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We demonstrate coupling of lead halide perovskite nanocrystals to a nanophotonic cavity. From

photoluminescence measurements, we observe a factor of 10 enhancement in brightness from the

cavity mode emission. We perform room temperature time-resolved lifetime measurements that

demonstrate an average spontaneous emission rate enhancement of 2.9 for perovskite nanocrystals

within the cavity as compared to those located on the unpatterned surfaces. Our method provides a

way towards realizing efficient light emitters and low-threshold lasers, as well as fast nonlinear

optical devices, using solution processable materials. Published by AIP Publishing.
https://doi.org/10.1063/1.5000248

Solution-processable lead trihalide perovskite semicon-

ductors are alternatives in optoelectronic applications to epi-

taxial materials that require complex growth capabilities to

synthesize.1–4 Perovskites exhibit a small Stokes shift,5 high

charge carrier mobility,6 and large absorption coefficient.7

These features could enable high-performance photovoltaic

devices, light-emitting diodes, and light sources for efficient

lasers. Previous studies focusing on photovoltaic applications

adopted perovskite thin films as absorbing layers in solar cells

with a record-high certified conversion efficiency of 22.1%.8

Beyond photovoltaics, perovskites could also serve as a new

type of efficient emitter and gain material for opto-electronic

applications.9

Lead trihalide perovskite nanocrystals exhibit a number

of properties that make them promising candidates for light-

emitting devices. They exhibit slow nonradiative decay path-

ways, which reduces Auger recombination, a problem that

many quantum emitters suffer from.10 Their exciton energy

is widely tunable by chemical composition and quantum

confinement.11 This allows the emission to cover the entire

visible spectrum, especially the purple and blue wavelengths

where other colloidal quantum emitters are hard to synthe-

size and emit poorly. In addition, lead trihalide perovskites

exhibit low densities of carrier-trapping defects, which leads

to high photoluminescence efficiency at room tempera-

ture.12–14 These beneficial properties enabled perovskite-

based light-emitting diodes15,16 and lasers.17,18 More recent

work realized enhanced lasing in perovskite nanocrystals

coupled to band edge states of large area photonic crystal

structures.19 Coupling these emitters to small mode-volume

nanophotonic cavities could further improve the efficiency

of these emitters and also enable low-threshold lasers.20

Furthermore, the increased binding energies and oscillator

strengths of perovskites make them a promising system to

study strong light-matter interactions and cavity quantum

electrodynamics.21 However, the integration of lead-halide

perovskite nanocrystals with nanophotonic cavities remains

unexplored.

In this paper, we demonstrate enhanced radiative emis-

sion of perovskite nanocrystals by coupling them to a silicon

nitride photonic crystal nanocavity at room temperature. We

show a significant brightness enhancement of the nanocrys-

tals, along with an enhanced spontaneous emission rate with

an average enhancement factor of 2.9. Our results provide a

path toward compact on-chip light sources with reduced

energy consumption and size.

Our device uses CsPbBr3 perovskite nanocrystals. We

synthesize the CsPbBr3 nanocrystals in a crude solution and

then centrifuge using the washing procedure described in our

recent report.11 Figure 1(a) presents the absorption and emis-

sion spectra of perovskite in toluene solution used in our

experiment. We collect the absorption spectrum using a Jasco

V670 spectrometer in the transmission mode and the photolu-

minescence spectrum using a Fluorolog iHR320 Horiba Jobin

Yvon spectrofluorometer equipped with a photomultiplier

detector. The excitation wavelength is 400 nm, provided by a

450W Xenon lamp dispersed with a monochromator.

Measured intensities are corrected to take into account the

spectral response of the detector.

They exhibit photoluminescence centered at 510 nm

with a full-width at half-maximum linewidth of 20 nm, and

the corresponding absorption onset is at 501 nm. Figure 1(b)

displays a transmission electron microscopy image of the

ensemble nanocrystals after depositing the solution on thea)Author to whom correspondence should be addressed: edowaks@umd.edu
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sample surface using the drop-casting method. The nano-

crystals are cubes with side lengths on the order of 10 nm,

and the formed film on the sample surface is uniform across

a large area.

