HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS 86, 261111 (2005)

Strain dependence of lasing mechanisms in ZnO epilayers
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The lasing characteristics of highly disordered ZnO thin films deposited on SiO,/Si substrates with
and without a MgO buffer layer have been investigated. We observed that the emission spectra of
the ZnO epilayers with and without a MgO buffer are associated with the radiative recombination
of free-exciton (~380 nm) and electron-hole plasma (~395 nm), respectively. The difference in the
lasing wavelength is due to the induced compressive (tensile) strain along the ¢ axis of the ZnO
epilayers as a result of the presence (absence) of the MgO buffer layer. It is demonstrated that the
strain-induced variation of Mott density inside the ZnO epilayers is responsible for the observed
lasing characteristics. © 2005 American Institute of Physics. [DOIL: 10.1063/1.1968418]

The large bandgap and high binding energy of excitons
make ZnO a promising material to fabricate high-
performance ultraviolet light-emitting devices. Room-
temperature (RT) stimulated emission has been demonstrated
from optical excitation of ZnO polycrystalline thin films."™
Radiative recombination due to exciton-exciton scattering
(EES) at ~390 nm and electron-hole plasma (EHP) at
~395 nm can be observed from ZnO thin films that have
undergone different fabrication processes.l’z’4 Free-exciton
(FE) radiative recombination at ~380 nm has also been re-
ported in ZnO microclusters (agglomerated by 50 nm
nanocrystallites)5 and nanowires.® However, it has yet to be
explained how the different mechanisms of radiative recom-
bination can occur in ZnO thin films and nanostructures. It
must be noted that the understanding of radiative recombina-
tion mechanisms is essential for the design of high-
performance ZnO-based optoelectronics devices. In this let-
ter, we report the strain in highly disordered ZnO epilayers,
which can be obtained by thermal annealing of ZnO films
deposited on Si substrate with different buffer layers, is re-
sponsible for FE and EHP radiative recombinations. The
strain dependence of Mott density7 is attributed to the varia-
tion of lasing wavelengths under optical excitation at RT.

ZnO epilayers were deposited on Si (100) substrate with
a ~400 nm thick SiO, layer by the filtered cathodic vacuum
arc (FCVA) technique.4 During the deposition, the substrate
temperature and chamber pressure were set to 230 °C and
9 X 107* Torr, respectively. Two types of samples were fab-
ricated: the epilayer structure of sample a is
ZnO (100 nm)/SiO, (400 nm)/Si (substrate) and that of
sample b is ZnO (100 nm)/MgO (200 nm)/ZnO (100
nm)/SiO, (400 nm)/Si (substrate). In these samples, the top
100 nm ZnO thin layer with (002) orientation acts as the
active layer to provide radiative recombination. In sample a,
the 400 nm SiO, film acts as the buffer layer to allow the
transverse confinement of light into the active layer. Simi-
larly, the MgO (200 nm) film in sample b also acts as the
buffer layer. The bottom 100 nm ZnO layer in sample b al-
lows the deposition of high-quality MgO (200) film by the
FCVA technique. These as-grown samples were then an-
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nealed in open air (900 °C,2 h) in a standard Lindberg-type
furnace using a quartz tube reactor. Hence, highly disordered
7ZnO (100 nm) films with strain can be formed to sustain
random laser action.* The optical characteristics of these
samples were studied under optical excitation by a
frequency-tripled Nd: YAG laser (at 355 nm) at pulsed opera-
tion (6 ns,10 Hz). The optical pump was focused using a
cylindrical lens to a stripe of length 5 mm and width 50 um
on the sample surface. The laser emission was measured
from the edge of the samples.

Figure 1 shows the lasing spectra and light-light curves
of samples a and b. Based on the samples’ structure and
random laser theory,3_5 the lasing phenomena observed from
both samples are due to random laser action. Figure 1(a)
shows the lasing characteristics of sample a with threshold
Py~ 400 kW/cm? and lasing peaks around 391 nm. This is
due to EES and EHP radiative recombination. At higher ex-
citation intensities above the threshold, more sharp peaks are
excited and EHP is dominant over the lasing spectrum with a
peak wavelength at ~395 nm. Furthermore, the increase in
pump intensity redshifts the emission peak to ~400 nm.
These lasing characteristics are similar to the previous re-
ports on the ZnO films grown on SiO,/Si (see Ref. 4) and

sapphire substrates. Figure 1(b) shows the lasing charac-
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FIG. 1. Emission spectra of the ZnO films (a) without and (b) with the MgO
buffer. The insets are the light-light curves.
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FIG. 2. Scanning electron microscope images of ZnO films (a) without and
(b) with the MgO buffer layer. (c) Birds-eye view of (b).

teristics of sample b with a threshold Py~ 340 kW/cm?. We
observed that the lasing peaks emerge at ~380 nm, which is
close to the expected energy level of FE radiative recombi-
nation in ZnO at RT.” At high pump intensities, FE radiative
recombination is still dominant in the lasing spectra. This is
because the exciton density is clamped at the threshold due
to the lasing mechanism and the triggering of EHP radiative
recombination is suppressed.

