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Random laser generation in ZnO nanocrystals grown

by hydrothermal method
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The possibility of laser generation was found in nanocrystalline ZnO samples of various morphologies grown

using the hydrothermal growth method. It is shown that at a high optical excitation density, the arrays of ZnO

nanowires forming the surface of the samples are self-organizing systems demonstrating random laser radiation

generation with a relatively low excitation threshold. The relationship between the generation occurrence and the

morphology of nanocrystals has been established. Possible generation mechanisms are discussed.
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1. Introduction

Semiconductors with a wide band gap have been of much

interest for a long time due to the prospects of application

in light-emitting devices. Among a few candidates, zinc

oxide features technological availability and high chemical

stability. Modern methods are used to produce ZnO-

based high-quality nanocrystalline structures using relatively

simple and cheap techniques and the electronic properties

of ZnO — wide band gap (3.37 eV at room temperature)
and high exciton bond energy (60meV), make ZnO-based

structures very attractive for the use as effective laser

material and in opto-electronic instruments designed for

operation at room temperature [1–3]. Manufacturing of ZnO

films, quantum wells, nanowires and nanocrystals have been

always a promising area, including in terms of achievement

of effective laser medium.

Laser generation in ZnO has been earlier investigated

in [4–6]. In particular, our group has a set of publications

on the topic [7–9]. Laser generation in disordered systems

is of special interest. Bolshakov’s group has demonstrated

hydrothermal growth of ZnO nanocrystals that ensured mor-

phology control of synthesized structures [10]. This study

investigates whether laser generation may be achieved when

using ZnO nanocrystal arrays with different morphology.

The study also addresses possible generation mechanisms.

2. Samples and experimental technique

Photoluminescence was studied using
”
Janis Research

Company“ closed-cycle helium cryostat in the tempera-

ture range of 5−300K. MDR-204-2 (LOMO-Photonics,

St. Petersburg) double monochromator with a dispersion

of 25A/mm was used. PL spectra were excited by He−Cd

laser (λ = 325 nm, W = 10mW) and LCM-DTL-374QT

(λ = 355 nm) ultraviolet solid-state laser. Emission power

of the latter varied in the range from 1 to 800 kW/cm2.

Direct-geometry study was conducted. The samples were

irradiated and, accordingly, the signal was recorded either

in the sample plane or end, normally on a side face.

We have earlier studied in detail series of ZnO samples

grown by the hydrothermal method on silicon substrate [10].
It has been shown that growth conditions have a funda-

mental influence on the morphological and related optical

properties of zinc oxide nanocrystals. The study identified

two main types of samples.

Group A. All samples of this group were nanowhiskers

with various orientation on the substrate surface. In some

cases, whiskers formed visually random or structures

clusters and were rod-shaped with length-thickness ra-

tio of about 10 : 1 (Figure 1). In low-temperature PL

spectra Group A samples with PLA excitation by a

relatively low-power He−Cd laser, an emission band of

exciton D0X localized on a neutral donor (a narrow
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Figure 1. SEM images of sample surface, Group A.
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Figure 2. SEM images of sample surface, Group B.

band with peak λ = 369.1 nm) and emission attributed

to the electron−acceptor eA transition (broad band at

λ = 375.5 nm) were usually present. It should be noted

that this spectral band also includes P — emission band of

the exciton−exciton interaction (λ = 374.4 nm) that occurs

at high excitation density [11].
On the other hand, the samples Group B were assemblies

of regular hexagon-shaped microcrystals ∼ 7µm in diameter

and ∼ 2−3µm in height (Figure 2). Only one intense

line D0X was observed in the emission of this sample group.

3. Findings and discussion

PL behavior of both types of the above ZnO samples was

investigated herein with excitation laser power variation. It

has been found that whisker arrays, primarily of Group A

samples, at high excitation density constituted some self-

organized systems exhibiting random emission generation

with a relatively low excitation threshold. The emission

pattern varied according to the chosen region on the

sample surface, but remained similar in its main spectral

characteristics. Figure 3 shows the photoluminescence

spectra evolution in one of the selected points on Group A

ZnO sample with an increase in the excitation laser

power measured when the sample surface was exposed

to emission at T = 5K. As shown in the figure, at low

excitation levels (Detail in Figure 3, curve 8) the PL

spectra demonstrate an emission pattern that is typical for

this type of samples and described above — a bound

exciton line (λ = 369 nm) and electron — acceptor band

(λ = 375 nm) [12,13]. The spectrum shape varies with

increasing excitation power — a long-wave band is getting

more intense (curves 1−7), quickly becomes dominating

in the spectrum and transforms into an intense narrow

peak that moves towards the long-wavelength region from

λ = 374.5 to 376.2 nm (see Figure 3). In the short-

wavelength region of the spectrum, however, an emission

arm probably belonging to P band is still observed.

