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Abstract: Inorganic  perovskites  (CsPbX3 (X  =  I,  Br,  Cl))  have  broad  prospection  in  the  field  of  high-definition  displaying  due
to  its  excellent  optoelectronic  characteristics.  The  vacuum  deposition  process  possesses  advantages  and  competitiveness  in
the industrialized production. However, the performance of light emitting diodes (LEDs) based on vacuum-deposited is incred-
ibly  low.  Herein,  we  proposed  a  heating-assisted  vacuum  deposition  (HAVD)  method  to  construct  inorganic  perovskite  LEDs
(PeLEDs) with enhanced performance. The roughness and crystallinity of perovskite film were improved by regulating the heat-
ing treatment of substrates. And the perovskite film exhibited largely rise in luminescence, with decreasing defect density. Con-
sequently,  with the optimized temperature,  the green PeLEDs exhibited 100-fold improvement of  external  quantum efficiency
(EQE)  with  the luminance of  up to  11 941 cd/m2,  and the full  width at  half-maximum (FWHM) of  the electroluminescence (EL)
spectra  was  decreased  from  25  to  17  nm.  At  the  same  time,  the  red  and  blue  PeLEDs  also  exhibited  obvious  enhancement  in
EQE and luminance by HAVD method,  and both the FWHM of EL spectra dropped below 20 nm, exhibiting excellent high col-
or purity. HAVD strategy has a huge potential to be a new commonly used method for low-cost fabrication of displays and light-
ing.
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1.  Introduction

Owing  to  good  thermal  stability  and  excellent  electrical
transport ability, inorganic hybrid perovskite light-emitting di-
odes  (PeLEDs)  have drawn significant  research attention[1−11].
Solution-processing  technique  is  the  most  common  method
to  form  perovskite  layer  for  PeLEDs[12−14],  but  the  film  form-
ing  is  difficult  to  control[15, 16].  Meanwhile,  low  solubility  of
CsX (X = Cl, Br, I) in precursor solution is not benefited in per-
ovskite film crystallization,  leading to poor surface roughness
and incomplete film coverage[3, 17, 18]. In addition, the fast crys-
tallization  process  and  the  organic  solvents  can  affect  the
quality  of  perovskite  films,  including  crystallization,  morpho-
logy[19, 20].  Creating  high-quality  Cs-based  inorganic  per-
ovskite film is challenging for solution synthesis.

Vapor  deposition,  a  solvent-free  deposition  procedure,
can  effectively  eliminate  solvent  damage  to  the  film  and  im-
prove  the  film  crystallographic  quality[21−23].  What’s  more,
due  to  the  relative  high  sensitivity  of  perovskite  to  environ-
mental  humidity[24],  perovskite  film  formed  by  vapor  depos-
ition  in  a  vacuum  environment  can  be  more  stable  com-
pared  with  solvent  residue  existing  in  solution  method,  and

more precise regulation of perovskite film thickness can be al-
lowed  in  vacuum-deposited  process  than  in  solution  meth-
od[25, 26].  The  vapor  deposition  concept,  such  as  co-depos-
ition,  ion-assisted  deposition,  layer-by-layer  deposition,  etc.,
have  been  widely  used  in  the  preparation  of  hybrid  per-
ovskite  films[27−32],  exhibiting  the  distinct  advantage  in  film
formation  with  uniform  and  complete  coverage  morphology
and  good  crystalline  character,  especially  for  the  large-scale
manufacture  in  industrial  application[33−35].  Vacuum  pro-
cesses  have  exhibited  several  predominate  advantages,  and
LED  devices  have  been  constructed  as  the  perovskite  emit-
ting  layer  was  formed  by  deposition  method[15, 28, 31, 36, 37].
Among  these  researches,  vacuum  deposition  was  regulated
by  many  means  to  enhance  luminescence  efficiency  and
LED  device  performance,  such  as  adjusting  the  injection  and
transport of  electrons and holes[31, 38],  suppressing nonradiat-
ive  recombination[30],  restructuring  dimensionality  of  per-
ovskites[39, 40].

