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1 | INTRODUCTION

Abstract

Metal halide perovskites (MHP)-based electrically pumped vertical-cavity
surface-emitting lasers (EPVCSEL) are promising candidates in optoelec-
tronics due to low-carbon footprint solution processing method. However,
significant challenges impede MHP-EPVCSEL manufacturing: (1) Distrib-
uted Bragg Reflectors (DBRs) composed of typical electron transport layers
(ETLs) and hole transport layers (HTLs) are not conductive enough. (2)
Due to large mobility difference of typical ETLs and HTLs, carriers-
unbalanced injection leads to severe performance degradation. Herein, we
propose a potential strategy to address such challenges using MAPbCl; and
CsSnCl; as carrier transport layers with mobility 3 orders larger than
typical ETLs and HTLs. Via transfer matrix method calculations, we find
that the reflectance of DBRs composed of MAPbCI; (130.5 nm)/CsSnCls
(108 nm) is larger than 91% with 10 pairs of DBRs. Furthermore, the
proposed EPVCSEL device simulation shows that MHP-EPVCSEL has the
potential to achieve room temperature continuous wave lasing with a
threshold current density of ~69 A cm™
~10* W. This work can provide a deep insight into the practical realization
of MHP-EPVCSEL.

and output optical power
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Especially, when VCSEL is electrically pumped, the light

emitting direction is vertical to the cavity surface. The
property of electrically pumped vertical-cavity surface-
emitting lasers (EPVCSEL) is of great significance and
has been widely used in various fields, including fiber

Vertical-cavity surface-emitting lasers (VCSEL) have a
structure of a gain material sandwiched between a top
mirror and bottom mirror with high reflectivity.
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optic communications, laser printers,” and high-density
data interconnects in computer chips.®> Significantly,
owing to features such as miniaturization, closely packed
structure, and easy integration, EPVCSEL arrays inte-
grated on one chip can be used to achieve high output
power (larger than 100 W). However, the commonly used
fabrication techniques in III-V semiconductors are
complicated vacuum epitaxial deposition processes such
as metal-organic chemical vapor deposition, which is
undesirable for future Net Zero smart manufacturing.* °

Solution-processed metal halide perovskite (MHP)
materials have been rapidly progressed in photovoltaic
devices and light-emitting diodes.” The corresponding
device fabrication techniques have been fully developed,
mainly based on low-carbon footprint approaches such as
spin coating,®® doctor blading,'® and ink printing.'!
Based on these methods, perovskite-based solar cells have
obtained power conversion efficiency beyond 25%'* and
the external quantum efficiency of perovskite-based light-
emitting diodes (PeLEDs) is larger than 20%.'°'°
Recently, research on MHP-based VCSEL devices has
been emerging, which have successfully demonstrated
optically pumped VCSEL (OPVCSEL) devices with lasing
wavelength covering from green to red spectrum.'®
However, as far as we know, there is no report on MHP-
based EPVCSEL (MHP-EPVCSEL) and numerical mod-
ellings of the device have also not been constructed so far
for which several difficulties should be taken into ac-
count. Firstly, the materials of the optical resonant cavity
(such as Distributed Bragg Reflector-DBR) need to be
electrically well conductive as well as highly reflective
optically, allowing for fast injection of carriers and net
optical gain. Secondly, the band structure and conduc-
tivity of DBRs need to be simultaneously matched in the
device, allowing for balanced carrier injection. However,
the difficulties cannot be overcome by typical electron
transport layer (ETL) and hole transport layer (HTL)
owing to the relatively low conductivity as well as the
difference in electron and hole mobility. For example,
ZnO as the typical ETL has a refractive index (n,¢) of 1.7
at 950 nm'” and Poly(9,9-dioctylfluorene-alt-N-(4-sec-
butylphenyl)-diphenylamine) (TFB) has an n,. of 1.6 at
950 nm.'® In this work, the designed lasing wavelength
(A) is 950 nm. If n, is set to about 2, 40 pairs of DRB
(including top DBR and bottom DBR) are needed to
achieve high reflectivity (99%) and the total thickness of
DBRs account for 9.5 um as the thickness (t) of each layer
in DBRs should satisfy the relationship of ¢ = A/(4ny),
which is over 95 times thicker than a typical PeLED and
CdSe-based (thickness ~100 nm) excluding the thickness
of electrodes.'®° It is obvious that the typical ETL and
HTL materials in PeLED structure cannot be used as
DBRs due to the poor electron and hole mobility (of the

