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Abstract—We discuss our recent work on perovskite laser,
LED, and phototransistor using solution-processed CsPbX3
quantum dots.
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I. INTRODUCTION

Solution-processed nanomaterials offer a promising route
to overcome the grand challenge of integrated light sources on
Si and flexible substrates due to their wide fabrication
compatibility, but they have not achieved satisfactory
performance in both efficiency and stability. In recent years,
metal halide perovskites have emerged as a highly promising
newcomer among photonic materials. They exhibit high charge
mobility [1], sharp optical absorption edges and high
absorption coefficients comparable to GaAs [2], as well as an
unusual defect tolerance [3]. The materials were first applied to
photovoltaics and resulted in record certified research solar cell
power conversion efficiencies >22% in less than four years [4].
The outstanding performance suggests their promise for light-
emitting and other photodetection applications, and many
research efforts have been made in this field. Here, we present
and discuss our work on perovskite quantum dot (QD) vertical
cavity lasers with low threshold (0.39 pJ/cm?), LEDs with high
stability, and broad-band hybrid phototransistor with high
sensitivity.

II. LOW-THRESHOLD PEROVSKITE QD VERTICAL CAVITY
LASERS

All-inorganic cesium lead bromide (CsPbBrs3) perovskite
quantum dots (QDs) have recently attracted much attention as
highly promising solution-processed materials for next-
generation light-emitting applications [5-8]. They utilize the
advantages of QDs and perovskite materials together,
therefore have great potentials in achieving high optical gain
with good stability. We have demonstrated an ultra-low lasing
threshold (0.39 uJ/cm?) from a vertical cavity surface emitting
laser (VCSEL) structure consisted of a CsPbBr; QD film and
two distributed Bragg reflectors (DBR) [9]. Temperature
dependence of the lasing threshold and ambient stability of the
device were also characterized. The CsPbBr; QDs provide
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better stability and enable device operations over 5h/1.8x107
optical pulse excitations under ambient conditions. Stable
lasing operation was achieved under both short pulse
(femtosecond) and quasi-continuous-wave (nanosecond)
operations.

The device structure is shown in Figure 1(a). The CsPbBr3
QD film is sandwiched between two commercially available
DBRs. A 400 nm, 50 fs pulse laser was first used as the pump
source. The transmission spectrum of the DBR is shown in
Figure 1(b). The DBR has high transmittance in 375-500 nm
wavelength region, which allows the use of 400 nm as the
pump source wavelength. The transmittance of the DBR is
close to 0% in the range of 500-600 nm, where the
photoluminescence (PL) peak of CsPbBr; QDs is located,
allowing high-Q resonance to occur between two DBRs.
Figure 2(a) shows the PL spectra of our VCSEL device under
different pump fluence. The inset shows the emission beam
captured by a CCD camera. Below lasing threshold, the
emission is mainly from spontaneous emission, which is
blocked by the DBR mirror, thus there is almost no signal
detected by the spectrometer [10]. Above the lasing threshold,
a narrow peak located at A=522 nm starts to appear. As the
pump fluence continues to increase, the peak intensity
increases dramatically. The full width half maximum
(FWHM) of the emission spectra above the lasing threshold is
about 0.9 nm, which is much narrower than that of amplified
spontaneous emission from CsPbBr; QD thin film (~8 nm).
Figure 2(b) shows the the output intensity versus input pump
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Fig. 1. (a) The schematic diagram of the CsPbBr; QD VCSEL. Inset:
photograph of the VCSEL in operation. (b) Transmission spectrum of the
DBR. Inset: photograph of the DBR in front of the green-emission
CsPbBr; QD solution. The DBR reflects the green light while
transmitting the UV light.
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fluence (L-L curve), a L-L kink at 0.39 ulJ/cm? can be
observed, which demonstrates the occurrence of stimulated
emission and lasing above the threshold. The time resolved
spectrogram was obtained by a streak camera, as shown in
Figure 2(c). A narrow emission band around 522 nm appears
as an intense ellipse spot in the spectrogram. The
corresponding time-resolved emission intensity decay trace is
plotted in Figure 2(d). The fast decay (~10 ps) is attributed to
a stimulated emission process, which is consistent with other
reported values of stimulated emission lifetime for perovskite
materials [7, 11].
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Fig. 2. (a) The emission spectra under different pump fluences from the
CsPbBr; QD VCSEL. Inset: Far-field image of the emission beam from the
VCSEL above the lasing threshold. (b) L-L curve for the CsPbBr; QD
VCSEL, with a kink at 0.39 pJ/cm? (c) Time-resolved spectrogram and (d)
time-dependent emission intensity above the lasing threshold. The device was
excited at A= 400 nm with 50 fs laser pulses.

