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Effects of excitonic diffusion on stimulated emission

in nanocrystalline ZnO
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We present optically pumped emission data for ZnO, showing that high excitation effects and
stimulated emission/lasing are observed in nanocrystalline ZnO thin films at room temperature,
although such effects are not seen in bulk material of better optical quality. A simple model of
exciton density profiles is developed which explains our results and those of other authors.
Inhibition of exciton diffusion in nanocrystalline samples compared to bulk significantly increases
exciton densities in the former, leading—via the nonlinear dependence of emission in the exciton
bands on the pump intensity—to large increases in emission and to stimulated emission. © 2006
American Institute of Physics. [DOI: 10.1063/1.2174107]

ZnO has recently emerged as a strong candidate for ul-
traviolet photonic devices, with attractive properties, includ-
ing a large exciton binding energy of 60 meV enabling effi-
cient excitonic emission at room temperature. Many groups
have studied stimulated emission and lasing properties of
bulk ZnO, under electron beam' and optical purnping,2 but
evidence for stimulated emission and lasing has only been
seen at rather low temperatures. Recent studies of optically
pumped nanocrystalline samples reveal stimulated emission
and lasing even at room temperature, in contrast to the bulk
studies, even in samples of similar or inferior quality com-
pared to bulk crystals.3_6

We have studied optically pumped emission at room
temperature from bulk single-crystal material (Eagle-Picher
Corporation) and samples grown by pulsed laser deposition
(PLD) on c¢ sapphire. Details of the sample growth are given
elsewhere.” Some films were annealed in O, (0.3 mbar) be-
tween 400 °C and 600 °C in the growth chamber after depo-
sition leading to a consistent increase in grain size (30
—80 nm) with annealing temperature.7 All films show evi-
dence of electric-field damping of the free exciton (FE) and
film thicknesses are in the range of 200-250 nm.”® The
samples were studied using continuous-wave photolumines-
cence (PL) and high excitation pumping with a frequency-
tripled Nd:YAG laser (355 nm 10 Hz 6 ns pulse width) fo-
cused on the sample to a diameter of ~1.2 mm (determined
by the knife-edge method) enabling excitation intensities in
the range of 500—7000 kW/cm?. Full details are described in
Refs. 7 and 9.

Figure 1(a) shows emission at 300 K from a PLD
sample (annealed at 500 °C) as a function of increasing
Nd:YAG excitation power. The data from this sample are
representative of all the PLD samples. With increasing exci-
tation, one observes the growth first of the FE band at
3.33 eV and then the P band at 3.23 eV, corresponding to the
well-known exciton-exciton collision process, ~100 meV
below the FE.” The emission bands are significantly broad-
ened due to the damping effects mentioned earlier. The plot
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of integrated emission intensity versus excitation power
shown in Fig. 1(b) exhibits a distinct threshold at a pump
power slightly above 2000 kW/cm?, which is not explained
by a superlinear power-law dependence of emission on pump
level. Lasing cavity modes are seen at pump powers above
this value, while no such modes are seen at lower pump
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FIG. 1. (a) Emission spectra vs excitation power for PLD sample at room
temperature (all spectra normalized to maximum intensity). Inset shows
mode structure above threshold. (b) Integrated emission intensity vs excita-
tion power (both axes displayed logarithmically). Dashed line is a guide for
the eyes. The intensity integration is over the range 2.82 eV to 3.45 eV. The
speckled appearance of the sample surface is shown in the inset.
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FIG. 2. (a) Emission spectra vs excitation power for bulk crystal at room
temperature (all spectra normalized to maximum intensity). (b) Integrated
emission intensity vs excitation power. The intensity integration is over the
range 2.82 eV to 3.45 eV. Dashed line is a guide for the eyes.

powers. Simultaneously, we note the appearance of a visible
“speckled cloud” of stimulated emission [inset of Fig. 1(b)]
on the sample surface, demonstrating the occurrence of ran-
dom lasing.10 ZnO bulk material exhibits no evidence of
stimulated emission at 300 K (Fig. 2). At low excitation den-
sities, we observe FE and deep level luminescence'' while at
higher excitation, we observe the growth of a broad band due
to the exciton-electron interaction (n-type concentration in
these samples ~10'7 em™).? A plot of integrated emission
intensity versus excitation reveals linear behavior with no
threshold and no evidence of coherent emission or a speck-
lelike appearance was seen.