order of 107°-107 cm®V~'s™!), which can lead to a large
series resistance and generate heat and unbalanced car-
rier injection.?"** Therefore, optimal design of DBRs that
are optically and electrically well fitted is the key to
realize MHP-EPVCSEL. Besides, since the reports on
numerical simulation of MHP-EPVCSEL are so limited,
model-building on MHP-EPVCSEL is necessarily urgent.

Herein, we propose a comprehensive simulation
study on using MHP materials as both cavity layer and
active layer to realize an EPVCSEL. The MHP-EPVCSEL
is designed based on a top-bottom structure: Anode/Hole
Injection Layer (HIL)/Top-Distributed Bragg Reflector
(T-DBR)/Optical ~ Amplification Enhanced Layerl
(OAEL1)/ Hole Transport Layer (HTL)/Active Layer
(AL)/ETL (ETL)/Optical Amplification Enhanced Layerl
(OAEL2)/Bottom-Distributed Bragg Reflector (B-DBR)/
Electron Injection Layer (EIL)/Cathode. We found that
DBRs constructed by using MHP materials can achieve
both high reflectivity and good conductivity. Moreover,
numerical simulation via SILVACO TCAD showed that
our proposed device can successfully achieve continuous
wave lasing.

2 | DEVICE SIMULATION

2.1 | Methodology

Calculations and numerical simulations were performed
based on transfer matrix method MATLAB codes as well
as the SILVACO TCAD package. Figure 1 shows the
detailed simulation flow chart of EPVCSEL diodes. The
major material parameters used in device performance
simulation are listed in Table 1. Basically, the VCSEL
simulator is based on physic models to perform electrical,
thermal, and optical simulation of VCSEL using accurate,
robust, and reliable fully numerical methods.** The
following parameters can be achieved via VCSEL simu-
lator: (1) Reflectivity of a VCSEL cavity as a function of
the incident light wavelength and the resonant frequency
of the cold cavity. (2) By solving the Helmholtz equation
in cylindrical coordinates, optical intensity of emitted
dominant mode can be calculated. (3) Optical gain in
active layer as a function of the photon energies, quasi-
Fermi levels, temperature, and optical intensity distri-
bution can be calculated. (4) Photon density of emitted
dominant mode. (5) The light output power.

Single frequency EPVCSEL diodes (operating at single
longitudinal mode and single transverse mode) are
strongly desired in practical applications. The VCSEL
simulator is powerful in the simulation of single fre-
quency EPVCSEL devices, and the subsequent simula-
tions are all based on this. The simulations are conducted
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FIGURE 1 A flow chart of the VCSEL device simulation. VCSEL, vertical-cavity surface-emitting lasers.

in cylindrical coordinates, and the radius of the device is
fixed at 6 wm. Electrically, the functions of MoO; and
metallic cesium (Cs) are to form the Ohmic contacts to
enhance the injection of carriers,® therefore, in the
simulation, Ohmic contacts are directly specified using
syntax. The simulations will focus on the optimizations of
the doping concentration and thickness of HTL and ETL
(i.e., OAEL1 and OAEL2). Subsequently, the optimized
doping concentration and thickness are used to optimize
the mobility. Later, the optimized parameters will be used
to obtain the optimal value of the number of pairs (NP) of
DBR. Finally, all the optimized parameters will be used in
the simulation of the lattice heating effect of the device.

The detailed optimization process can be found in sup-
plementary information.

