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ABSTRACT: Lasing in solution-processed nanomaterials has gained
significant interest because of the potential for low-cost integrated
photonic devices. Still, a key challenge is to utilize a comprehensive
knowledge of the system’s spectral and temporal dynamics to design
low-threshold lasing devices. Here, we demonstrate intrinsic lasing
(without external cavity) at low-threshold in an ultrathin film of
coupled, highly crystalline nanospheres with overall thickness on the
order of ~A/4. The cavity-free geometry consists of ~35 nm zinc
oxide nanospheres that collectively localize the in-plane emissive light
fields while minimizing scattering losses, resulting in excitonic lasing
with fluence thresholds at least an order of magnitude lower than
previous UV-blue random and quantum-dot lasers (<75 uJ/cm?). EXCITON LASING A (nm)
Fluence-dependent effects, as quantified by subpicosecond transient
spectroscopy, highlight the role of phonon-mediated processes in
excitonic lasing. Subpicosecond evolution of distinct lasing modes, together with three-dimensional electromagnetic simulations,
indicate a random lasing process, which is in violation of the commonly cited criteria of strong scattering from individual
nanostructures and an optically thick sample. Subsequently, an electron—hole plasma mechanism is observed with increased
fluence. These results suggest that coupled nanostructures with high crystallinity, fabricated by low-cost solution-processing
methods, can function as viable building blocks for high-performance optoelectronics devices.

Delay (picoseconds)

KEYWORDS: Cavity-free, room-temperature random lasing, solution-processed film, ultrafast dynamics, electron—phonon coupling,
near-field enhancement

or integrated photonic applications, it is necessary to provide both scattering and gain functionality, either by mixing

develop low cost, high-efficiency light amplification nonresonant scatterers with a gain medium such as a laser
processes. While various strategies have been explored over dye'>™"* or by using bifunctional materials that provide
the past decade,' ™ two distinct schemes have been investigated both.””~"” While considerable work has been done to tune
for disordered media, amplified spontaneous emission in thin the particle size to optimize resonant scattering at the band-
films of nanometer-sized quantum dot nanostructures (QD- edge emission wavelength,"®™* losses remain high, leading to
ASE) and random lasing in larger, micron-sized structures. Each lasing thresholds in the few mJ/cm? l'élnge-18 As a result of these
strategy has critical inherent drawbacks that have so far limited challenges, current QD-ASE and random lasing schemes do not
their practical use. In QD-ASE devices, weakly scattering offer the ideal device characteristics of both small critical
nanometer-sized particles allow for the long optical path dimensions and low lasing threshold.
lengths necessary to achieve optical gain. As a result, the In this letter, we demonstrate the emergence of short-lived
incoherent emission profile is derived solely from the gain curve collective emission modes through a low threshold, excitonic
of the medium, which is tunable via the size dependent optical lasing process in subwavelength thin films of ZnO nanospheres
properties of quantum dots. However, relatively large critical (average diameter of ~35 nm) with weak individual scattering
volumes are required for light amplification in these systems properties. In contrast to previous studies that have focused
and their efficiency is highly sensitive to the initial excitonic mainly on maximizing the scattering efficiency of individual
states that are excited and their relaxation dynamics.*”” As a nanostructures at th(leglazs(i)ng wavelength with predicted optimal
result, complex band engineering strategies, for example, core/ sizes of ~260 nm, "~ here we show that efficient, low-
shell nanostructures, are necessary to reduce losses via threshold lasing is achieved by using much smaller, highly
nonradiative Auger recombination and reabsorption.”*™"" In
contrast, in random lasers, constructive light interference via Received: December 27, 2015
multiple scattering leads to the evolution of distinct modes in Revised:  January 28, 2016
the lasing spectrum. Here, materials are typically chosen to Published: February 3, 2016
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Figure 1. Coupling effect of nanostructures on emission intensity. (a) Scanning electron micrographs of thin-film coupled nanostructures (NSF)
exhibiting lasing. Scale bar is 100 nm and nanospheres are ~35 nm in diameter. (b) Normalized emission spectra for pristine NSF near threshold (60
uJ/cm?, green) and at threshold (68 uJ/cm? blue), along with one sample that has been annealed for a short duration (a-NSF, orange) and when
nanospheres are dispersed in ethanol (d-NS, shaded gray). Note that the broader line width for the anneal sample is due to emission from interfacial
defect states that contribute to the lower energy tail of the band-edge emission. (c) Peak emission intensity at the band-edge as a function of pump
fluence for a pristine film of nanospheres (NSF, blue) and one annealed for a short duration (a-NSF, blue). (d) The 2D time-resolved emission
measurement of coupled-NSs thin-film (100 yJ/cm?) and representative control sample (here, individual nanospheres dispersed in ethanol). Similar
2D plots were obtained for the coupled-NSs when excited with lower than threshold fluence and for the rapidly annealed sample.

