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1. Introduction

Zinc germanate oxide, Zn2GeO4, has recently emerged as an attrac-
tive white light emitter, with improved optical and electrical prop-
erties over ZnO or other related wide bandgap semiconductors.[1–3]

In particular, broad visible emission bands have been reported in
Zn2GeO4 micro- and nanomaterials with several morphologies,
such as microrods, nanowires, or nanoparticles, and attributed to
recombinations between oxygen vacancies (VO)- and cation vacan-
cies (VGe,VZn)-related electronic states in thematerial.[4,5] Zn2GeO4

has also proposed as active material in solar-blind photodectectors
due to its huge bandgap (Eg¼ 4.6 eV at room temperature [RT]).[6,7]

In principle, the wide bandgap would also allow for ultraviolet (UV)
luminescence; however, the UV emission has been scarcely

reported in the literature.[5] One of the rea-
sons could be that most of works make
use of a 325 nm (3.8 eV) laser, whose photon
energy lies below the Zn2GeO4 bandgap.
Hence, high-energy photons in the UV-C
range, electrons, or X-ray could be
suitable excitation sources for UV emission.
Recently, the electronic states in defect-free
and defective Zn2GeO4 (O, Ge and Zn vacan-
cies, and zinc interstitials) have been calcu-
lated via the density-functional theory
(DFT) method.[8] The results show that VO
defects generate electronic states forming a
broad donor level (0.3 eV width) very close
to the conduction band (4.2 eV from the
valence band) while zinc interstitials (Zni)
lead to a narrow donor level at 3 eV above
the valence band (VB). These energy
levels could provide UV luminescence in
Zn2GeO4.

In contrast, the influence of growth conditions on the
equilibrium defect concentration and samples architecture
has been appeared to play a critical role in the luminescence
properties of Zn2GeO4.

[4,9–12] Thermal annealing of precursor
materials containing Zn and Ge has been revealed as
an effective method to produce high-quality crystalline
Zn2GeO4 microrods and nanowires under the vapor–solid
mechanism.[5,13] In particular, luminescence in the UV and
in the visible range depending on the probe energy, above of
below the energy bandgap, has been observed in Zn2GeO4

microrods synthetized by a thermal treatment of a mixture
of ZnO and Ge.[8] One of the key parameters in this case is
the ratio between the precursors in the initial mixture.
Actually, two UV photoluminescence (PL) bands have been
reported in Zn2GeO4 microrods obtained by a thermal anneal-
ing of a ZnO:Ge:C mixture with a 2:1:2 ratio, attributed to the
electrons recombination from VO and Zni defect levels to VB
holes, respectively, under aforementioned bandgap excitation
conditions.[5,8]

In this work, the UV luminescence bands in Zn2GeO4 micro-
rods obtained from ZnO:Ge and ZnO:Ge:C precursor mixtures
in a 1:1 and 2:1:2 weight ratio, respectively, are studied by means
of the temperature dependence study of the steady and time-
resolved photoluminescence (TR-PL) spectra. A higher concen-
tration of ZnO in the initial mixture leads to UV luminescence
up to RT, while the other one exhibits a thermal quenching of the
UV emission. The kinetics of the UV luminescence band as
a function of temperature is discussed in terms of the non-
radiative channels that can be deduced from the Arrhenius
plot of the PL intensity and lifetime decay in both cases.
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Zn2GeO4 microrods obtained by thermal evaporation of a compacted powder
mixture of ZnO and Ge exhibit quite intense UV luminescence at low
temperatures. Herein, the luminescence properties of Zn2GeO4 microrods are
studied for 2:1 and 1:1 ZnO:Ge ratio in the precursor mixture. In both cases,
Zn2GeO4 microrods of high crystal quality produce a 355 nm emission under
aforementioned bandgap excitation conditions at low temperatures. However,
this emission vanishes at room temperature (RT) in the 1:1 samples while
it is kept in the 2:1 ones. Herein this work, the thermal quenching of the
UV luminescence is studied by means of steady and time-resolved photo-
luminescence techniques from 4 K up to RT for both Zn2GeO4 microrods. The
analysis of the results leads us to conclude that although the luminescence
mechanisms are the same in both cases, a higher decay rate is observed in the
1:1 in both intensity and lifetime, which explain the observed thermal
quenching at RT.
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2. Thermal Quenching in Zn2GeO4 Microrods

