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Abstract:

Under the STIR program we developed solution processed ZnO nanoparticle based microcavity
polaritons lasers. Polariton lasing action under optical pumping was demonstrated at threshold
power levels of ~ 40 nJcm?. Ultrafast time resolved measurements were carried out that clearly
show a sharp reduction in the emission lifetime above the threshold. Fourier space imaging of
polariton emission is also reported that shows the appearance of two distinct angles at which
emission maximum occurs due to the bottleneck effect seen often in polariton lasers. Finaly, we

present a design for electrically pumped version of the polariton laser.
Introduction:

ZnO has been touted to be one of the most attractive candidates for solid state UV lasers. In fact
there have been several demonstrations of lasers and light emitters based on a variety of growth
techniques and device architectures such as nanowires, microresonators, microdisks, photonic
crystal cavities, random lasing in ZnO powders and nanowires[1]-[5]. ZnO has aso been
considered as a strong candidate to realize polariton (half-light half-matter quasiparticles) lasers
that can operate at room temperature[6], [7]. In fact there have aready been few demonstrations

for polariton formation and lasing using ZnO microcavities [8]-[11].

Currently, the growth of crystaline ZnO materials is usually carried out using molecular beam
epitaxy, metal organic chemical vapor deposition or pulsed laser deposition. An aternate low-cost
approach is solution processing using ZnO nanoparticles which has the following advantages:
allows large area device fabrication, mechanical flexibility and most importantly ease of
fabrication. Furthermore, these nanoparticles have been found to be defect free as observed from
the lack of green defect related emission and robust to high optical pump powers. Recently the
PI’s group in collaboration in collaboration with the Sfier group at Brookhaven Nationa Labs
demonstrated low threshold random lasing in subwavelength thick ZnO films [12]. Through this
STIR program, we developed a room temperature opticaly pumped ZnO microcavity polariton
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laser. Furthermore, we carried out Fourier space imaging and time resolved measurements to

characterize the lasing.
The goals of the proposed work were:

1. Demonstrated optically pumped polariton lasing
2. Study the dynamics of polariton lasing in ZnO cavities

3. Provide adesign guideline for electrically pumped laser
Optically pumped polariton laser:

The schematic of the ZnO nanoparticle based microcavity is

shown in Fig. 1. The micriocavity structure consists of a half
wavelength thick ZnO cavity layer sandwiched between two 4 7.5 pairs
SisN4/SIO. distributed Bragg reflectors (DBR) grown via E

plasma enhanced chemical vapor deposition (PECVD). The 4’

ZnO nanoparticle layer is deposited via spin coating on the /

bottom DBR and then placed on a hot plate at 350C for 20 : -12.5 pairs

minutes to remove the solvents. The ZnO nanoparticles were

obtained from Sigma Aldrich. Following the deposition of
the ZnO nanoparticles, the top DBR was completed via
PECVD. Prior to the fabrication of the microcavity structure, | Fig. 1. Schematic of the ZnO microcavity

the ZnO nanoparticle thin film was characterized

optically aswell asstructurally. Shownin Fig. 2 isthe

0.3

dielectric constants of the ZnO nanoparticle film

T
=
r

obtained via ellipsometry. The inset shows the
scanning electron microscope image of the ZnO

o
Imaginary part (k)

nanoparticle film. The obtained dielectric constants

are dlightly lower than that of bulk films due to the

. . . 1.5 4=+ 7—+0.0
presence of voids in the nanoparticle film. The room 28 30 32 34 36
Energy (eV)

temperature photoluminescence (PL) does not show | o ,
Fig. 2. Dielectric constants of the ZnO nanoparticle

the defect emission that is often seen in the green | film obtained viaellipsometry. Theinset shows the
SEM image of aZnO nanoparticle film.

spectral range. The absorption measurements at room

temperature does not clearly show the different excitonic absorption features.
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Following the fabrication of the microcavity structure, we carried out pump power dependent PL
experiments. Shown in Fig. 3 below is the emission spectra for various pump powers as well as

the power —out and emission linewidth as a function of pump fluence.
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Fig. 3. (Left) Emission spectrum for different pump power levels. (Right) Power out (black cirles) and emission linewidth
(blue circles) as afunction of pump fluence clearly showing the lasing threshold

The emission spectrum is rather broad and consists of multiple modes. One of the intriguing
aspects of the lasing demonstration here is the rather large linewidths seen. We hypothesi ze that
we could be having cavity assisted polariton random lasing here. In addition to the pump power
dependence on the emission properties, we aso carried out angle resolved photoluminescence
measurements using a Fourier space imaging set up. Shown in Fig. 4 is the result of the angle
resolved measurements. Below threshold we observe almost uniform the emission from the lower
polariton branch. However once above threshold power level, we see the emergence of two distinct
emission maximums away from k=0. The emergence of these symmetric emission maxima on
either side of k=0 at ~ 15 degrees is indicative of the process of polariton stimulated scattering
bottleneck[13].
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Fig. 4. Angle resolved PL from ZnO microcavity below, ay and above threshold pump power. Clearly above the threshold
we see emission maximum at specific angles indicating bottleneck effect in stimulated polariton scattering as well as clear
spectral narrowing and nonlinear increase in output intensity.

Finally we also carried out time resolved luminescence measurements using a Kerr gating set up
at Brookhaven National labg[14]. An excitation pul se with wavelength of 280 nm, and 100 fs pulse
duration was focused down to a 500 um diameter spot size for the pump. The experiments were
conducted with a Ti:Sapphire laser system (Spectra Physics) with the pump being generated using

acommercial optical parametric amplifier (OPA, Light Conversion). A home built high sensitivity

Kerr-gating set up was used for the transient
PL experiments. Benzene was used as the
Kerr medium in the low fluence limit with ~
530 fs and quartz in the high fluence limit
with a time resolution of ~220 fs. The gated

emission signal was collected using a liquid
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Fig. 5. Time resolved PL data on the ZnO microcavity below
and above threshold sowing a clear reduction in lifetime.




psto 0.9 ps. Above the threshold the lifetime stays the same. In addition to just transient traces for
emission, we also obtained the wavel ength dependent transient emission spectrum as shown below
inFig. 6.
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Fig. 6. Spectrally resolved transient PL measurements showing the nonlinear increase in emission intensity accompanied
with abrupt spectral narrowing indicative of stimulated emission and gain.

Future plans:

Below we discuss briefly the design of an electrically pumped ZnO polariton laser. This design
takes the cue from a previous demonstration of the first electrically pumped polariton laser[15].
Here alateral geometry will be used as shown in the schematic below. One of the major hurdles
to overcome is the realization of p-type ZnO nanoparticles. The ZnO nanoparticles generally tend
to be n-type. Recently there has been some success on realized nitrogen doped ZnO which shows
p-type conductivity[16]. If this can indeed be accomplished, then one should in principle be able
to redlize an electrically pumped polariton laser such as the one shown in Fig. 6. The fabrication
of such adevicewill start with spin coating of ZnO nano particles (n-type followed by p-type) and
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then patterning the cavity layer. This will be followed by the realization of DBR first depositing
SiO and then using focused ion-beam to etch groovesin SiO, and sputter coating of TiO.. During

this process the ZnO layer will be protected using resist. Finally the top and bottom contacts will
be patterned as shown.

$i0,/TiO, DBR $i0,/TiO, DBR

Fig. 6. Schematic of the proposed electrically pumped ZnO polariton laser with lateral DBRS.
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