In order to study the temperature dependent performance
of our VCSEL devices. We measured the lasing threshold at
temperature range from 120 to 295 K with the femtosecond
pulsed laser as the pump source. As shown in Figure 3(a), the
lasing threshold decreases steadily when temperature
decreases, and finally reaches 0.15 pJ/cm? at 120 K. We
attribute this to reduced thermal heat during lasing operation
and decreased Auger recombination loss at low temperature.
The stability of perovskite optoelectronics is still a big
concern in perovskite research community. We define an
80%-lifetime (Tso) as the time it takes for the emission
intensity decreases to 80% of the initial value. As shown in
Figure 3(b), the device under 50 fs pump pulses shows higher
stability (Tso > 5h/1.8 x 107 pulses) while the emission
intensity decreases much faster under 5 ns pump pulses (Tgo ~
2h).

III. PEROVSKITE QD LEDS WITH RED EMISSION AND HIGH
STABILITY

Although Perovskite materials (MAPbBr3;, FAPbBr; and
CsPbBr3) have been utilized to fabricated green LEDs with a
highest Lo lifetime (EL intensity decreases to 70% of initial
value, an IES TM21 standard) of >900 min and a EQE of
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Fig. 3. (a) Lasing threshold dependence on temperature for the CsPbBr;
QD VCSEL. (b) Stability characterizations of the device under fs (red)
and ns (blue) pulsed excitation with pump fluences set at 1.1 Py. The
measurements were performed at room temperature under ambient
conditions.

0.15% reported [12], there has been little published work on
the stability of perovskite LEDs with red emission, likely due
to the small Goldschmidt tolerance factor of CsPbl; or
MAPDI;, which is an indicator for the stability of crystal
structures as determined by the relative size of the
constitutional ions. MAPDbI; can be cubic phase at room
temperature; however, it degrades fast and transforms to
orthorhombic phase in ambient condition. A perovskite LED
based on MAPbI3Cly thin film with emission wavelength
centered at 770 nm was reported to achieve 0.48% maximum
EQE and only 2 min L lifetime [13]. CsPbl; is usually not
cubic phase at room temperature, heating above 300 °C is the
prerequisite for CsPbls to obtain the cubic phase, which gives
LEDs and solar cells based on CsPbls better efficiency and
performance [14]. Recently, it was reported [15] that by
utilizing an improved purification approach, nanocrystal
surfaces can be used to stabilize cubic phase CsPbls at room
temperature, far below the phase transition temperature for
thin film or bulk materials. This finding indicates CsPbls QDs
a great candidate for stable red-emission perovskite LEDs.
Utilizing the above-mentioned improved purification method,
we have achieved a highly stable CsPbls QD LED with red
emission [16]. The device achieved an external quantum
efficiency (EQE) of 0.21% at 6 V and great operational
stability in ambient condition, with a Lo lifetime of 16 h and
1.5 h under a constant driving bias of 5V and 6V (maximum
EQE operation) respectively. Furthermore, the device can
work under a higher voltage of 7V (maximum luminance
operation) and maintain 50% of its initial EL intensity after
500 s. These findings suggest the potential application of
CsPbls QDs for stable red LEDs.

The LED structure and cross-sectional SEM image are
shown in Figure 4(a) and (b). The ITO electrode is used as
anode, PEDOT:PSS and TPBI function as hole transport layer
(HTL) and electron transport layer (ETL) respectively. The
CsPbls QD thin film is sandwiched between HTL and ETL as
the active layer, where electron and holes combine to emit
photons. LiF (1nm)/Al (100nm) is used as cathode. Figure 4(c)
shows the energy level diagram of the LED structure, which
also exhibits the hole and electron transport path. The
luminance-current density-voltage (L-J-V) characteristics of
the device are shown in Figure 5(a). The CsPbl; QD LED
shows clear diode characteristics with a low turn-on voltage
Von of 3V. The LED achieves a maximum luminance of 7.2
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cd/m? at 7V. The current efficiency and EQE dependence on
the applied voltage are shown in Figure 5(b). A maximum
current efficiency of 0.012 cd/A and EQE of 0.21% are
achieved at an applied voltage of 6V. The EQE can be further
increased by enhancing the PLQY and the conductivity of
CsPbl; QD thin films besides a better device design to
minimize the energy barrier at PEDOT:PSS/CsPbl; QDs
interface. Figure 5(c) shows the Electroluminescence (EL)
spectra of the CsPbl; QD LED at different voltages. The EL
spectra are centered at 693 nm with a FWHM of 32 nm. The
CIE coordinate of the LED emission is (0.70,0.26), on the red
corner of the CIE color diagram as shown in Figure 5(d).

Applied V

Fig. 4. (a) The schematic device structure. (b) The cross-sectional SEM image
of the LED. (c) The energy level diagram of the device.
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Fig. 5. (a) Current density and luminance as a function of voltage, and (b)
external quantum efficiency and current efficiency versus voltage. (c) EL
spectra at different applied voltages. Inset: Photograph of the device in
operation. (d) CIE coordinates of the emission color from the CsPbl; QD
LED.