2.1. Zn2GeO4 Microrods: Different Precursor Ratio

ZnO:Ge (1:1) precursors produces a huge white mat of struc-
tures after the dynamic thermal annealing that fully cover the
substrate, as it can be observed in the optical image and in the
secondary electron (SE) image of Figure 1a. The thermal treat-
ment of the T(21) pellet produces as well similar Zn2GeO4

microrods; however, the density of microstructures over the
pellet is lower than in T(11). Figure 1b,c shows SE images with
the detail of some Zn2GeO4 microrods, in which most of them
appear to exhibit a hexagonal cross-section shape. The transverse
dimensions range from 500 nm up to about 4 μm and their
lengths extend up to hundreds of microns in both samples.

Figure 2 shows the results of the structural characterization of
T(11) sample, where higher amount of structures are produced
(the X-ray diffraction [XRD] pattern of T(21) sample has
been published previously).[5] The XRD analysis show that all dif-
fraction peaks correspond to the rhombohedral crystal structure

Figure 1. a) Scanning electron microscope (SEM) image of a general view
of the Zn2GeO4 microrods studied in this work. The inset shows the opti-
cal image of the pellet fully covered by a white coating of structures. SEM
images of b) several Zn2GeO4 microrods and c) a detailed view of a micro-
rod showing the hexagonal shape.

Figure 2. a) X-ray diffraction (XRD) pattern acquired on the structures
obtained after the thermal treatment (red line). Peaks maxima agree with
the rhombohedral structure of Zn2GeO4 (blue line). The * symbol indi-
cates the peaks corresponding to the GeO2 phase. b) Raman spectrum
from a selected microrod deposited on silicon wafer.

Figure 3. Photoluminescence (PL) spectra as a function of the tempera-
ture obtained under 250 nm excitation wavelength between 10 and 300 K
of a) T(11) sample and b) T(21) sample.
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of Zn2GeO4 (inorganic crystal structure database (ICSD)
Collection Code: 68 382) with cell parameters a¼ b¼ 14.28 Å
and c¼ 9.54 Å. Two weak peaks associated with some residual
GeO2 were also detected (Figure 2a). In contrast, the micro-
Raman spectrum from individual microrods (Figure 2b) shows

the characteristic Raman peaks of Zn2GeO4 at 745 (Að1Þ
g ), 751

(Eð3Þ
g ), 777 (Eð4Þ

g ), and 802 (Að2Þ
g ) cm�1, which are associated

with Ge–O–Zn symmetric and asymmetric vibration modes
and the O–Ge–O bending and stretching modes, respectively.[14]

All these main peaks are very well defined. The structural
characterization confirms a high-quality crystalline material.

2.2. Temperature Dependence of Luminescence Intensity and
Lifetimes

Figure 3a shows the series of PL spectra acquired over Zn2GeO4

microrods in T(11) from 10 K up to RT under excitation with a Xe
lamp monochromated at 250 nm (5.1 eV), in which two broad
emission bands in the UV and in the blue range are observed
with noticeable changes as a function of the temperature. At
low temperatures, the UV (355 nm) band is the only emission,
whereas a blue band emerges at certain temperature as the tem-
perature increases, becoming the dominant one at RT. In the
case of T(21) sample, the PL emission, under the same excitation
conditions, only shows a complex UV emission in the whole tem-
perature range, as Figure 3b shows.

As it has beenmentioned earlier, the origin of the UV and blue
emissions may be related to electrons recombination between

oxygen-vacancy (VO)-related levels, which act as donors, with
VB or acceptor level holes, respectively.[4,8,12] The narrow UV
peak at 380 nm, resolved at low temperatures in the T(21) sam-
ple, was attributed to the presence of Zni, acting as donors
instead of the VO.[8]

To elucidate the quenching of UV emission in T(11)
microrods at RT, TR-PL measurements have been carried out.
TR-PL provides valuable information about the luminescence
mechanisms in semiconductors by monitoring the PL decay after
an excitation pulse, which allows to calculate the lifetime of the
recombination processes. In particular, an exponential decay is
expected for the UV emission that involves recombination
between VO level electrons and VB holes, in the form
IðtÞ ¼ B expð�t