We couple the perovskite nanocrystals to a silicon nitride

photonic crystal nanobeam cavity designed with a cavity reso-

nance at 510 nm,22 which is matched to the peak photolumi-

nescence emission of the perovskites. We adapted the cavity

design proposed by Khan et al. for our specific wavelength.22

The cavity design consists of a 200-nm-thick and 270-nm-

wide SiN beam with a one-dimensional periodic array of air

holes with a lattice constant of 180 nm and a hole radius of

60 nm. We form the cavity by linearly reducing both the lattice

constant and the radius of the four holes at the center of the

beam on both sides. We reduce the lattice constant from

180 nm to 153 nm, and the hole radius from 60 nm to 45 nm.

Figure 2(a) displays the calculated mode profile of the

designed cavity structure obtained from a finite-difference

time-domain simulation. The design achieves a resonant wave-

length of 510 nm and a calculated quality factor of 35 000.

To fabricate the device, we begin with an initial wafer

composed of 200 nm thick stoichiometric SiN deposited on a

Si substrate. We grow the SiN layer using low-pressure

chemical vapor deposition. We then use electron beam

lithography followed by fluorine-based inductively coupled

plasma dry etching to fabricate the photonic crystal. We wet-

etch the underlying silicon using aqueous KOH to create the

suspended nanobeam cavity structure shown in the scanning

electron microscopy image in Fig. 2(b). After fabrication, we

deposit perovskite nanocrystals onto the cavities by drop-

casting a toluene solution (0.1mg/mL) onto the sample

surface.

Figure 2(c) illustrates the experimental setup for investi-

gating our coupled device. We perform the measurement on

the device using a lab-built confocal microscopy system. We

excite and collect the signal from the sample using an objec-

tive lens with a numerical aperture of 0.6. We pump the sam-

ple with 70-ps duration laser pulses with a repetition rate of

20MHz at a wavelength of 405 nm. We filter out the col-

lected signal spectrally and spatially using a 450-nm, long-

pass filter and an iris, respectively. We then focus the signal

onto a grating spectrometer for spectral analysis. To measure

the lifetime, we spectrally filter out the cavity signal using a

spectrometer with a resolution of 0.1 nm and measure it

using an avalanche photodiode single-photon counter with a

timing resolution of 220 ps. We use a time interval analyzer

to correlate the arriving photon events with the pump laser

pulses to obtain a lifetime trace.

Figure 3(a) shows the emission spectrum of one device,

as well as that from an unpatterned region of the sample

FIG. 1. (a) Absorption (black) and

photoluminescence (purple) spectra of

perovskite nanocrystals in solution

form. (b) TEM image of perovskite

nanocrystals deposited on the sample

surface.

FIG. 2. (a) Calculated electric field

intensity profile of the fundamental

mode in the cavity. (b) Scanning elec-

tron microscopy image of a SiN pho-

tonic crystal nanobeam cavity. (c)

Experimental setup. M, mirror; PBS,

polarizing beam splitter; HWP, half-

wave plate; OL, objective lens; LPF,

long-pass filter (cutoff at 450 nm);

IRIS, iris as a spatial filter; SPCM,

single-photon counting module; CCD,

charge-coupled device.
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(multiplied by a factor of 10) with an excitation power of

1lW. We measure a laser spot size of 0.45 lm in radius,

leading to a pump power density of 150W/lm2. The photo-

luminescence spectrum of the perovskites in the unpatterned

region has a full-width at half-maximum linewidth of 20 nm.

In contrast, those coupled to the cavity mode exhibit a sharp

peak emission at the cavity resonant frequency, where the

signal is more than 10 times brighter than that of the unpat-

terned region. By fitting to a Lorentzian function, we obtain

a Q factor of 40006 300 for this coupled device. We note

that the nanobeam cavity possesses a much smaller surface

area compared to the unpatterned region. Despite the fact

that we pump a smaller number of nanocrystals, we still

observe a much larger signal.