Typically, the simulation starts by inputting basic ma-
terial parameters such as electron affinity, relative dielec-
tric constant, carrier mobility, carrier lifetime, doping
concentration, and thickness of material. Via band calcu-
lation, the bandgap and effective mass of carriers are ob-
tained. These are used to calculate the bound state energies
and corresponding wavefunctions of active layer via the
Schrodinger solver. Later, the results are used to estimate
gain and spontaneous emission rate by gain and sponta-
neous emission models. Then, the results are sent through
the VCSEL simulator, which will first conduct cold cavity
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TABLE 1 The main physical properties for various layers of the MHP-EPVCSEL device.

Symbol Unit Description CsSnCl; MAPDLCI; CsSnl;

Eg eV Bandgap 2.9% 3.1% 1.3%

X eV Electron affinity 3.5% 3.8% 4.3%

€ - Relative dielectric constant at 950 nm 4.84%* 3.31% 5.75%°

Nc cm™ Effective density of state of conduction band 1 x 10" *7 1 x 10*° 1 x 10" %7
Ny cm™? Effective density of state of valence band 1 x 10" 7 1 x 10% 1 x 10" %7
me - Electron effective mass ~0.14%8 ~0.2% ~0.19%°
my, - Hole effective mass ~0.14%8 ~0.2%8 ~0.09%¢

Me cm?V st Electron mobility 2~50%1% 2~50%293° 50°°

Mh cm?Vis™! Hole mobility 2~5016:31 2~50%930 200%

Te ns Electron lifetime 1~10 1~10 1~10%¢

T ns Hole lifetime 1~10 1~10 1~10%¢

Np cm™ Donor concentration ~10"7 ~10" ~10'7 32
Na cm™ Acceptor concentration ~10"7 ~10"7 ~10'7 32

x Wem ™K ™! Thermal conductivity ~0.50°* ~0.51°* ~0.57%

Cy Jem™K™! Heat capacitance per unit volume ~1.12% ~1.62% ~1.3%*

Abbreviations: EPVCSEL, electrically pumped vertical-cavity surface-emitting lasers; MHP, metal halide perovskites.

reflectivity experiments to confirm that the reflectivity is
larger than 99% and determine the resonant frequency of
the cold cavity. After that, the results are used to calculate
the optical field intensity by the Helmholtz equation solver.
Next, the gain and spontaneous emission rate together
with the optical field intensity are used to calculate the
photon number by solving photon rate equations. Subse-
quently, the results are used to calculate the stimulated
recombination rate, which can be coupled into Poisson's
equation and drift-diffusion model to obtain parameters
such as electric potential and electric field distribution,
quasi-fermi levels, carrier current etc. From the VCSEL
simulator, device characteristics such as the I-V curve and
P-V curve can be obtained.

2.2 | Device structure of MHP-EPVCSEL

The detailed structure of the as-proposed MHP-EPVCSEL
device, from top to bottom is ITO-Anode (100 nm)/
MoO;-HIL (7 nm)/CsSnCl; (108 nm per layer)-MAPbCI;
(130.5 nm per layer) -T-DBR (22 pairs)/CsSnCl;-OAEL1
(188 nm)/HTL (130 nm)/CsSnl;-AL (25 nm)/ETL
(90 nm)/CsSnCl;-OAEL2 (208 nm)/CsSnCl; (108 nm
per layer)-MAPDCI; (130.5 nm per layer) -B-DBR (22
pairs)/Cs-EIL (0.5 nm)/Al-Cathode (100 nm)/Heat
Sink as shown in Figure 2A. The energy band diagram
of the corresponding device is shown in Figure 2B. Sub-
sequently, the device performance simulations and

optimizations were conducted based on Figure 2A. The
proposed device fabrication process is detailed in sup-
plementary information.