Among  perovskite  LEDs  studies,  film  crystal  quality  and
morphology management are important for high-quality per-
ovskite film in device construction, which is favorable for carri-
er radiative recombination in emission layer. For solution pro-
cess,  heating  treatment  and  organic  ligand  passivation  can
help  film  crystallization  and  optimize  film  morphology.
However,  supplementary  conditions  are  difficult  to  be  intro-
duced during film formation in vacuum deposition, so the per-
ovskite  films  with  poor  crystallinity  and  morphology  have
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high  defect  densities  and  cannot  fully  cover  the  hole  trans-
port  layer  (HTL)  or  electron  transport  layer  (ETL).  Defects  and
insufficient  film  coverage  result  in  the  reduction  of  carriers
radiative recombination,  as  well  as  the formation of  shunting
paths  due  to  the  direct  contact  between  the  HTL  and
ETL[41−43],  which  can  heavily  depress  LED  device  perform-
ances.  Perovskite film as light-emitting layers need to be per-
fect with excellent crystallization, smooth film surface, and min-
imal  defects  to  reduce  carriers  nonradiative  recombination
and current leakage.

Herein,  heating-assisted  vacuum  deposition  (HAVD)
strategy  was  proposed  to  prepare  perovskite  emitting  layer
for  the  used in  PeLEDs,  in  which the substrates  were  heating
during the perovskite deposition, and the substrate temperat-
ure can be set up by programming. The perovskite crystalliza-
tion  and  film  surface  roughness  can  be  effectively  optimized
by  changing  substrate  heating  temperature,  and  film  with
dense  and  uniform  crystal  grains  and  better  crystallographic
quality was obtained. Outstanding morphology and crystalliza-
tion of CsPbBr3 films can be finely tuned to reduce defect dens-
ity and improve carriers radiative recombination for the emit-
ting  layer.  As  a  result,  CsPbBr3-based  green  PeLEDs  with  the
maximum  luminance  of  11  941  cd/cm2 presented  a  100-fold
improvement in EQE. In addition, the performance of red and
blue PeLEDs also can be improved by HAVE method, that the
EQE  of  devices  enhanced  more  than  100  folds.  It  should  be
noted  that  the  perovskite  film  prepared  by  HAVD  have  uni-
form  crystal  size,  and  so  the  full  width  at  half-maximum
(FWHM)  of  electroluminescence  (EL)  was  lower  than  20  nm,
showing high color purity. This is the first time to reveal the im-
pact of substrate temperature on the performance of the vacu-
um  deposited  PeLEDs,  and  it  proves  that  the  HAVD  of  per-
ovskite film is a common method for LEDs application and po-
tentially  develops  a  road  for  future  exploration  of  large  area
and flexibility PeLEDs production with scale-up mode.

2.  Experiment and method

2.1.  Materials

CsBr, PbBr2, PbI2, PbCl2, poly(ethylenedioxythiophene):poly-
styrene sulphonate (PEDOT:PSS), Poly(N, N’-bis(4-butylphenyl)-
N,N’-bis(phenyl)-benzidine)  (poly-TPD),  2′,2′-(1,3,5-benzinet-
riyl)-tris(1-phenyl-1-H-benzimidazole)) (TPBi), and LiF were pur-
chased  from  Xi’an  Polymer  Light  Technology  Corp.  All  the
chemical materials were directly used without any further pu-
rifications.

2.2.  Device fabrication

Pre-patterned  indium-doped  tin  oxide  (ITO)  substrates
were  sonicated  in  aceton  for  15  min  through  three  times  in
the beaker to make them clean. Then the ITO substrates were
baked in the heating plate at  250 °C for 15 min and followed
treated  by  the  UV-Ozone  for  15  min.  PEDOT:PSS  (filtered
through  a  0.22 μm  filter)  can  be  coated  on  the  treated  ITO
substrates  as  spin-coating at  3000 rpm for  60  s  and baked at
150  °C  for  15  min  successively.  Poly-TPD  (6  mg/mL)  solution
as  HTL  was  subsequently  spin-coated  at  4000  rpm  for  45  s
and baked at 150 °C for 15 min. Then, the samples were trans-
ferred into the vacuum chamber to deposit the luminous lay-
er  and  the  vacuum  degree  of  the  deposition  chamber  was
about  2  ×  10−4 Pa.  The  PeLEDs  have  a  device  structure  of

ITO/PEDOT:PSS/poly-TPD/perovskite/TPBi/LiF/Al.  The  perov-
skite  emitting  layer  was  formed  by  multi-source  vacuum
thermal  evaporation  by  separated  crucibles  of  CsBr,  PbBr2,
PbI2, and PbCl2. The ratios of halogen in perovskite films were
controlled by the thickness of  mixing materials  monitored by
quartz  crystal  monitor.  The substrates were heated to the set
temperature  for  the  deposition  of  perovskite  raw  materials,
and  cooled  to  room  temperature  for  the  deposition  of  TPBi,
LiF and Al.