The difference in lasing wavelength between samples a
and b can be attributed to strain (i.e., mismatch in lattice
constant and different degrees of thermal expansion between
the active and buffer layers) induced variation of radiative
recombination process in ZnO films. We rule out the possi-
bility that the variation of lasing wavelength is due to the
difference in size distribution of random cavities in both
samples. This is because, from the scanning electron micros-
copy images as given in Figs. 2(a) and 2(b), it is observed
that the size distribution of ZnO irregular grains for both
samples is similar (i.e., mean diameter of ZnO grains is
~150 nm). This indicates that the scattering mean free path
of ZnO random cavities of both samples generated by ther-
mal annealing is similar. This is evidenced by the coherent
backscattering experiment.

In Fig. 2(c), a typical mud-cracking pattern appears in
sample b, which implies that the sample is under biaxial
in-plane tension.® From the measured (0002) diffraction peak
of x-ray diffraction spectra (not shown), the lattice constants
¢ of samples a and b are estimated to be 0.5250 and
0.5184 nm, respectively. The strain along the ¢ axis of the
films perpendicular to the substrate is defined by e..=(c
—co)/ ¢y (%), where ¢y (~0.5205 nm) is the lattice constant
in the unstrained crystal. e, for samples a and b are esti-
mated to be 0.9% and —0.4%, respectively. Hence, it is
shown that sample « is in tensile strain and sample b is in
compressive strain.

It must be noted that the resonance energy of excitons in
strained ZnO films normally blueshifts with the increase of
e.. (from compressive to tensile strain),’ but the lasing peaks
from our sample with tensile strain are redshifted. Further-
more, the difference in resonance energy of excitons (ob-
served from the spontaneous emission spectra) between the
samples a and b is ~10 meV, which is smaller than that
reported in Ref. 9 (i.e., ~20 to ~30 meV). Therefore, the
change in lasing wavelength of our samples cannot be attrib-
uted to the strain-induced change of exciton energies and the
large difference in lasing energy (i.e., ~120 meV) between
samples a and b is due to the change of radiative recombi-
nation process.
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FIG. 3. The strain €_, dependence of (a) the effective hole mass, my, and (b)
the Mott density ny, of the A- and B-excitons in strained ZnO film. The
estimated values of exciton density n., for different samples a, b, ¢, d, and
e are also shown in (b).

It is known that &, can vary the effective mass of holes,
m‘,‘;L (l'and L denote the directions parallel and perpendicu-
lar to the ¢ axis, respectively) and thus, the reduced mass m,,

as delineated in the equation 1/m"*=1/m"*+1/m}*, where

ml’L is the effective mass of electron. The change in ¢,
affects the mechanism of radiative recombination as the Mott
density ny,; depends on szz.lo Therefore, we investigate the
strain dependence of the lasing characteristics of the ZnO
films on the effective hole mass of different excitons (i.e.,
A-exciton of I'; band and B-exciton of I'y band). In the cal-
culation, C-exciton is not considered, as the corresponding
oscillator strength is normally weak at RT. The effective hole
mass of A- and B-excitons (i.e., ml{L and m%’l), can be ex-
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where my is the free-electron mass, A;_4 are the Luttinger
parameters, C;; are the components of the elastic stiffness
constant, A, is the crystal-field splitting energy, and D;_y
are the deformation potential constants.'* It should be noted
that the indices A and B in all expressions given in Ref. 11
for GaN are inverted when applied to ZnO due to the inverse
order of the upper I'; and I’y subbands. " Figure 3(a) plots
mly™ and mj* versus e... It is shown that m!;* has a strong
correlation with e, while ml" is independent of &,,. Our
calculated values of m'kjg for the case of strain-free ZnO
materials match well with those given in Ref. 13. The Mott
density  nmp,e can  be  calculated  from  mygoq
=m’e*kpT/47h*e,&,,"" where the anisotropy of the dielectric
constant g,, and effective mass, m,, are replaced by (.g‘”sl)”2

Downloaded 24 Jun 2005 to 155.69.4.4. Redistribution subject to AIP license or copyright, see http://apf.’aip.org apl/copyrigh{.jsrp



261111-3 Li et al.

and (m;}m")'2, respectively. Figure 3(b) plots ryo, Versus e,
for A- and B-excitons. It is noted that the ny,,, value for the
B-exciton (~2.63 X 10'/cm?) is independent of ¢,.. For the
A-exciton, the nyy, value is large for &..<0 (i.e., compres-
sive strain) and extends to the maximum value of 2.62
X 10"/cm® with the decrease in e,. However, nyy, de-
creases abruptly with the increase in €., (i.e., tensile strain)
and it reduces to 1.95 X 10"/cm? for &,.>3%.