Other authors have noted that poly- or nanocrystalline
thin films, unlike bulk ZnO material, exhibit low thresholds
for the appearance of nonlinear emission bands and optically
pumped stimulated emission.”® The origin of this behavior
compared to bulk material has been attributed to giant exci-
tonic oscillator strengths in low-dimensional nanocrystalline
structures, based on theoretical studies.>!? Reflectance data
on our samples, however, show a reduction in the oscillator
strengths (i.e., a reduction in the longitudinal-transverse
splitting, A; ) compared to bulk material, in addition to in-
creased exciton darnping.g’13 Additionally, the nanocrystal-
line films show mediocre PL quality compared to bulk ma-
terial. Other reported linear optical measurements (e.g., PL,
absorption, and reflectance) on poly- or nanocrystalline ZnO
which show lasing at room temperature also reveal no evi-
dence of giant oscillator strengths,}(”14 similar to our data.
Various authors have suggested that the wave-guiding prop-
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erties of the air/ZnO/sapphire structure affect the stimulated
emission properties leading to large gains in thin films."® The
critical film thicknesses identified are ~50—60 nm, substan-
tially thinner than our films. Hence, we do not believe that
this effect is appropriate to explain our data either.

A simpler explanation, not suggested before in this con-
text, is that the FE density in nanocrystalline materials may
be substantially different than that in bulk material due to the
inhibition of FE diffusion in nanocrystalline samples at grain
boundaries, similar to effects seen in thin films.'®!” The P-
and electron-hole pair bands—in which stimulated emission
and lasing are normally seen—grow in proportion to the sec-
ond (or higher) powers of the FE density2 and are thus very
sensitive to the density. In nanocrystalline samples, the FE
population created by optical absorption in the ~50 nm pen-
etration depth18 will be strongly confined in this volume by
grain boundaries.” In contrast, FE diffusion lengths in bulk
material may be significantly larger. FE diffusion lengths at
low temperature (<77 K) are reported in the range of
0.2-2 /.Lm,m’lg’20 and hence the initial exciton population
will diffuse and lower its density substantially. This explana-
tion assumes that FE are confined in the grain volume by
grain boundaries but that nonradiative recombination due to
deep levels at the grain boundary do not strongly quench the
FE. This implies that grain boundaries repel FEs, and that
FEs do not approach the boundary close enough for a high
degree of nonradiative recombination. There is strong evi-
dence throughout the literature supporting this idea, showing
that high intensity PL emission (and lasing) is seen from
nanocrystalline ZnO thin films even when the grain structure
is pronounced.4 The mechanism of repulsion will probably
be related to a variety of physical causes, but space-charge
layers close to grain boundaries, associated with charge trap-
ping at the boundaries, may be particularly important. Elec-
tric fields in these space-charge regions are known to be
important in understanding the properties of ZnO thin films,
and these samples in pz:1rticu1ar.7’9 Electric fields of a magni-
tude expected at grain boundaries increase the FE energy,
i.e., the exciton is repelled.7’21 There is an associated quench-
ing of the FE due to the field, mentioned above, but the
dominant effect of the field is to repel the FE from grain
boundaries toward low-field regions. The small FE Bohr ra-
dius (2 nm) in ZnO (Ref. 11) means that the electron and
hole do not interact directly with the deep levels at the
boundary when the FE center of mass is confined to the
field-free region, as the space-charge regions are larger than
the FE Bohr radius.” This mechanism explains why the ex-
citons are confined to the grain volume, without being
strongly quenched by deep levels at the boundaries.

