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Abstract—We studied the near-edge emission of MBE ZnO films in wide ranges of excitation intensity (up to
1000 kW/cm2) and temperatures (5–300 K). The manifestations of exciton–phonon, exciton–exciton, and
exciton–electron interactions in stimulated emission spectra are discussed. A change in the mechanisms of
stimulated emission in different temperature ranges was found.
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INTRODUCTION

ZnO is a conventional object for studying exciton
states. Free, bound, and surface excitons in ZnO and
their interaction with phonons have been studied in
detail. This compound also has many practical appli-
cations, for example, in solar cells, medical markers,
photocatalysts of many chemical reactions, gas ana-
lyzers, sources of intense UV radiation, etc. [1]. The
high binding energy in ZnO (60 meV) enables the
exciton to take part in some processes at room tem-
perature.

The processes of exciton–exciton interaction are
actively studied at high levels of excitation: the emis-
sion of free and bound biexcitons and the emission of
interacting excitons, in which part of the energy of one
exciton is transferred to another with the transfer of
the latter to an excited state or causing its ionization (P
process). Part of the exciton energy can also be trans-
ferred to the electron (exciton–electron interaction).
Stimulated emission (SE) and laser generation are
observed in the corresponding emission bands under
specific conditions. The laser generation thresholds for
these processes are expected to be lower than for elec-
tron–hole plasma [2]. Laser generation in ZnO micro-
crystals was observed for the first time in 1989 [3].

This work studies the nature of stimulated emission
in a ZnO film in a wide temperature range. The mech-
anisms of stimulated emission are discussed. It is
assumed that stimulated emission takes place at tem-
peratures from 5 to 120 K due to exciton–phonon and
exciton–exciton interactions and at 120–300 K due to
exciton–exciton and exciton–electron interactions.

EXPERIMENTAL
We studied photoluminescence (PL) at T = 5–

300 K in a closed-cycle helium cryostat (Janis
Research, United States). Photoluminescence was
excited by an LGI-505 nitrogen laser in direct geome-
try (λ = 337 nm, Wav = 105 mW at a frequency of
1 kHz, pulse duration ~7 ns). The excitation density
varied from 4 to 1000 kW/cm2.

We studied a ZnO film with a thickness of d =
420 nm, grown by molecular-beam epitaxy (MBE) on
sapphire without subsequent annealing. The films
were characterized by X-ray diffraction (XRD) and
scanning electron microscopy (SEM). The sample
was a film of a hexagonal structure with the optical
axis c oriented normal to its surface. The low-tempera-
ture photoluminescence spectrum measured under
weak excitation testified to the high quality of the
sample.

RESULTS
Figure 1 shows the evolution of the luminescence

spectrum of a ZnO film with increasing excitation
power at T = 5 K. Curve 1 is recorded at the minimum
excitation (the luminescence spectrum coincides with
the spectra upon excitation by a He–Cd laser); curves
2–7 describe the photoluminescence spectra upon
excitation by a nitrogen laser with increasing power
from 3 to 1000 kW/cm2. Spectrum 1 exhibits the main
structure known from previous studies [4], which is
characteristic of ZnO luminescence spectra under
weak excitations. It consists of emission bands of a free
exciton FX (367.7 nm) coupled to donor D(X) and
acceptor A(X) exciton centers and bands of the first
1
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Fig. 1. Photoluminescence spectra of the ZnO film as a
function of the excitation intensity at T = 5 K; the exci-
tation intensity increases from (1) 20 to (7) 1000 kW/cm2.
Inset: lasing spectrum in the region of the first phonon
repetition of a free exciton at Т = 5 K.

�, nm

�, nm

360 370

370

380

380

390 400

L
um

in
es

ce
nc

e

L
um

in
es

ce
nc

e

1
2

3

4

5

6

7

8

Fig. 2. Dependences of the intensities of (1) band B and
(2) band A on the excitation power.
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and second phonon repetitions (PT) of a free exciton
(376 and 383.5 nm, respectively), which are usually
weak at 5 K in pure samples.

In the region of 375 nm, a band is observed, the
maximum of which is associated in the literature with
the exciton–acceptor transition, and radiation from
the exciton–exciton interaction (P band, 374.4 nm) is
also located here. With an increase in excitation, the
shape of the spectrum changes; that is, the lines of
bound excitons grow, their intensity is redistributed,
and the exciton bound to the acceptor (369.1 nm)
grows fastest of all. The free exciton band (curve 6)
broadens and grows, and starting from 400 kW/cm2, it
is observed as a kink in the short-wavelength wing of
the intense band with a maximum at 369 nm. The
radiation at this wavelength continues to grow even
when no bound excitons are observed. It is natural to
assume that, as the excitation increases, biexcitons
begin to make a significant contribution to the radia-
tion. In [5], biexciton emission was observed in ZnO
nanofilms at λ = 369.1 nm and W = 200 kW/cm2. With
a further increase in excitation, the band continues to
grow and broaden, acquiring a long-wavelength tail.
The position of the band maximum (hereafter referred
to as band A) at the maximum excitation is 370 nm
(curve 8).

With an increase in the excitation intensity, the
band of stimulated emission in the region of the first
phonon repetition rapidly grows with a maximum at
λ = 376.5 nm (hereinafter referred to as band B). A rel-
atively weak band of the second phonon repetition is
seen at longer wavelengths. With a further increase in
PHY
excitation in the spectral region of the first phase tran-
sition, lasing can be observed (Fig. 1, inset).