crystalline nanostructures with combined effects of increasing
many-body interactions (i.e., carrier—carrier, carrier—phonon).
The gain is enhanced by the accumulated in-plane emission
scattering while the loss rate is minimized by reducing “voids”
in the nanostructured film when the size of the nanospheres is
decreased. This strategy allows us to achieve lasing even in films
with thickness of ~ Aqyigsion/4. Overall, this system achieves an
order of magnitude reduction in the fluence threshold in films a
few orders of magnitude thinner than previously re-
ported."*'”'®*" This nanostructured lasing medium has
characteristics of both QD-ASE and random lasing insofar
that distinct modes are seen transiently in emission, while the
low lasing thresholds (<75 uJ/cm?®) enable the excitonic lasing
condition, that is, lasing at photoexcited carrier densities below
the Mott transition (i.e., exciton to electron—hole plasma).'>**
Using an ultrafast transient emission method, we quantify the
effect of fluence on these many-body interactions that lead to
excitonic lasing on the spectral and temporal dynamical
evolution of the various lasing modes and on the build-up
time of the lasing process.

To fabricate the subwavelength random lasers, we assemble
highly crystalline zinc oxide nanospheres™” with high refractive
index (n = 2.3) and strong photoluminescence in the UV into
thin films via solution processing methods (Figure 1a, see also
Figure S1 in Supporting Information). We observed emission
line narrowing and threshold behavior at ~65 uJ/cm? above
which the emission intensity changes by 3 orders of magnitude
(nanosphere film, NSF, Figure 1b,c), indicative of a lasing
process. Threshold behavior is always observed in films with
thickness greater than 100 nm as measured by scanning
electron microscopy and ellipsometry with values for average
thickness that are roughly quantized by the number of 35 nm
diameter nanostructures in the out-of-plane direction (~105,
140, and 160 nm for 3, 4, and S, respectively). Threshold
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behavior was observed over the full range of pump-spot sizes
were able to access, from 2.2 yum—1 mm (Figure S2).

To confirm that these emission features are derived from a
collective process, we report that no line narrowing or
threshold behavior is observed in (i) individual ZnO nano-
spheres (d-NS for NS dispersed in solution, gray curve in
Figure 1b), (ii) samples that had thicknesses less than a 100 nm
(i.e,, <3 nanospheres thick), or (iii) in any nanosphere-films in
which a rapid, high-temperature annealing process was
employed (a-NSF, orange curve in Figure 1b,c). Furthermore,
we observe drastic changes in the temporal behavior of the
emission above threshold in addition to changes in the intensity
and emission line shape. Using an ultrafast transient emission
technique (Methods, Figure S3), we observe a picosecond time
scale emission process that is at least an order of magnitude
faster than in an isolated nanostructure or films excited under
nonlasing conditions (Figure 1d). Together, these results
demonstrate an emission process that is highly sensitive to both
geometric (density, size, film morphology) and electronic
considerations; while a high density of nanospheres is an
imperative requisite for gain, fusing of the nanospheres during
this rapid annealing process changes the scattering profile and
introduces interfacial trap states that inhibit the lasing action.

While spectral line narrowing, threshold behavior, and fast
emission all are highly suggestive of a lasing process, the criteria
for proving random lasing necessitate a demonstration of
optical gain. To confirm optical gain and understand the gain
temporal profile, we use the linear and transient optical
absorption spectra. Briefly, for transient absorption measure-
ments a 280 nm ultrafast laser pump pulse (~100 fs) creates a
density of electron—hole pairs above the optical bandgap while
a weak broadband probe pulse, time-delayed with respect to the
pump, monitors the relaxation dynamics of the excited carriers
returning to the ground state.”*’ To highlight the nonlinear
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Figure 2. Optical gain in a coupled nanosphere film. (a) The 2D-time-resolved map of the optical gain, obtained by summing the linear and transient
optical absorption. (b) Optical gain (OD + AOD) at 2 ps after photoexcitation, plotted as a function of pump fluence. Yellow line is only a guide to
the eye and represents the region near the fluence threshold. (c) Spectral slices of the optical gain map in (a) at 1 ps, 10 ps, and 1 ns, along with the

ground-state linear absorption.