2.3.  Characterization and device measurements

The  crystalline  structure  of  perovskite  is  determined  by
X-ray  diffractometer  (Bruker  D8  Advance)  with  Cu  Ka  radi-
ation source.  The atomic force microscopy (AFM) images and
roughness  analysis  are  obtained with  Bruker  Multimode 8  in-
strument.  UV–Vis  absorption  spectra  are  tested  using  a  Shi-
madzu  3600  UV–Vis  spectrophotometer  (in  the  200–800  nm
spectral range).  The PL spectra of the perovskite films are ob-
tained  by  using  a  Varian  Cary  Eclipse  spectrometer.  For  the
time-correlated  single  photon  counting  measurements,  the
samples  were  excited  by  405  nm  based  picoseconds  laser,
and  the  TRPL  was  analyzed  by  using  F900  software.  The
device  was  placed  in  the  integrating  sphere  in  glovebox  for
testing.  The  EL  spectra  and V–J–L characteristics  were  tested
as  the  voltage  as  loaded  by  Keithley  2400,  and  the  light  out-
put  was  detected  by  a  PMA-12  spectrometer  at  room  tem-
perature.

3.  Results and discussion

Fig.  1 displays  the  illustration  of  device  configuration  of
PeLEDs  based  on  heating-assisted  vacuum  deposition
(HAVD). The hole injection layer (PEDOT:PSS) and hole transfer
layer  (Poly-TPD))  were  successively  spin  coated  on  ITO.  The
substrate was subsequently transferred to vacuum system for
the perovskite  emitting layer  deposition.  Unlike  conventional
deposition.  Here,  the  substrates  were  heating  when  per-
ovskite raw materials were deposited. Perovskites were evapor-
ated  on  ITO/PEDOT:PSS/poly-TPD  substrates  by  controlling
the thickness of CsBr and PbBr2/PbI2/PbCl2. Thickness of the in-
dividual  PbBr2/PbI2/PbCl2 and  CsBr  layers  was  calculated  ac-
cording  to  the  molar  ratio  of  1  :  1.15.  Shutters  were  placed
above the material sources to ensure the accuracy of film thick-
ness and material proportion. After finishing the perovskite de-
position,  the  substrates  were  then  cooled  to  room  temperat-
ure for electron transfer layer and electrode deposition. The ex-
perimental details are provided in the experimental section.

Perovskite film with good optical performance is the pre-
condition  for  radiative  recombination  in  LED  device. Fig.  2(a)
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Fig.  1.  (Color  online) Illustration  of  multilayer  perovskite  LED  device
and the heating-assisted vacuum deposition (HAVD) method to depos-
it the perovskite film.
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exhibits  the  variation  of  the  photoluminescence  (PL)  of  per-
ovskite  films  deposited  on  glass  substrates  as  the  substrates
were  kept  at  room  temperature  (RT)  and  heated  at  80,  100,
and  120  °C.  The  emission  peak  of  PL  spectra  was  located  at
519  nm,  and  the  PL  intensity  of  RT-based  film  was  relatively
dim.  With  increasing  substrate  heating  temperature,  the  in-
crease  in  green  emission  was  pretty  evident  and  the  PL  int-
ensity of 100 °C-based one was improved more than 10 folds
compared  with  the  RT-based  film.  Accordingly,  the  photolu-
minescence quantum yield (PLQY) of the perovskite films was
enhanced  from  1.2%  to  35.8%  as  the  substrate  temperature
was increased to 100 °C, as shown in Fig. 2(b). The inset photo-
graphs of perovskite films under UV light pronouncedly reflec-
ted  that  substrate-heating  facilitated  radiative  recombina-
tion  in  perovskite  film.  In  addition,  the  selection  of  sub-
strates  for  perovskite  deposition  in  HAVE  method  is  less  de-
manding  than  in  solution  process.  Bright  green  emission  of
perovskite  film  deposited  on  flexible  polyimide  (PI)  film
(Fig.  2(c))  exhibit  the  potential  application  of  HAVD  method
in flexible device field.  Further,  X-ray diffraction (XRD) testing
was  employed  to  test  the  heating  temperature  effect  on  the
perovskite crystallization. As shown in Fig. 2(d), the character-
istic  peaks  at  15.19°,  21.54°,  and  30.65°  in  XRD  patterns  were
orderly assigned to the (100),  (110),  and (200) planes of cubic
CsPbBr3