2.3 | The materials for DBRs

The MHP can meet the requirements of DBRs with mi-
crometers thickness as well as good conductivities for both
electron and hole. It is reported that the electron mobility
of MAPbBCl, is of the order of 0.9, 1.1 and 1.3 cm?V s ™! for
the thickness of 1, 2, and 3 um,° respectively. In addition,
the hole mobility of MAPbCl; was on the order of 2.1, 2.5
and 2.9 cm?V~'s™! for the thickness of 1, 2, and 3 um,*
respectively. Thus, the hole mobility and electron mobility
of MAPbCI; are 3 orders higher than that of commonly
used ETL (ZnO nanoparticles~10~> cm?*V~'s™" ?!) and
HTL (TAPC~10"> cm?V~'s™* %), Therefore, the MAPbCl,
has a well-balanced hole and electron mobility and can be
used for transferring both hole and electron, and more
importantly, the mobility for carriers tends to be higher
with the increase of thickness. In addition, the perfor-
mance of a device with 50 nm MAPbCI; being used as both
ETL and HTL is comparable to that of a device with
1000 nm MAPDCI; for both ETL and HTL. This implies that
the electron mobility and hole mobility at 50 nm MAPbClI;
are comparable with that of MAPbCI; at 1000 nm. Similar
results have also been found for CsSnCls.*® Therefore,
CsSnCl; and MAPbCI; will be employed as both DBRs and
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FIGURE 2 (A) The proposed schematic structure of the MHP-EPVCSEL device and (B) the electronic energy band diagram of the
corresponding device. EPVCSEL, electrically pumped vertical-cavity surface-emitting lasers.

charge transport layers in the following MHP-EPVCSEL
simulations.

2.4 | The material for the active layer

CsSnl; is chosen as a gain material due to heavy metal-
free inorganic nature, excellent electrical and optical
properties.*? Electrically, it's a p-type semiconductor with
high mobility (~585 cm*V~'s™') comparable with that of
InP (~700 cm?V~'s™").** Optically, it has a bandgap of
1.3 eV, comparable with InP with the bandgap of 1.3 eV,
and shows strong near-infrared (NIR) photo-
luminescence (PL) intensity at 950 nm when excited with
a 533 nm laser, and the PL intensity of CsSnl; is several
times larger than that of InP wafer.”” Besides, CsSnl;
based NIR LEDs have already been successfully fabri-
cated with high quantum efficiency.”> Therefore,
solution-processed CsSnl; is a promising alternative
employed as active layer in MHP-EPVCSEL device.

2.5 | The materials for EIL, HIL, and
ETL, HTL and OAEL1, OAEL2

Metallic Cs and MoOj; (n,e¢~2.1 at 950 nm>') were used as
EIL and HIL, respectively, to form ohmic contacts and
improving carriers' injection. Germanium (Ge) is used to
enhance the reflectance of B-DBR due to its large
refractive index (n,~4.5 at 950 nm) and extremely low
extinction coefficient.>® As mentioned above, MAPbCl,
and CsSnCl; have high mobility and can both transfer
hole and electron simultaneously; therefore, we use
CsSnCl; as both ETL and HTL layers in our simulation.

The function of OAEL1 and OAEL2 is to adjust the cavity
length, thus tuning the wavelength of the emitted longi-
tudinal mode. Also, the OAEL1 and OAEL?2 need to be
hole and electron conductive. Therefore, CsSnCl; is also
used as OAEL1 and OAEL2 from band alignment pros-
pects, as shown in Figure 2B.

3 | RESULTS AND DISCUSSION
3.1 | The estimation of reflectance of
DBRs using matrix transfer method

Figure 3 shows the simulation results to demonstrate the
feasibility of the as-proposed MHP-EPVCSEL under the
bottom DBR (B-DBR) and top DBR (T-DBR) device
configurations calculated using the matrix transfer
method.”” In this simulation, when the light incidence
angle is perpendicular to the material, we can obtain the
results of reflectance of B-DBR and T-DBT with the NP
corresponding to 22, 15, 10, 8, and 5, respectively. When
Np is greater than 10, both B-DBR and T-DBR present
reflectance larger than 91%, which satisfies the re-
quirements of good reflectors.”® When Np is equal to 22,
the reflectance of both DBRs is larger than 99%, and the
reflectance of B-DBR is slightly higher; therefore, the
longitudinal mode lasing with the wavelength of 950 nm
will be realized from the top. Detailed parameters and
simulation results for reflectance are shown in Table 2. It
is worth noting that the reflectivity of the cold cavity
must be larger than 99%, which is required by the VCSEL
simulator in Silvaco-TCAD. These reflectance results will
be fed to the numerical simulation of the MHP-EPVCSEL
device by the VCSEL simulator.
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FIGURE 3 The reflectance of (A) Bottom DBRs and (B) top DBRs with the pairs of DBR of 5, 8, 10, 15 and 22, respectively. ng,, refers
to the refractive index of corresponding material. NP refers to the NP of DBRs. In B-DBR and T-DBR, ny; refers to high refractivity material,

np, refers to low refractivity material, n; refers to the material which light enters in, and ng refers to the material which light comes out.