evolution of the system, the raw transient absorption data is
processed so that the absolute absorption of the sample,
measured using an integrating sphere, is added to each transient
spectrum. From this treatment, optical gain can be readily
visualized as it corresponds to signals where the OD + AOD
value is negative.”** A representative 2D data set, displaying
OD + AOD as a function of time and probe wavelength, is
shown in Figure 2a for a pump fluence (100 xJ/cm?*) above the
lasing threshold. The AA scale is set to highlight the negative
signal (optical gain) that develops in the region between 380—
420 nm. As in the steady-state emission measurements (Figure
lc), the optical gain signal is nonlinear in the fluence and
exhibits a threshold behavior. This can be readily seen in Figure
2b, which shows the transient spectrum at a fixed time (2 ps
after excitation) as a function of pump fluence, where the
nonlinear component emerges at pump fluences around 60—70
uJ/cm* (OD + mOD < 0). A comparison of the linear and
transient signals at few critical time delays is shown in Figure
2c. The gain lifetime lasts for less than 10 ps though a small
transient signal persists for longer times.

Furthermore, we identify discrete lasing modes in the
absence of an external optical cavity, the critical signature of
a random lasing mechanism. This is apparent in the slight
differences that we observe in the lasing spectra as a function of
both sample position and in time (Figure S4). Furthermore,
using a high sensitivity transient emission technique based on
optical Kerr gating (Figure S3), described previously, we are
able to resolve the temporal dynamics of individual modes with
~200 fs time resolution.”” By examining spectral slices at
discrete times after pumping in a 140 nm thick ZnO—NSs film
(Figure SS), we observe that lasing modes are transiently
populated as the system evolves. Because they evolve with a
distinct time domain behavior, we can clearly see that the
individual modes have a line width that is narrower than the
time-averaged value. Taken together, these features establish
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that a random lasing process is occurring. The number of lasing
modes and the overall bandwidth increases dramatically with
increasing fluence, and on average the red-shifted modes appear
at later times that those on the blue edge of the spectrum. This
time delay associated with the red-shifted modes is consistent
with a shift away from the maximum of the gain curve for ZnO
along with decreased scattering efficiency. At higher fluences
(>300 uJ/cm?), more complex spectral dynamics are observed.
We note that narrowing of the line width to less than a
nanometer is not a necessary signature of random lasing. The
observation of relatively broad lasing modes (low Q factor) is
consistent with their ultrafast (subps) lifetime. Also, using small
nanospheres with a narrow size distribution provides a large
number of optimum optical path lengths within the gain
bandwidth.

In addition to understanding the mechanism that triggers
lasing in those subwavelength assemblies of weakly scattering
nanospheres, the ultrafast transient emission measurements
allow us to understand differences in the lasing behavior under
low and high fluence pump conditions. Below the lasing
threshold (29 uJ/cm?), relatively static emission dynamics are
seen with a lifetime of ~37 ps, similar to isolated
nanostructures (Figure 3a). Near threshold (~60 pJ/cm?),
the first sign of lasing is apparent with “spikes” of intense
emission occurring at a few to 100 fs intervals (see arrows in
Figures 3b and 4a). These pronounced transient oscillations, or
laser spiking, are a direct signature of the scattering mechanism
that causes population inversion' **° and a direct consequence
of the sample trying to reduce the dwell time of the photons in
the medium during population inversion.””

Under high fluence pumping, the complex lasing dynamics
can be explained by the overlapping, ultrafast emission modes
and the crossover from excitonic to electron—hole plasma
lasing behavior. Just above threshold, the system is in the
exciton lasing regime because the optical pump fluence
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Figure 3. Emission dynamics at low and high fluence. Evolution of the
emission spectrum for the pristine-CNF as optical pump fluence is
gradually increased from (a) 29 to (f) 1060 uJ/cm® The 60 uJ/cm?
pump fluence data is characteristic of the near-lasing threshold
behavior and exhibitd both below and above threshold spectrotem-
poral features. Figures on the right side track the peak emission
intensity with time. Above, 300 xJ/cm? signatures the transition from
exciton to electron hole plasma lasing can be seen from the dynamics
shifting of the emission maxima. Note that emission dynamics in
panels a,b and c—f have been gated using the optical Kerr effect in
benzene and glass respectively, with a temporal resolution of ~530 and
~220 fs. Note that all 2D TRPL plots have been normalized.