[22, 44],  respectively.  The  increased  diffraction  intensity
of  CsPbBr3 film  heating  at  100  °C  demonstrated  the  im-
proved  crystallinity,  and  the  improved  crystalline  can  benefit

carriers  radiative  recombination  for  bright  and  narrow  emis-
sion.  The  unchanged  diffraction  peak  positions  demon-
strated  that  the  CsPbBr3 crystalline  structure  has  not  been
changed.  Besides,  the  widened  diffraction  peaks  also  con-
firmed  a  reduction  in  crystallite  size  as  measured  by  AFM  as
below.

α = αexp (E/Eu) α

Carriers  transport  and  recombination  behavior  in  per-
ovskite  film  based  on  the  status  of  defects  can  affect  LED
device  performance,  and  we  investigated  the  carrier  dynam-
ics that influence the optical and optoelectronic properties of
the  film  and  device.  The  enhanced  crystallization  of  CsPbBr3

under 100 °C heating treatment can enhance the carrier-recom-
bination of the emission layer as more excitons can be stimu-
lated  in  perovskite.  The  absorption  spectroscopy  (Fig.  3(a))
shows  an  absorption  peak  of  the  exciton  at  515  nm  con-
sisted  with  the  PL  peak,  and  the  100  °C-based  film  displays
much  stronger  excitated  carriers  in  the  direct  band  gap  than
that  of  the  RT-based  sample.  The  improved  optical  charac-
ters of perovskite film imply that the nonradiative recombina-
tion  by  defects  was  effectively  suppressed.  The  Urbach  en-
ergy  (Eu)  was  depended  on  the  sharp  edge  of  absorption
peak and reflected the tail  states in defect  levels.  The Urbach
energy  of  perovskite  film  was  calculated  from  the  formula

,  where  is  a  constant  and Eu denotes  the
Urbach energy[45, 46]. As shown in Fig. 3(b), the obtained Eu de-
creased  from  39.5  to  28.5  meV  as  the  heating  temperature
was  set  as  100  °C,  indicating  that  high-quality  perovskite
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Fig. 2. (Color online) (a) PL spectra and (b) corresponding PLQY of CsPbBr3 films deposited on glass substrates with different heating temperat-
ures. (insets: photographs of CsPbBr3 films deposited on glass base under ultraviolet (UV) light) (c) Photographs of CsPbBr3 films deposited on flex-
ible polyimide film under UV light. (d) XRD spectra of CsPbBr3 films with heating temperatures of RT and 100 °C.
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films  with  fewer  defects  disorder  was  obtained  under  heat-
ing treatment. Defects in perovskite film existing as nonradiat-
ive  recombination  centers  can  reduce  carrier-recombination
efficiency and lower LED device performance.

And  then  defects  status  was  analyzed  from  the  point  of
carrier  dynamics  for  RT-  and  100  °C-based  films,  and  time-re-
solved photoluminescence (TRPL) decay were tested. TRPL de-
cay curves in Fig. 3(c) can be fitted with double-exponential fol-
lowing  equation R = A1exp(– t/τ1)  + A2exp(– t/τ2),  where τ1

and τ2 are  the  lifetimes  of  carriers  decay  through  two  differ-
ent  channels,  and A1 and A2 are  the proportion of  two decay
channels[5, 47].  As  the  perovskite  was  deposited  on  glass
without  energy  transfer  between  HTL  or  ETL,  the  photolu-
minescence  decay  reflected  the  exciton  behavior  in  per-
ovskites[48]. The fast decay with short lifetime was the nonradi-
ative  recombination  in  defects  and  the  slow  decay  with  long
lifetime was the intrinsic radiative recombination[49]. The aver-
age  lifetime  (τave)  was  calculated  by τave = A1τ1 + A2τ2 with
the fitted parameters of Ai and τi (i = 1,  2)[50, 51].  The PL decay
lifetimes of  the RT-based perovskite  film was  3.56  ns  and the
100  °C-based  sample  was  15.8  ns,  and  the  detail  fitting  para-
meters were shown in Table 1.  The extended TRPL lifetime of

the 100 °C-based perovskite film indicated that the heat-treat-
ment can reduce the loss of nonradiative recombination in de-
fects,  which  was  embodied  in  the  improved  optical  proper-
ties and LED device performance discussed below.