We use a 1D model to explore this effect for the PLD
thin film and bulk samples (since the laser spot size diameter
is much larger than the penetration depth of the FE popula-
tion). The FE generation rate per unit area (G) due to the
pump laser (assuming unit quantum efficiency) incident on
the PLD samples is equated to the FE recombination rate per
unit area (R) for steady state. In these samples, excitons are
assumed to be confined with uniform density in the penetra-
tion depth (~50 nm, which is also typical of the sample
grain sizes), represented by 7 in Fig. 3. The equilibrium con-
centration of excitons created in the polycrystalline material
is given by
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FIG. 3. Schematic diagram of concentration profile of excitons in bulk and
PLD samples (vertical scale appropriate for L=7T).
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where [ is the intensity of the laser per unit area, h is
Planck’s constant, f is the frequency, Cp; p is the FE concen-
tration at x=0, and 7is the FE lifetime. For bulk material, the
generation rate of FE is the same as for PLD material in the
penetration depth. We assume that in this depth the concen-
tration is a constant, Cgyk, and that beyond this region it
decays with an exponential diffusion profile as in Fig. 3,
where L is the diffusion length of FE in bulk ZnO. The rate
of loss of FE per unit area from the penetration depth region
may be expressed as the sum of the recombination and dif-
fusion currents and equals [ Cgy 7/ 7]+Jp.The first term is
similar to the PLD case and the second is the diffusion cur-
rent density, Jp, from Fick’s law. Equating this sum to the
generation rate in the penetration depth gives the equilibrium
maximum concentration of FE in the bulk, Cgy k. The ratio
of the maximum FE population levels for the bulk and the
PLD material (using the relationship L= \’/D_7') is:

cunrif2-)]

CBULK _ T/T _ (
CPLD - T/T+ D/L -

L\
+%> . (2)

Taking the diffusion length L at low temperatures to be
~1 wpm, the ratio of the concentrations in bulk and PLD
material will be ~0.05. Thus, the superlinear optical emis-
sion bands may be at least two orders of magnitude stronger
in the nanocrystalline PLD material based purely on diffu-
sion effects. The FE diffusion length used is based on reports
at low temperature. Given that such diffusion lengths in-
crease with temperature in many systems,22 it may be re-
garded as a reasonable lower bound, implying that the ratio
of bulk to PLD FE concentrations at 300K will not be greater
than indicated in our calculation. Thus we expect that, based
solely on diffusion effects, nonlinear emission bands and
stimulated emission/lasing will be very weak in bulk mate-
rial at room temperature compared to nanocrystalline
material.

Low lasing thresholds (~40 kW/cm?) are seen at room
temperature in some single-crystal ZnO nanowires, with
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lengths of ~10 ,um.23 Such nanowires would be expected to
behave similarly to bulk material. However, these low
thresholds have been reported only for nanorods grown by a
metal-catalyzed (gold/self-catalyzed) process, leaving a me-
tallic region at the nanowire tip.23 These effects can be ex-
plained by analogy with repulsive image charge effects
known to efficiently exclude FE from a region close to the
sample surface (“dead—layer”).16 Attractive image charge ef-
fects at a semiconductor-metal boundary may lead to FE lo-
calization close to the tip and locally high FE densities.
Near-field scanning optical microscopy of single gold-tipped
nanowires under high excitation” shows light emission
strongly localized at one end of the nanowire, suggesting
such an exciton confinement.

In conclusion, we show evidence for high excitation ef-
fects and lasing in nanocrystalline ZnO thin films at room
temperature, although such effects are not seen for bulk ma-
terial of superior optical quality. Conventional explanations
of such differences are not suitable to explain our results. We
propose that the inhibition of FE diffusion in nanocrystalline
thin films substantially increases FE densities, leading to
stimulated emission and lasing. Calculations indicate differ-
ences greater than two orders of magnitude in P band and
EHP emission and show why room-temperature lasing is
seen only in nanocrystalline thin films, or other systems with
local exciton confinement, rather than bulk material.
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