Figure 4 shows the emission behavior for another region

of the same sample. It is apparent that at high pumping

levels PL spectrum of this point contains not one, as in

Figure 3, but three narrow emission peaks in the spectral

region λ < 375 nm. Apart from that, the emission variation

behavior and spectral characteristics of two points almost
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coincide. Detail in Figure 4 shows the integrated lumines-

cence variation with increasing optical pumping. Kinking of

the approximating straight lines shows the induced emission

threshold. With approximation of the experimental points

by straight lines, the kink falls on W < 95 kW/cm2. Thus,

95 kW/cm2 is suggested to be the generation threshold in

these samples.

Similar investigations were carried out for Group B

samples. Figure 5 shows the PL spectra variation with

growing intensity of the excitation laser for a sample of

this group. It has been found that the PL spectrum at low
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Figure 3. Photoluminescence spectra of ZnO nanowhiskers,

Group A, with increasing pumping power W . T = 5K. Point 1.

7 — W = 753, 6 — 570, 5 — 440, 4 — 344, 3 — 177, 2 — 77,

1 — 36 kW/cm2; Curve 8 — sample PL with low excitation by

He−Cd-laser (λ = 325 nm, W = 10mW).
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Figure 4. photoluminescence spectra of ZnO nanowhiskers,

Group A, with increasing pumping power W . T = 5K. Point 2.

1 — W = 210, 2 — 390, 3 — 620 kW/cm2 . Detail: integrated

luminescence variation with increasing excitation laser power W .
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Figure 5. Photoluminescence spectra of ZnO nanowhiskers,

Group B, with increasing pumping power. T = 5K. Curves 2−10

are arranged in the order of increasing of the excitation laser

intensity from 0.6 to 600 kW/cm2 . Curve 1 — sample PL with

low excitation by He−Cd-laser (λ = 325 nm, W = 10mW). Detail:
integrated luminescence variation with increasing excitation laser

power W .

excitation intensity as described above contains only donor-

bound exciton emission λ ∼= 369.1 nm (Figure 5, curve 1).
With higher pumping, the emission spectrum is transformed

and a broad band occurs in the 370 nm. spectral range.

With further increase in excitation, this band becomes more

intense, broader and moves towards the long-wavelength

range up to λ = 372.5 nm. Variation of the integrated

luminescence with increasing excitation laser power W as

shown in Figure 5 demonstrates the PL intensity saturation

tendency with growing W . The emission spectrum remain

smooth, no induced emission peaks are observed in any of

the investigated points on the sample surface.

PL pattern of this sample, however, varies with ex-

periment geometry variation. In case of luminescence

excitation and, accordingly, recording at the end normal to

the sample side face, the PL spectra contain narrow peaks at

λ ∼= 372−376 nm (Figure 6). It is apparent that more ZnO

nanocrystals participate in the emission in this case, which

allows self-organizing systems to be formed as described for

Group A samples.

Summing up all aforesaid, a conclusion can be made that

a random laser generation model is implemented on the self-

organizing systems consisting of ZnO nanocrystals arranged

on the sample substrate in a chaotic or structured manner.

It is obvious that the accumulation and mutual ar-

rangement of whiskers enable formation of closed loops

that serve as a resonant cavity for emission generation.

Multiple passes of the induced emission over the closed loop

apparently form a standing wave which, in turn, results in

the occurrence of narrow peaks (modes) in the emission
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Figure 6. Photoluminescence spectra of ZnO sample,

Group B, with increasing pumping power in the sample end

geometry.T = 5K. 1 — W = 130, 2 — 264, 3 — 408, 4 — 509,

5 — 535 kW/cm2 .

spectra. In our previous papers [8,9], such effect was

observed in ZnO produced by laser-induced breakdown of

Zn metal in oxygen. Self-organized tube-like nanoparticles

demonstrated the random laser generation capability at

room temperature. The induced emission mechanism in the

maximum gain region was described in these papers as the

exciton recombination with emission of two LO phonons.

Laser generation in ZnO nano- and microcrystals pre-

pared by hydrothermal method was investigated. De-

pendence of laser generation processes on the sample

morphology was detected. It is shown that laser gen-

eration is observed in most points on Group A samples.

nanowhiskers in such samples are arranged on the surface

either chaotically or with a slight inclination to the substrate

surface. In Group B samples (hexagon microcrystals),
laser generation depends on the excitation and observation

geometry [5,6]. In this and the other case, random laser

generation is referred to. Thin lines on the smooth emission

outline correspond to closed loops of resonant cavities

where laser generation conditions occur. Spectral position of

these lines indicates that laser generation most likely occurs

near P band of the exciton−exciton interaction [14].
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