low temperature. The direct

E�-VB transition could occur only in ZnTeO (O¼ 0.43%)

because its PL emission at high energy shoulder is close to

the transition edge. To verify this claim, Fig. 3(a) shows the

TRPL spectra of ZnTeO (O¼ 0.43%) at various monitored

energies. Obviously, the decay time from the slow compo-

nent sharply falls as the monitored energy increases, while

that from the fast component is insensitive to energy. The

values of s1, s2, and b are 1.7/5.8 ns, 10.4/83.5 ns, and

0.72/0.52, respectively, at 1.83/1.28 eV. This behavior

implies that the electrons transfer from shallow to deep O

traps.3,13 Moreover, monoexponential decay dominates the

overall PL decay profile at high energy, becoming even more

pronounced upon the recording of the high-energy emis-

sions. The above results confirm the contribution of the

E�-VB transition in ZnTeO (O¼ 0.43%), which is responsi-

ble for the huge initial rapid decay, as shown in Fig. 2(a).

Hence, the recombination of electrons directly from the

higher lying O traps to the VB is the main cause of the initial

fast decay in ZnTeO (O¼ 0.77 and 1.09%).

The TRPL spectra of ZnTeO (O¼ 0.77%) at 10 K under

377 and 638 nm excitation, shown in Fig. 3(b), further con-

firm the aforementioned fast carrier decay. Clearly, the spec-

trum obtained under 638 nm excitation exhibits faster initial

decay and a larger initial decay component than that

obtained using the 377 nm laser. Restated, the initial fast

decay is greatly suppressed under 377 nm excitation. Similar

results were observed in ZnTeO (O¼ 0.43 and 1.09%).

These phenomena are attributable to the feeding of photo-

excited electrons from the Eþ to low-energy states [channels

II and III in Fig. 2(b)], which increases the carrier delay

times of channels IV and VI during the first few nanoseconds

following excitation. These results further verify the rapid

electron relaxation from the Eþ to the E� or lower-energy

states, which is responsible for the absence of the PL emis-

sion associated with direct Eþ-VB transition [channel I in

Fig. 2(b)].

To clarify further the dependence of the carrier dynam-

ics in ZnTeO on temperature, Fig. 4(a) shows the

temperature-dependent PL spectra of ZnTeO (O¼ 1.09%)

with peak positions indicated. As the temperature increases,

the PL peaks shift monotonically toward lower energies;

these shifts are accompanied by asymmetric bandwidth

broadening. The PL peaks are redshifted by �170 meV

(10–120 K), which is larger than the shift of ZnTe NBE

emission (�120 meV; 15–300 K).12 This feature is typical of

carrier localization in a variable potential that is formed by

the distribution of O traps. Above 70 K, the low-energy peak

suddenly appears, which demonstrates that some of the

trapped electrons gain extra energy to transfer into deeper O

states. Figures 4(b) and 4(c) show the temperature-dependent

TRPL spectra of ZnTeO (O¼ 1.09%) obtained under 377

and 638 nm excitation, respectively. Surprisingly, as

revealed by Fig. 4(b), the decay curves are almost identical

throughout the temperature range, except for their emission

intensities. However, in Fig. 4(c), under 638 nm excitation,

the initial fast decay, which is very strongly suppressed

under 377 nm excitation, increasingly dominates the entire

PL decay as the temperature increases. However, the slow

decay remains almost unchanged. All of the studied ZnTeO

films exhibit similar behavior. Notably, the excitation source

is fixed at low power (�1 mW) throughout this work, and

spectra at higher temperatures can be obtained using high-

power lasers. The huge PL decay upon increasing tempera-

ture can be readily understood as follows. In ZnTeO, the

photoexcited electrons are localized in the nearest potential

O traps, while holes are more weakly bound by a Coulomb

force. As the temperature increases, the majority holes tend

FIG. 3. TRPL spectra of (a) ZnTeO (O¼ 0.43%) for monitored energies

from 1.83 to 1.28 eV under 377 nm excitation and (b) ZnTeO (O¼ 0.77%)

monitored at PL peak under 377 and 638 nm excitation.

FIG. 4. (a) Temperature-dependent PL spectra of ZnTeO (O¼ 1.09%) under

377 nm excitation and corresponding TRPL spectra obtained at PL peaks

under (b) 377 nm and (c) 638 nm excitation. Spectra in (b) at various temper-

atures are vertically shifted for clarity.
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to reach an equilibrium distribution between the negative

charged O traps and the VB. Thus, the weakly bound holes

are away from the strongly localized electrons. Since the PL

intensity falls, it is concluded that the thermally delocalized

electrons recombine rapidly with the ionized holes nonradia-

tively. Restated, these experimental results indicate the

emergence of thermally induced nonradiative recombination

channels, which trigger the ultra-fast decay at high tempera-

tures. This phenomenon is undoubtedly a major deficiency

inherent in the material that is responsible for the still low

conversion efficiency in ZnTeO-based IBSC to date.

In summary, this study investigated the time-resolved

carrier dynamics in ZnTeO at various excitations energies

and temperatures. The incorporation of O generates a wide

distribution of electron localization below the energy of the

E� conduction subband, and these cause broad PL emission

and serve as another IB. Decay curves that are induced by O

traps exhibit nonsingle yet stretched exponential decay, and

the corresponding temperature-independent long radiative

lifetime (�135.0 ns for O¼ 1.09%) increases with O concen-

tration. However, electrons in both the Eþ and the E� bands

favor rapid relaxation to low energy states due to the intrin-

sic p-type behavior of ZnTeO and the emergence of O traps.

Moreover, thermally induced rapid nonradiative recombina-

tion dominates carrier decay at high temperatures. These ex-

perimental results indicate that the recombination dynamics

and carrier lifetimes of intermediate bands in ZnTeO can be

engineered further by additional O and electron doping,

which are now in progress.
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