To profoundly reveal the carrier behavior under the influ-
ence  of  defects  and  situation  of  defect  density  in  perovskite
films,  current  density–voltage  (J–V)  character  of  the  per-
ovskite  films  was  tested  through  space-charge-limited  cur-
rent  (SCLC),  as  shown  in Fig.  3(d).  The  experimental  curves
can  be  evidently  divided  in  three  regions.  At  low  voltages,
the  slope  of J–V with  ohmic  character  was  small.  As  the  load
voltage was increasing, the J–V curves became sharper increas-
ingly  as  defects  were  gradually  filled  by  charge  carriers.  The
voltage  of  the J–V fitted  lines  intersection  was  the  trap-filled
limit  (TFL)  voltage,  labelled  as VTFL.  The VTFL of  the  RT-based
device  was  0.24  eV  and  the  100  °C-based  device  was  de-
creased  to  0.16  eV,  which  demonstrated  defects  in  per-
ovskite  were  less  by  heating  treatment.  The  defect  density
can be calculated with the equation below 

Ndefect = εεVTFL/eL, (1)

where ε is  the  dielectric  constants  of  the  perovskite  and ε0

the vacuum permittivity, respectively, L is the thickness of the
perovskite  film,  and e is  the  elementary  charge[52].  The  de-
fect  density Ndefect can  be  estimated  to  be  9.76  ×  1013 and
6.51  ×  1013 cm–3 for  the  RT-  and  100  °C-based  perovskite
samples,  respectively,  which  exhibited  substantially  decrease
of  defect  density  in  the  100  °C-based  CsPbBr3 film.  The  sup-

Table 1.   Time-resolved PL data of CsPbBr3 films deposited at RT and
100 °C.

Parameter τ1 (ns) A1 τ2 (ns) A2 τaverage (ns)

RT 2.07 0.66 6.65 0.33 3.56
100 °C 3.30 0.38 25.06 0.58 15.8
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Fig. 3. (Color online) (a) UV–Vis absorption, (b) Absorption coefficient as a function of energy, and (c) Time-resolved photoluminescence decay
curves of the RT- and 100 °C-based CsPbBr3 films. (d) Current density-voltage characteristics of electron-only devices with CsPbBr3 emitting layer
deposited at RT and 100 °C.

4 Journal of Semiconductors      doi: 10.1088/1674-4926/41/5/052205

 

 
B N Han et al.: Giant efficiency and color purity enhancement in multicolor inorganic ......

 



pression of defects formation can reduce the loss of nonradiat-
ive  recombination  in  perovskite.  As  the  voltage  continued  to
increase,  the  current  was  dependent  on  the  quadratic  of
voltage.  In  this  region,  the  mobility μ can  be  extracted  ac-
cording  to  Mott-Gurney  Law[53, 54],  and  the J–V characteristic
was fitted by 

J = (/) εεμ (V/L) . (2)

The μ of  the  RT-  and  100  °C-based  sample  were  calcu-
lated  to  be  1.34  ×  10–2 and  3.29  ×  10–2 cm2 V–1 s–1,  respect-
ively. The improved mobility of carriers in perovskite was con-
ductive  to  the  transport  and  recombination  of  carriers  in  the
thin  films,  that  was  possibly  attributed  to  the  reduced
hindrance of defects based on heating-treatment.

Except for the optical properties, the film morphology de-
posited  on  transport  layer  of  the  device  plays  an  important
role  in  the  LEDs  performance.  The  atomic  force  microscopy
(AFM) images of temperature-based perovskite films on ITO/PE-
DOT:PSS/poly-TPD underlayer were shown in Fig. 4 to charac-
terize  the  surface  morphology.  The  RT-based  perovskite  film
is  prone  to  form  pinholes  and  large  grains.  The  rough  sur-
face  morphology  can  seriously  influence  the  efficiency  of
charge  carriers  transport  and  recombination.  As  the  heating
temperature  was  rose,  obvious  uniform  surface  morphology
was  observed  and  the  particle  sizes  of  the  crystals  were  ten-
ded to get smaller. But the 120 °C-based film covered with ser-
ried  crystalline  grains  can  produce  more  defects  in  grain
boundaries,  adding  defects  capture  of  carriers  as  nonradiat-
ive  recombination.  The  surface  root  mean  square  (RMS)  of
the  RT,  80,  100,  and  120  °C-based  film  is  10.2,  8.7,  3.4,  and
9.2  nm,  respectively.  These  analyses  demonstrated  that  the
proper selection of  substrate-heating temperature (100 °C)  in
HAVE method can produce high-quality perovskite films with
good  crystallization,  and  the  full  coverage  surface  was  dense
and smooth (Fig. 3(c)).