DBRs, Distributed Bragg Reflectors; NP, Number of pairs.

Parameters Bottom-DBR (B-DBR)
ny 2.2

n, 1.82

n; 2.2

ng 4.5
Incidence angle (degree) 0
Bragg wavelength (nm) 950
Np = 22 99.95%
Np =15 99.3%
Np = 10 95.7%
Np =38 91%
Np=5 74.5%

TABLE 2 The parameters of DBRs

Top-DBR (T-DBR
L ( ) simulated by TMM.

2.2
1.82
2.2
2.1

0

950
99.9%
98.6%
91%
81.7%
53%

Abbreviations: DBRs, Distributed Bragg Reflectors; TMM, transfer matrix method.

3.2 | The effects of mobility on device
performance

Carriers' mobility is an important material parameter that
affects device performance since HTL, ETL, OAELI,
OAEL2, T-DBR, B-DBR and active layer all involve halide
perovskites which are MAPbCI;, CsSnCl; and CsSnls.
The mobilities of MAPbCIl; and CsSnCl; need to be
comparable with each other.’® Depending on the crys-
tallinity, the mobility of MAPbCl; ranges from 2 to
51 cm?*V~'s7,***% and for CsSnl;, the value of mobility
can reach several hundred.>? Therefore, in this simula-
tion we use an average value of mobility (u) to represent
the electron and hole mobility of each layer. The selected
u ranges from 2 to 100 cm*V~'s™%.

As shown in Figure 4A, the output power P, is pro-
portional to the injection current after the injection current
passes the threshold at a certain mobility. This is consistent
with the theoretical prediction since Pyy = Nexe-(i/€) - hy.**
Therefore, the injection current increases with the increase
of mobility leading to the increase of P, Besides, the
threshold decreases with the increase of mobility. The
mobility has no effect on reflectivity, absorption loss and
resonant photon energy, as can be seen from Figure 4B-C.
Since the absorption is related to the thickness of the
emitting layer, which is 25 nm, the absorption loss is small,
and can be treated as constant with the change in mobility,
the maximum gain is almost unchanged at different
mobility, as shown in Figure 5B. The gain is closely related
to the difference in quasi-Fermi levels of electron and hole
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FIGURE 4 At different mobility values ranging from 2 to 100 cm?V~'s™, (A) the P-V curve, (B) the reflectivity spectrum of Distributed
Bragg Reflector (DBR), (C) the absorption spectrum of DBR, (D) the energy band diagram for the structure of CsSnCl;/CsSnl;/CsSnCls
with the applied voltage of 2.3 V, (E) the enlarged part of conduction band and quasi-Fermi levels of electron in active region, and (F) the

enlarged valence band and quasi-Fermi levels of hole in active region. DBR, Distributed Bragg Reflector.

(AEfmp = Em — Egp), which are determined by injection
current. The gain cannot keep increasing with injection
current because the increase of injection current leads to
the increase of AEg,,, which will mainly enhance stimu-
lated recombination; however, the enhanced stimulated
recombination will in turn consume both electron and hole
allowing more optical power to be generated and thus
reducing AEg,,. Therefore, with the increase of injection
current, the gain profile rapidly increases to maximum
value and then decreases to a stable value that is
slightly larger than the loss allowing for the stimulated