From our experiment, it is estimated that samples a and
b have g_, equal to 0.9% and —0.4%, respectively. From Fig.
3(b), the values of ny; of the A-exciton for samples a (H)
and b (@) are found to be ~2.39%X 10"%/cm?® and ~2.60
% 10'9/cm?, respectively. The excited exciton density n,,, of
samples a and b at threshold can be estimated by using the
rate equation 7APy/dhc=ng,/tgg, where Py is the pump
threshold, N (=355 nm) is the pump wavelength, & is the
Planck’s constant, ¢ is the velocity of light in vacuum, d
(~100 nm) is the thickness of active layer, 7pg (~0.8 ns) is
the radiative lifetime of free exciton at RT,” and 7
(~0.435) is the coupling efficiency. 7 is deduced by assum-
ing only 87% of light is transmitted into the film and at most
50% of pump intensity is converted into optical gain. It is
found that the value of n. for sample a is ~2.49
% 10'%/cm? [i.e., O in Fig. 3(b)], which is higher than the
calculated ny;,, of the A-exciton in the same sample. This
implies that the density of photoexcited excitons can easily
exceed the relatively low ny; value for the A-exciton, and
hence part of the excitons will transfer to EHP for the radia-
tive recombination process (i.e., lasing spectrum around
395 nm). Consequently, due to the enhancement of the
screening Coulomb interaction by the free-carriers from the
ionized excitons, all the photoexcited excitons tend to trans-
fer completely to EHP. Therefore, EHP radiative recombina-
tion process is dominant in ZnO epilayers with larger tensile
strain. On the other hand, it is found that n., for sample b is
~2.12%x10"/cm? [i.e., O in Fig. 3(b)], which is smaller
than the calculated ny,, of the A-exciton with ¢, of —0.4%.
This indicates that the high ny,, value for ZnO epilayer with
compressive strain allows the excitonic state to be sustained
and the lasing mechanism is dominated by FE radiative re-
combination (i.e., lasing at ~380 nm).

It is noted that the major role of strain in the ZnO epil-
ayers is to determine the mechanism of radiative recombina-
tion and the gain of the samples is less dependent on the
strain. It is observed from Fig. 1 that the gain of FE radiative
recombination is higher than that of the EHP radiative re-
combination (i.e., sample b has lower threshold than sample
a). This is expected as the gain of excitonic laser action in
ZnO is known to be higher than that of EHP lasers. " Hence,
our explanations on the strain dependence of the lasing char-
acteristics in the ZnO epilayers are consistent.

In order to verify our explanation, lasing characteristics
of other annealed ZnO samples with various substrates,
sample ¢: ZnO (100 nm)/Zn,Si;_,O (80 nm)/silicon, sample
d:  ZnO (100 nm)/sapphire, and sample e: ZnO
(100 nm)/quartz, have been investigated. It is found that the
residual strain e, (lasing peaks excited near threshold) of
samples ¢, d, and e are ~—0.2%, ~0.5% and ~1.3%
(~386 nm, ~388 nm, and ~396 nm), respectively. It is es-
timated that for samples ¢ and d, the values of n., are lower
than the calculated values of ny of the A-exciton. The val-
ues of ng, (nyor) for samples ¢ and d are labeled in Fig. 3
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with symbols A and V (A and V), respectively. This implied
that samples ¢ and d exhibit excitonic lasing and the corre-
sponding wavelength of lasing peaks (~386 and ~388 nm)
has supported our claim. On the other hand, sample e has
value of ng, (<) higher than the calculated value of nyy, of
the A-exciton (). This indicates that EHP radiative recom-
bination is the dominant mechanism, and this can be justified
by the corresponding wavelength of lasing peak (
~396 nm). Furthermore, it is observed that the gain of
samples with FE radiative recombination is higher than that
with EHP radiative recombination. Hence, the strain depen-
dence of lasing mechanisms in the ZnO epilayers has been
explained and verified.

Based on our investigation, we can exglain the general
observation of FE lasing in nanomaterials.  This is due to
the weak interaction between the ZnO nanomaterials and
substrates that results in strain-free nanomaterials. However,
ZnO thin films deposited on various substrates (e.g., sap-
phire, Si, SiO,/Si, MgO/Zn0O/Si, and quartz) under differ-
ent growth and annealing processes usually experience
strong tensile strain or compressive strain so that different
emissions from EHP or FE can be observed at RT. In sum-
mary, the mechanisms of radiative recombination in ZnO
epilayers are investigated. It is demonstrated that the type of
strain experienced by the ZnO active layer, resulting in dif-
ferent values of ny, plays an important role in determining
the recombination process in the ZnO epilayers.
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