corresponds to carrier densities of ~1.5 X 10'® cm™, much

lower than the Mott threshold value (ny = ks T/2a3E,,. ~ 3.7 X
10" cm™3; where a, is the Bohr’s radius of 18 A and E,_ is the
exciton binding energy of 60 meV)."”> The spectral dynamics
reinforce this conclusion, as an immediate redshift correspond-
ing to P-band exciton scattering is seen in Figure 4757
Although such spectral shifts have been reported in steady-state
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experiments on ZnO microcavities’” and nanowires,”" here the
dynamic exciton—exciton scattering process is monitored in
real time. With increasingly higher fluences, the initial exciton
scattering mechanism®* " is quickly subdued by the formation
of an electron—hole plasma (EHP). The EHP signature is a
drastic red shift and broadening in the emission at early times
followed by a dynamic blue shift as carriers decay to the §round
state and the density drops below the plasma threshold.” This
behavior is clearly seen by plotting the maxima of the lasing
emission wavelength as a function of time (right panels of
Figure 3). At higher fluences (Figure 3d—f), the emission
maximum is initially red-shifted by 10 nm compared to Figure
3c and exhibits a dynamic recovery of excitonic lasing at 390
nm after a few picoseconds due to the decay of excess carrier
density and a return to the excitonic regime.

The dependence of the lasing buildup time on the carrier
density, that is, pump fluence, suggests that electron—phonon
coupling is important for achieving low-threshold lasing. After
precisely determining time zero based on the arrival time of the
excitation pulse, we plot the kinetics of the system at the
emission maximum (Figure 4a,b) and the buildup time (Figure
4c) for different pump fluences. Notably, the maximum delay of
~2.5 ps occurs precisely at the lasing fluence threshold. The
change in buildup time highlights the complicated interaction
between excited carriers and the phonon modes that exist in the
gain material and which have been shown to be crucial for
lasing in II-VI semiconductors® in the low fluence regime.*’
Moreover, this delay highlights the importance of phonon
modes in distributing excitons within the continuum
states,”*** thus reducing intraband nonradiative exciton—
exciton scattering and ultimately fulfilling the population
inversion that initially triggers lasing. With an increased density
of excited carriers, additional carrier—carrier scattering into the
continuum states*’ occurs and the temporal delay in lasing is
reduced.

Additional insight into the mechanism of exciton random
lasing in the subwavelength limit is obtained using full-field 3D
electromagnetic simulations (see details in Methods section),
which confirm that lasing is seeded from the collective
scattering of the nanospheres. These simulations explored the
effect of film morphology and disorder on the ability to localize
and enhance the electromagnetic field over the relevant spectral
range (350—450 nm). In Figure 5, we plot the electric field
enhancement, |EI, at the emission peak (~403 nm) in a 140
nm thin film composed of unstructured ZnO, a close-packed
film composed of ZnO nanospheres with diameter of 40 nm,
and a film of randomly arranged ZnO nanospheres with a
distribution of diameters between 40 and 50 nm. Significant
enhancement near the ZnO bandedge emission occurs only for
the film composed of randomly packed, heterogeneous ZnO
nanospheres. Identically thick films of unstructured and well-
aligned close-packed ZnO do not show a similar dramatic
increase in scattering at any relevant wavelength. These results
show that the randomly arranged nanospheres are required to
confine the light fields within the film and to consequently
increase the in-plane scattering needed to achieve lasing.

From the combined spectrotemporal dynamics and electro-
magnetic simulations, we build a mechanistic picture of how
low-threshold random lasing occurs in these thin-films
composed of nanospheres that individually display weak
scattering properties. The subdiffraction length scales serve to
confine the incoming light fields within the bifunctional gain
media and selectively outcompete extended modes that allow
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Figure S. Near-field electromagnetic distributions of various ZnO thin-
film configurations. XZ-plane comparing the |EI at the emission peak
(~403 nm) for (a) flat, unstructured thin-film, (b) close-packed film
composed of ZnO nanospheres with diameter of 40 nm and (c)
randomly arranged ZnO nanospheres with a uniform size distribution,
ranging between 40 and 50 nm in diameter. Enhancement in the in-
plane emission scattering is clearly visible only for the case when the
film is composed of the random nanospheres. For ease of comparison,
all plots share the same color scale. A, air; S, substrate; F, flat-film; C,
close-packed film; R, randomly packed film.

the emitted 6photons to diffuse throughout micron-thick
13,17,2 -

samples. In addition, the smaller nanospheres reduce

the voids, providing a closer packing capacity (greater gain-to-
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volume fraction). Consequently, this increases coherent
particle-particle and photon-particle scattering processes while
accelerating their decay via amplified stimulated emission. To
estimate the magnitude of this effect, we can assume a certain
packing arrangement (see Supporting Information, Figure S6)
and compute the gain-to-void fraction as the particle size is
changed. We see that decreasing the nanospheres diameter
from 200 to 35 nm results in a drastic decrease of the void
feature size by about 90%.