recombination and lasing, in which state the AEs,, should
be larger than bandgap of active layer material
(AEgn, > Ep). If AEg, is smaller than Eg (AEg,, < Ey), this
means that gain is smaller than loss, stimulated recombi-
nation cannot be triggered and, in this stage, the radiative
recombination is dominated by the spontaneous recom-
bination. The above process can be further illustrated from
Figure 4D-F) from the perspective of the evolution of
quasi-fermi levels of carriers. When u < 5cm?V~'s™', both
Es and Eg, are not entering the conduction band (Ecg) and
valence band (Evg); therefore, AEg,;, < Eg, the spontaneous
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FIGURE 5 At different mobility values ranging from 2 to 100 cm®V~'s™, (A) the photon density and (B) the gain versus applied
voltage, (C) the stimulated recombination rate in active layer (CsSnl;) and electron transport region (CsSnCl;) and (D) the local optical gain
at active layer (CsSnl;) and hole transport region (CsSnCl;) with the applied voltage of 2.3 V.

recombination dominates. When p increases to
10 cm®V~'s™!, Eg, and Eg, are only partially entering into
Ecg and Evyg, but the AEg,, is still less than the effective E,.
Therefore, the spontaneous recombination still dominates
but stimulated recombination begins to rise. Until now, the
local optical gains at the active region are negative and a
negative gain equates to a loss, and for the stimulated
recombination rate (Ry;), the values are rather small, as
shown in Figure 5C,D). When u further increases to
25 cm®V~'s™!, Eg, and Eg, are almost totally entering into
Ecg and Eyg, s0 AEg,;, is larger than the effective E, and
stimulated recombination becomes dominant. When p
increases from 50 to 100 cm®V~'s™", injection current still
increases, but Eg, and Eg, almost stay the same and local
optical gain tends to be saturated. This is because the
stimulated recombination rate Ry increases at the cost of
consuming electrons and holes generated by the increased
injection current under large mobility, as shown in
Figure 5C. Stimulated recombination can contribute to
photon density, which is shown in Figure 5A.

Based on our simulation results, the device perfor-
mance enhances with the increase in mobility. At this

moment, the reported mobility of both electron and hole
is in the order of 2 cm?*V~'s™ for both MAPbCl; and
CsSnCl; and it increases with thickness.*® The reported
value for CsSnlj is higher which can be up to an order of
several hundred.*? Since the mobility of electrons is
comparable with that of holes for MAPbCl; and CsSnCls;,
Therefore, the mobility value of both electron and hole is
set to 5cm®V~'s™! is a reasonable and achievable value in
practical devices.*

3.3 | The effects of DBR pairs on device
performance

The NP of DBR layers is a significant parameter that
influences the quality of the DBR optical resonant
cavity.*' In this simulation, Np for both T-DBR and B-
DBR increases from 19 to 25. As shown in Figure 6A,
the threshold voltage decreases with the increase of Np
and this can be attributed to the absorption loss and
reduced reflectivity, both of which decrease with the
increase of Np as shown in Figure 6B,D. This is
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FIGURE 6 (A)The P-V curve with I-V curve as an inset, (B) the absorption spectrum of DBR, (C) the gain mode versus applied voltage
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EPVCSEL, electrically pumped vertical-cavity surface-emitting lasers.

reasonable as low absorption loss and high reflectivity
enable device lasing much easier. Besides, the P, in-
creases and then decreases with the increase in Np,
reaching the optimized value when Np is around 22. At
low values of Np_ the loss is large, therefore, to achieve
lasing, the gain needs to be larger to cover the loss as
shown in Figure 6C which requires a large injection
current. However, as the inset shows in Figure 6A,
even when the current is at a maximum with Np
reaching 19, it still cannot compensate the loss, there-
fore, the P,y is the smallest. When Np is larger than
23, although the loss is largely decreased, the gain
mode is decreased to a level that is slightly larger than
the loss to trigger stimulated recombination as we
mentioned before. Therefore, the gain is largely
decreased which leads to the decrease of P, Since the
threshold voltages are comparable with each other
when Np is greater than 21, therefore, the optimized
value for Np is 22. Furthermore, we found that the
resonant photon energy and the output longitudinal
mode remained unchanged with the increase in Np.
The optimized thickness and doping concentration are
listed in detail in the Table 3.