The behavior of the intensities of the A and B bands
differs with increasing excitation power (Fig. 2).
Band A (curve 2) demonstrates intensity saturation at
high excitation levels, while band B (curve 1) begins to
increase sharply at W > 300 kW/cm2.

The photoluminescence spectra of the film at max-
imum excitation in the temperature range of 5–300 K
show the difference in the evolution of these bands
(Fig. 3). As the temperature increases, band A mono-
tonically shifts to longer wavelengths, decreasing in
intensity and broadening; at T = 300 K, it becomes a
broad band with a maximum at 382 nm [4]. The evo-
lution of the second emission band (band B) is more
complex. Band B shifts with temperature to the long-
wavelength side; however, its half-width remains prac-
tically unchanged over the entire temperature range,
and the intensity f luctuates slightly with increasing
temperature; namely, it grows up to 120 K and then
drops at 160–300 K. Figure 4 shows the decomposi-
tion of the bands presented in Fig. 3, demonstrating
the dynamics of the temperature change in lumines-
cence in more detail.

Figure 5 shows the temperature dependence of the
maxima of the A and B emission bands (curves 5 and
6) at maximum excitation and the temperature depen-
dences of the main channels of ZnO photolumines-
cence exciton emission known from the literature [4,
6] (curves 1–4).

The curve of the temperature change for band A
(curve 6) is practically synchronous with the tempera-
ture dependence of FX. The dynamics of band B
SICS OF THE SOLID STATE  Vol. 64  No. 1  2022
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Fig. 3. Photoluminescence spectra of the ZnO film in the
temperature range of 5–300 K at excitation power W =
1000 kW/cm2.
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Fig. 4. Decomposition of the photoluminescence spectra
at different temperatures.
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(curve 5) do not coincide with any previously studied
and interpreted photoluminescence band, confirming
its complex nature. Several temperature ranges can be
distinguished, in which its changes with temperature
coincide with different radiation channels. In the
range of 5–50 K, the behavior of the temperature
dependence is close to that of the first phonon repeti-
tion of a free exciton. Up to T = 120 K, band B shifts
almost identically to band A; however, with a further
increase in temperature, the slope of the curve
strongly increases, and already at T = 230 K, the curve
coincides with the course of the dependence of the
second phonon repetition of a free exciton. Such a
shape of the temperature dependence of band B sug-
gests a different nature of stimulated emission in a
wide temperature range.

DISCUSSION OF RESULTS

The results suggest that with increasing excitation
power, the lines of bound excitons increase in intensity
and broaden; however, they do not noticeably shift to
the long-wavelength side. The line at 369.1 nm
(3.36 eV) increases most intensively. According to our
data, it belongs to the formation of a biexciton [5].
Subsequently, this band, together with the lines of free
and bound excitons, forms a broad band with a long-
wavelength tail and a maximum at ~370 nm; the band
half-width is 48 meV. We assume that under strong
excitations, the band consists of partially ionized and
screened exciton states and an electron–hole plasma.
Theoretical calculations at the excitation powers
suggest that an electron–hole plasma can form in ZnO
[2, 7].
PHYSICS OF THE SOLID STATE  Vol. 64  No. 1  2022
As the excitation intensity increases, a narrow stim-
ulated emission peak appears at the long-wavelength
decay of the maximum (band B). Stimulated emission
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Fig. 5. Temperature dependence of the luminescence band
maxima of the ZnO film: (1–4) data [6] for (1) FX,
(2) 1LO(FX), (3) 2LO(FX), and (4) exciton–exciton
interaction by data [4]; (5, 6) experimental results at W =
1000 kW/cm2 for (5) band B and (6) band A.
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Fig. 6. Temperature dependence of energy of the free exci-
ton–SE band distance ΔE = EFX – E(B).
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was also observed in ZnO in [2, 8, 9]. The interpreta-
tion of the results is complicated because in this spec-
tral region, there are lines of different nature: P band,
1LO phonon repetition of a free exciton, and a con-
duction band–acceptor transition.

Studies of the temperature dependence show that
at T = 5 K, the stimulated emission in our samples is
close in spectral position to the position of the first
phase transition of a free exciton. However, the tem-
perature shifts of these bands differ significantly. In
the temperature range of 220–240 K, the temperature
behavior of stimulated emission coincides quite pre-
cisely with the behavior of the 2LO exciton phonon
repetition. If we assume that stimulate emission is
associated with the recoil of phonons to the lattice,
difficulties arise in describing the process in the tem-
perature range of 5–200 K and in the transition from a
one-phonon to a two-phonon process. On the other
hand, stimulated emission of the exciton–exciton and
exciton–electron interactions arises at a high exci-
tation intensity. In the temperature dependence of the
distance energy between a free exciton and stimulated
emission (Fig. 6), three temperature regions with dif-
ferent slopes can be distinguished, which testify in
favor of different stimulated emission mechanisms in
these temperature ranges. The energy of the exciton–
SE band distance varies slightly in the temperature
range of 5–100 K, and at T > 100 K, it sharply
increases with temperature. We can assume the pres-
PHY
ence of the P process. The temperature course of the
stimulated emission band is similar to the course of the
band in [2], where the authors assumed the P process.

CONCLUSIONS

We studied the near-edge emission of MBE ZnO
films in wide ranges of excitation intensity (up to
1000 kW/cm2) and temperatures (5–300 K). The
effect of the exciton–phonon, exciton–exciton, and
exciton–electron interactions on the stimulated emis-
sion nature is discussed. At high temperatures (T >
160 K), exciton–exciton and exciton–electron inter-
actions are the predominant mechanisms of stimu-
lated emission in ZnO.
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