In conclusion, we have demonstrated low-threshold excitonic
UV-blue lasing (<75 uJ/cm?) in an ultrathin-film of coupled
nanospheres. Resolving the subpicosecond absorption and
emission dynamics below and above threshold provide insights
into the material requirements for lasing in disordered
materials. For example, we show that the gain mechanism is
excitonic random lasing via multiple in-plane scattering, despite
the use of weakly scattering 35 nm diameter nanostructures and
subwavelength film thicknesses. Our results suggest that
coupled, highly crystalline nanostructures, fabricated by low-
cost solution processing methods, can function as viable
building blocks for high-performance optoelectronic devices.

Methods. Fabrication of ZnO Nanospheres Sample.
Hydrothermally grown ZnO nanostructures that are dispersed
in ethanol with an average size of ~35 nm and 40% weight
concentration (~10% volume concentration) were obtained
from Sigma-Aldrich. This solution was further diluted to 0.7%
volume concentration and spun-cast at 10 000 rpm for 60 s and
baked at 300 °C for 10 min to remove the residual ethanol
solvent. To vary the sample thickness, a different concentration
of the dispersed solution was used. The resulting spin-coated
nanostructures formed a close-packed thin film as shown in the
scanning electron micrograph of Figure la. The thicknesses of
the films were estimated using ellipsometric techniques and
scanning electron microscopy.” As controls, (i) similar spin-
coated samples with varying thickness were annealed for a short
duration using a rapid thermal process (RTP conditions: $
minutes at 800 °C), and for dispersed nanosphere studies (ii)
the initial solution used was placed in a 1 mm cuvette for time-
resolved emission studies.
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Optical Characterization. For all optical spectroscopy
measurements (steady-state emission and ultrafast transient
and emission measurements), an excitation pulse of wavelength
280 nm, pulse duration of 100 fs, and focus to a spot size of
about 500 ym in diameter was used (pump). The experiments
were conducted using a Ti:sapphire laser system (Spectra
Physics) with the pump being generated using a commercial
optical parametric amplifier (OPA, Light Conversion Ltd.). For
transient absorption measurements, a supercontinuum probe
was generated by focusing the 800 nm fundamental light into a
calcium fluoride plate. Shot-by-shot detection was achieved
using fast silicon multichannel detectors (Ultrafast Systems
LLC). For ultrafast transient emission experiments, a high-
sensitivity home-built setup based on the optical Kerr effect was
used.” The modularity of our setup allows low emissive states
to be gated/probed using benzene as the Kerr medium”>** in
the low fluence limit with a temporal resolution of ~530 fs and
quartz in the high fluence limit with a time resolution of ~220
fs. The gated emission signal is collimated and hereafter focused
onto an imaging, nitrogen-cooled spectrometer (iHR320),
equipped with a charge-coupled camera (Symphonyl],
HORIBA Jobin Yvon). More details are also presented in the
Supporting Information.

Electromagnetic Simulations. To confirm the effect of a
random assembly of nanostructures on its in-plane emission
scattering, we use full-field 3D finite-difference time-domain
software (Lumerical Solutions) to calculate the near-field
electromagnetic distributions in a variety of films with a
constant thickness of 140 nm. The volume simulated was 500 X
500 X 700 nm® with x and y having periodic boundary
conditions while z had a perfect matching layer (parameters
were 24 layers, kK = 2 and ¢ = 0.25). A set of dipole emitters
(arranged to simulate random polarization and in the spectral
range 350—450 nm) was placed in the simulation volume while
XZ-plane monitors were placed at the center of the simulated
volume, that is, y = 0, to record the transmission and
electromagnetic near-field distributions of the system. In all
cases, these parameters were kept constant with only the film
morphology being varied. Simulations were performed on a (i)
flat and unstructured, (ii) close-packed nanosphere and (iii)
randomly distributed nanosphere thin-film. For the random
nanostructures, we use the uniform randomly distributed
nanophere function with diameter parameter set to range
around 40 nm. The same ZnO dielectric value was used for all
configurations.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.5b05274.

Scanning electron microscopy images of nanosphere
films, excitation spot size measurements, additional
experimental details, position and temporal variations
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