We further characterized the operation stability of our
CsPbl; QD LED under different applied voltages. As shown in
Figure 6(a), The L7 lifetime of the LED at a constant voltage
of 5V is about 16 hours, the initial luminance is 1.5 cd/m?,
which is the close to minimum luminance (1 cd/m?) our eyes
can catch sight of. Working at the bias of 6V, the LED shows
the maximum EQE and has a Ly lifetime of 1.5 hours, the
thermal heat and increased Auger loss due to higher injection
current may contribute to a shorter lifetime. When the device
starts to work under the condition of maximum luminance at
7V, an immediate luminance degradation occurred, and the
device can only survive for several minutes.

Fig. 6. Operational stability of the CsPbl; LED working at (a) 5 V, (b) 6 V
where maximum EQE is reached, and (c) high injected current density
condition (7 V, J =75 mA/cm?), where maximum luminance is achieved. The
measurements were conducted at room temperature in ambient environment.

IV. PEROVSKITE QD HETEROJUNCTION PHOTOTRANSISTORS

As mentioned above, all-inorganic perovskite QDs
(CsPbX3, X= Cl, Br or I) have been widely used in perovskite
optoelectronics including solar cells, LEDs and lasers.
Recently, several works have also initialized applications of
perovskite QDs in photodetectors [17, 18]. However, the
responsivity is restricted by poor charge transport between
QDs. A practical way to improve the responsivity is to adopt
the layered heterojunction (LHJ) structure. With the help of
LHJ, the light-generated electrons and holes are separated into
different paths, facilitating the carrier extraction. We
demonstrated a phototransistor based on the LHJ structure
consisted of CsPbl; QDs and a conjugated polymer (DPP-
DTT [19]). The device exhibits great optoelectronic properties
with a responsivity up to 110 A/W, a specific detectivity (D*)
0f2.9x10"3 Jones and a light-dark current ratio of 6x10°.

Furthermore, applying the narrow-bandgap DPP-DTT as a
complementary light absorber, a wide photodetection range
from 350-1000 nm was realized, demonstrating promising
applications of the perovskite heterojunction phototransistor in
near-infrared (NIR) detection.

Fig. 7. (a) The schematic structure of the heterojunction phototransistor. (b)
Energy level diagram of the hybrid film (unit: eV). (c) Transient PL decay
curves of the hybrid film and pristine CsPbl; QD film.

The structure of the heterojunction phototransistor is shown
in Figure 7(a). A heavily doped silicon wafer with 200 nm
thick SiO; was used as the substrate. The heavily doped silicon
is connected as the bottom gate electrode. Gold electrodes are
thermally evaporated to form drain-source channels with a
length and width of 100 um and 1 mm respectively. Figure 7(b)
shows the energy level diagram of the heterojunction structure.
Due to the energy barrier for electrons at the CsPbl; QDs/DPP-
DTT interface, electrons tend to accumulate in the perovskite
layer, whereas holes transfer to the DPP-DTT layer and
recirculate many times in drain-source channels due to high
hole mobility (~ 0.2 cm? V! s!) and long carrier lifetime of
DPP-DTT. The time-resolved PL decay tests of the hybrid film
and pristine CsPblz QD film were performed. As shown in
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Figure 7(c), the shorter PL lifetime of the hybrid film
compared to that of pristine CsPblz QD film indicates the
efficient charge transfer near the interface.

Fig. 8. Output characteristics of the hybrid phototransistors measured (a) in
dark and (b) under 18.8 mW/cm? light irradiation. (c) Transfer characteristics
in dark and under different light intensities.

The output characteristics (/s vs Vas) of the heterojunction
phototransistor were measured in dark condition and under the
light irradiation of 18.8 mW/cm? respectively, as shown in
Figure 8(a) and (b). They all show typical p-type linear to
saturation transistor characteristics. Upon 405 nm light
illumination, the drain-source current increases noticeably
compared to that measured in dark condition at the same gate
voltage. The transfer characteristics ((las vs V) of the
heterojunction phototransistor measured in dark and under
different light intensities (P = 0.008, 0.24, 3.2, 18.8 mW/cm?)
are shown in Figure 8(c). In dark condition, /g is at the level of
1 nA when the applied gate voltage is positive. However, Igs
dramatically increase when the gate voltage moves along the
negative direction due to the field effect. With increasing light
intensity, the transfer characteristic curve maintains similar
shape but the threshold moves to the positive direction due to
photogating effect [20].

V. CONCLUSIONS

Solution-processed perovskite materials have shown high
promise for optoelectronic devices. All-inorganic CsPbX;
perovskite QDs have the unique advantages of high PL
quantum yield and stability. Upon further improvement in
material reliability and device structures, perovskite materials
have strong potentials in creating high impacts in
optoelectronics.
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