3.4 | The simulation of self-heating
effect of the device

The heat generated in the MHP-EPVCSEL and the heat
distribution inside the device are a significant research
topic when the device is in operation. The lattice heat is
governed by the following heat flow equation in SIL-
VACO TCAD:
CvaaltL =V(xVT)+H

where Cy, Ty, x, and H are the heat capacitance per unit
volume, the local lattice temperature, the thermal con-
ductivity, and the heat generation, respectively. For
halide perovskite materials, the x is almost 2 orders lower
than the InGaAsP/InP system. Therefore, knowing the
thermal distribution of the devices during operation can
determine their application circumstances. By using the
optimal material and structure parameters obtained
above, we can simulate the self-heating effect of the de-
vice in operation. Figure 7A is the 3D contour profile of
the thermal distribution of the device in operation. It can
be seen that the heat is mainly distributed in the active
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TABLE 3 The optimized parameters of all the layers in the EPVCSEL.
Doping concentration Mobility
Function Thickness Acceptor Donor Electron Hole Layer
layer Material (nm) (/ecm?) (/em3) (cm?v~1s™) (cm?*v~1s™) number
Anode ITO 100 - ~10*° - - 1
HIL MoO; 7 . 5 . 5 1
T-DBR CsSnCl; 108 5 x 10" - 5 5 22
MAPbCl; 130.5 5 x 107 - 5 5 22
OAELL CsSnCl; 188 5 x 10" - 5 5 1
HTL CsSnCl; 130 5 x 10" - 5 5 1
AL CsSnl; 25 - ~10" 5 5 1
ETL CsSnCl; 90 - 2 x 10" 5 5 1
OAEL2 CsSnCl; 208 - 5 x 10" 5 1
B-DBR CsSnCl; 108 - 5 x 10" 5 5 22
MAPbLCl; 130.5 - 5 x 10" 5 5 22
EIL Cs 0.7 - - - - 1
Cathode Al 100 - - - - 1

Abbreviations: EPVCSEL, electrically pumped vertical-cavity surface-emitting lasers.
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FIGURE 7 (A) The 3D thermal distribution image of the MHP-EPVCSEL device, (B) the profile of normalized light intensity, (C) the
absorption and reflectivity spectrum of DBR, (D) the P-V curve, I-V curve, and the T;-V curve of the device. DBR, distributed Bragg
reflector; EPVCSEL, electrically pumped vertical-cavity surface-emitting lasers; MHP, metal halide perovskites.
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region. The temperature is around 334 K when the
applied voltage is 5 V, which is more than 30°C above
room temperature. Figure 7B shows the beam shape of
the emitted light which approaches a Gaussian distribu-
tion. Figure 7D shows that the T increases with the
applied voltage, which implies that the device can realize
the continuous wave at low driving voltage (3-4 V) with
temperature ranging from 305 to 315 K, which is toler-
able for halide perovskite.*> However, if we want high
output power, then thermal effect needs to be taken into
consideration. The reflectivity, absorption, P-V curve, and
I-V curve of the device are shown in Figure 7C,D), which
serve as a reference for the self-heating simulation. For
example, based on the I-V curve, we can obtain a
threshold current density of about 69 A cm™2, and from
the P-V curve, we can obtain an output optical power of
the order of 10™* W.

4 | CONCLUSION

For the first time, we used halide perovskite materials to
construct a high quality DBR optical resonant cavity and
found out that when the NP of DBR is larger than 10, the
reflectance can obtain more than 91%. Furthermore, we
used the DBR to further design the MHP-EPVCSEL de-
vice and conduct numerical modeling of the device.
Through device performance simulations and parameter
optimizations, the optimal values of doping concentra-
tion, thickness, mobility, and NP of DBR are obtained.
Additionally, using the optimal parameters, the self-
heating effect of the device in operation is obtained and
the result shows that our proposed device can realize
light amplification when the driving voltage is 3 V and
the corresponding lattice temperature is about 305 K,
which has the potential to realize continuous wave lasing
at room temperature. Moreover, the I-V and P-V char-
acteristics show that the threshold current density and
output optical can reach ~69 A cm™2 and ~10~* W. Our
work can provide good insight and device and materials
design guidance for fabricating cost-effective MHP-
EPVCSEL.
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