τi
Þ.[15] The PL decay curves of the UV (355 nm)

emission at 4 K under excitation with a pulsed light-emitting
diode (LED) are shown in Figure 4a,b for both T(11) and
T(21) samples. The instrument response (IR) after stimulation
is also displayed as a black line. The fitting of experimental data
yielded values of τ¼ 55 and 68 ns, for the T(11) and T(21)
samples, respectively. TR-PL measurements from 4 K up to
90 K are shown in Figure 4c,d for T(11) and T(21), respectively.
Above 90 K, the lifetime of the UV emission from T(11) is too
short to be measured. As a first observation, a different decay
behavior between samples, that will be later analyzed, is clearly
noticed between both samples.

The different quenching behavior in the UV intensity and in
the lifetime as a function of the precursor ratio is another proof of
the critical dependence of the luminescence properties on the

Figure 4. Decay of PL after laser pulse at different temperatures (between 5 and 90 K) for the UV band (at 355 nm) in a) T(11) and b) T(21) samples. c,d)
The decay time fits (green solid lines) to the 4 K curves, which have been obtained taking into account the instrument response (black solid line).
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synthesis route of the material, in this case, just by modifying the
precursor ratio between Zn and Ge. Therefore, a detailed analysis
of the temperature dependence of the PL intensity both under
constant or pulsed illumination has been carried out to get more
insight into the luminescence mechanisms in Zn2GeO4.

The temperature quenching of PL that involves defect-related
centers in semiconductors has been explained in the framework
of several models[16] that use the empirical Arrhenius expression,
in which an activation energy, Ea1, is included.[17,18]

IPLðTÞ ¼ IPL0
1þ A expð�Ea1=kBTÞ

(1)

where IPL0 denotes the PL emission intensity in the limit of low
temperatures, A is a constant, kB is Boltzmann’s constant, and
Ea1 is an activation energy. Depending on the model, this Ea1

could be ascribed to some features occurring during the lumines-
cence process that involve defect-related centers.

The simplest model (Seitz-Mott) refers to one defect-related
center, in which its excited and ground states are described
through the configuration coordinate model. In this case, the
activation energy is the energy difference between the crossover
of excited and ground states and the potential minimum of the
excited state. Another model (Schön-Klasens [multicenter]
interprets Ea1 as the ionization energy of the eventual donor
or acceptor center involved in the PL emission, and an additional
non-radiative level is required for thermally emitted holes or elec-
trons to recombine, so it is also called multicenter model.
However, these models sometimes fail to explain the PL-
quenching behavior when it occurs abruptly. Reshchikov et al.
have proposed a third PL-quenching mechanism for high-
resistivity semiconductors when the PL intensity suddenly drops
at some critical temperature (T0) as it has been reported in GaN,
and in some high-resistive semiconductors.[19] In this case, even
though the PL intensity is also fitted to the Arrhenius formula,
the physical meaning of the activation energy is not as straight-
forward understood as in the former models, since additional
deep defect-related levels interplay in the thermal PL quenching
as temperature raises. Zn2GeO4 exhibits a wide bandgap, with a
complex landscape of native defects that could add deep and
shallow defects competing in the luminescence process. The
PL quenching results in Zn2GeO4 show a rather sharp decay
of PL intensity at certain T0, which might favor the third
proposed last approach.

Figure 5a shows the integrated PL intensity of the UV band as
a function of 1=kBT in the temperature range from 10 to 200 K
for T(11) and T(21) samples. The sharp decay and the T0 (marked
with a dotted line) is similar in both samples, which could sug-
gest a similar non-radiative level responsible for luminescence
quenching. The fitting parameters of experimental data to
Equation 1 are shown in Table 1.

In contrast, the PL lifetime measured in TR-PL experiments
from 4 K up to 90 K can be fitted to the following expression.[20,21]

τðTÞ ¼ τ0
1þ C expð�Ea2=kBTÞ

(2)

where τ0 is the PL lifetime at low temperatures when the thermal
quenching of PL can be ignored (T < T0), Ea2 is the ionization

energy, and C is a coefficient related to several parameters, such
as the absolute internal quantum efficiency, the effective density
of states in the VB, and degeneration of the defect level.[16,20] As
the temperature increases from 4 to 50 K, the PL lifetime of the
UV band remains unchanged in both samples, at around 55 ns
for T(11) and 66 ns for T(21). At higher temperatures, the PL life-
time decreases sharply with a slope that reveals an activation
energy Ea2 in the Arrhenius plot (Figure 5b). The fitting param-
eters of experimental data to Equation 2 are shown in Table 2.