We next measure radiative lifetimes of the emission from

the perovskite nanocrystals. Figure 3(b) shows the time-

resolved lifetime measurements at the cavity and on the unpat-

terned surface. In both cases, the decay is multi-exponential.23

Perovskite ensembles typically exhibit a multi-exponential

decay due to variations in the non-radiative decay rate.24

Perovskites coupled to the cavity may exhibit additional fluctu-

ations in the radiative decay rate because they are in different

positions within the cavity and therefore experience different

radiative enhancements. To account for the variations in the

decay rate, we fit the decay to a stretched exponential function

of the form

I tð Þ ¼ I0 þ Ae� t=sseð Þb ; (1)

where I(t) is the photoluminescence intensity at time t, I0 is
the background intensity, A is a scaling constant, 1/sse is the
decay constant of excitons in perovskites, and b is the stretch

parameter which ranges from 0 to 1. This parameter indi-

cates the variance in the decay rates. The higher the value of

the stretch parameter, the lower the variance, with b¼ 1 cor-

responding to a single-exponential decay. From the stretched

exponential fit, we calculate the ensemble average lifetime

using the following expression:23

Tavg ¼
Tse
b

U
1

b

� �
; (2)

where CðzÞ ¼
Ð1
0

xz�1e�xdx is the Gamma function.

We performed lifetime measurements on 10 different

devices. For each device, we also measured the unpatterned

surface nearby as a comparison. The average lifetime of the

perovskites on the unpatterned surface is 1.366 0.50 ns with

b ¼ 0:74. In contrast, the cavity-coupled perovskites exhibit

a shorter average lifetime of 0.466 0.05 ns with b ¼ 0:82.
We define the Purcell factor as the ratio of the average cavity

lifetime to the average lifetime of the unpatterned surface

near the cavity. From the 10 measurements, we attain an

average Purcell factor of 2.96 0.9, confirming the enhance-

ment of spontaneous emission.

We compare the measured lifetime with the theoretical

calculation by the FDTD simulation using a model in the bad

emitter regime25

Fmax ¼ 1þ 3k3

4p2n2
Qp

V
wðrÞ: (3)

This expression denotes the Purcell factor for an emitter

located on the nanobeam surface at the maximum field inten-

sity position. Here, k is the cavity mode wavelength, Qp

¼ k=Dkp is the quality factor of the perovskite emission

where the linewidth is Dkp, n is the refractive index of SiN at

the cavity resonance, V ¼
Ð
d3reðrÞjEðrÞj2=½eðrÞjEðrÞj2�max

is the cavity mode volume, eðrÞ is the relative dielectric con-
stant, and wðrÞ ¼ jEðrÞj2=jEðrÞj2max is the ratio of the cavity

field intensity at position r to that at its maximum located in

the center of the beam. We note that our system operates in

the bad emitter regime, where the linewidth of the emitter is

much broader than the cavity linewidth. In this limit, the

Purcell factor is independent of the cavity quality factor and

depends only on the emitter linewidth.25 From the FDTD

simulations, we obtain V ¼ 0:55ðk=nÞ3 and wðrÞ ¼ 0:36 for

an emitter located at the center of the nanobeam cavity sur-

face. Substituting these values into Eq. (3), we obtain a max-

imum Purcell factor of 3.6, which agrees well with the

measured value. We attribute the lower Purcell factors mea-

sured in the actual devices to the fact that we are exciting an

area of perovskites that are not all located at the field maxi-

mum on the nanobeam surface.

In conclusion, we demonstrated the enhancement in the

brightness and radiative decay rate of trihalide perovskite

nanocrystals by coupling to a one-dimensional photonic crys-

tal nanocavity at room temperature. We obtained an enhance-

ment factor of 2.9 in the average spontaneous emission rate.

We could further increase the enhancement by designing cav-

ities confining the mode in the air so that the nanocrystals will

be in the region with the maximum cavity field.26 By control-

ling the size and material composition, we can create

FIG. 3. (a) Emission spectra from per-

ovskites on the cavity (red) and in the

unpatterned region (yellow, multiplied

by a factor of 10 for clarity), both mea-

sured under pulsed excitation. (b)

Normalized time-resolved photolumi-

nescence from perovskites on the cav-

ity (red) and in an unpatterned region

(yellow). The dots indicate the mea-

sured data, and the lines are the fits to

the stretched exponential decay model.
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enhanced light emitters spanning the entire visible range,

especially for the blue-green wavelengths which are previ-

ously hard to achieve.11 Our method could also improve the

efficiency of existing perovskite LEDs to open up real world

applications such as efficient illumination and displays.27,28

Finally, our results could enable lasers with low thresholds

and nonlinear optical devices with fast responses, which are

crucial components in integrated optoelectronics.
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