By comparing data from Tables 1 and 2, several conclusions
can be drawn. First, at low temperatures, the PL intensity
remains independent of the temperature, while for T > 40K,

Figure 5. Temperature dependence of a) PL intensity and b) PL lifetime for
the UV band in T(11) (diamonds) and T(21) (circles) samples.
Experimental data are represented in comparison with a theoretical fitting
(green lines) following Equations 1 and 2 (respectively). The black dashed
line indicates the critical temperature T0 from which both PL lifetime and
intensity decrease more significantly.

Table 1. Fitting parameters of experimental temperature dependent
photoluminescence (PL) intensity to Equation 1.

Sample Ea1 [meV] A

T(11) 24 21

T(21) 26 5

www.advancedsciencenews.com www.pss-rapid.com

Phys. Status Solidi RRL 2022, 2100613 2100613 (4 of 6) © 2022 The Authors. physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-rapid.com


the PL intensity decays exponentially. The activation energies of
the non-radiative centers are found to be similar in both samples
(24 and 26meV). However, the higher quenching coefficient, A,
in T(11) indicates a higher efficiency of the non-radiative channel
in these samples. In contrast, PL lifetime temperature-depen-
dence measurements reveal a similar trend than PL intensity.
Lifetime remains constant at low temperatures and decays
sharply from 40 K onward. A higher decay rate in T(11) (both
in PL intensity and lifetime) compared to T(21) reveals a higher
efficiency of the radiative mechanism in T(21), which explains
why the UV emission is still visible at RT in this sample.

3. Conclusions

The ultrawide bandgap of Zn2GeO4 would allow ultraviolet
emission under suitable excitation conditions; however, this
emission is scarcely reported. In this work, Zn2GeO4 micro-
rods obtained by thermal evaporation of a compacted powder
mixture of different ZnO:Ge ratios (1:1 and 2:1) have been
studied from the luminescent point of view. Both treatments
have led to quite intense UV luminescence (355 nm) at low
temperatures due to recombination between VO-related levels
and photo-generated holes in the VB. However, this emission
vanishes at RT in the 1:1 sample, while survives in the 2:1 one
up to RT. Temperature-dependent PL intensity and lifetime
measurements show an abrupt PL quenching and have allowed
us to evaluate the non-radiative channel in the 5–90 K
temperature range in Zn2GeO4 microrods of both samples.
The results provide similar activation energies in both cases,
but a higher quenching coefficient is clearly obtained in the
1:1 sample which would explain the observed thermal
quenching at RT.

4. Experimental Section
Zn2GeO4 microrods were synthesized by a thermal evaporation

method in a tubular furnace. Two pellets of compacted ZnO:Ge and
ZnO:Ge:C powders mixture with weight percentage ratios of 1:1 and
2:1:2, respectively, were prepared and thermal annealed at 800 �C under
an argon flow of 1.5 l min�1 for 8 h. The pellets acted as source and sub-
strate during the growth, which was based on the vapor–solid mechanism.
As a result, a high amount of Zn2GeO4 microrods was formed on the
pellet surface, with a significantly higher yield in the 1:1 pellet in compari-
son with the 2:1:2 one. The products were gently deposited on silicon
wafer substrates to further characterization. The samples were labeled
as T(11) and T(21) according to the precursor ratio of ZnO:Ge powders.

The morphological characterization was carried out in a scanning elec-
tron microscope (SEM) and structural characterization was assessed by
XRD using a PANalytical X’Pert materials powder diffractometer (MPD)
diffractometer and by Ramanmeasurements in a Horiba–Jobin–Ybon con-
focal microscope operating with a UV 325 nm laser. Steady-state and TR-

PL measurements were performed in an Edinburgh instrument FLS1000
system, equipped with double monochromator at the excitation source
and a cryogenic setup to operate from 4 K up to RT. The light sources
employed were a continuous 450W ozone-free Xenon lamp for steady-
state or a pulsed LED (λLED ¼ 256.8 nm and pulses with repetition fre-
quency of 1 MHz) for TR measurements, respectively.
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