Based  on  the  improved  optical  properties  and  film  mor-
phology,  LED  devices  were  constructed  with  the  structure  of
ITO/PEDOT:PSS/poly-TPD/perovskite/TPBi/LiF/Al  as  shown  in
Fig. 1, and the substrate temperatures were adjusted to optim-
ize the device performance. Fig.  5(a) shows the current dens-
ity  character  versus  driving voltage of  the  LED device  as  per-

ovskite  emitting  layer  were  deposited  under  different  heat-
ing temperatures. The results show that the current density un-
der  higher  voltage  increased  along  with  the  rising  temperat-
ure  due  to  the  improved  perovskite  crystallization,  uniform
film morphology,  reduced defect  density  and increased carri-
ers  mobility,  exhibiting beneficial  electron and hole injection.
But the current density was decreased when the heating tem-
perature was increased up to  120 °C,  that  may be due to  the
obstacle of serried crystalline grains in perovskite film. The elec-
troluminescence detected at different driving voltages were il-
lustrated in Fig. 5(b). As the voltage rose, the luminance intens-
ity  of  the  device  with  perovskite  emitting  layer  deposited  at
100  °C  (labelled  as  100  °C-based  device)  increased  rapidly
and  get  the  peak  value  of  11  941  cd/m2 under  a  bias  of  6  V.
By  comparison,  the  luminance  intensity  of  the  RT-based
device  increased  slightly  even  at  high  bias  and  the  maxim-
um  luminance  was  just  1459  cd/m2.  The  turn-on  voltage  (as
the luminance achieved 1 cd/m2)  of  100 °C-based device was
3.0  V,  which  was  much  lower  than  that  RT-based  device  of
3.6 V. These demonstrated that the charge carrier recombina-
tion in  the 100 °C-based PeLEDs was more effective.  Interest-
ingly,  it  does  not  show  higher  performance  when  the  heat-
ing temperature was increased to 120 °C because of nonradiat-
ive  recombination  loss  in  rough  perovskite  film  with  bound-
ary  defects,  and  the  optimum  heating  temperature  for  best
device  performance  was  100  °C.  Consequently,  the  maxim-
um  EQE  of  device  achieved  more  than  100-fold  improve-
ment  from  0.04%  for  the  RT-based  device  to  0.57%  for  the
100  °C-based  LEDs.  The  normalized  EL  spectra  of  CsPbBr3

LEDs  in Fig.  5(d) shows  a  symmetric  spectrum  with  peak  of
520  nm  under  a  bias  of  4  V.  The  FWHM  of  the  EL  spectrum
for  RT-based  device  was  25  nm  and  it  reduced  to  17  nm  for
100  °C-based  device,  showing  high  color  purity,  as  the
particle  size  of  the  deposited  perovskite  crystal  was  prone to
be  uniform  with  increased  heating  temperature.  The  bright
and  uniform  green  light  of  the  device  was  shown  in  the  in-
set photograph.

Further,  the  HAVD  strategy  is  feasible  for  PeLEDs  with
red  and  blue  emission  by  tuning  the  halogen  species  in  per-
ovskite  films  that  a  part  of  Br  ions  can  be  substituted  by  I
ions  or  Cl  ions  as  CsPb(Cl/Br)3 or  CsPb(Br/I)3. Fig.  6(a) shows
the  luminance  and  EQE  of  red  LEDs.  The  maximum  lumin-
ance  of  the  red  emission  was  increased  from  11.3  cd/m2 of
RT-based device to 561.4 cd/m2 of  100 °C-based devices,  and
the  corresponding  of  EQE  was  increased  from  0.007%  to
0.15%.  The  device  performance  of  blue  LED  device  on  the
basis  of  current  density  was  shown  in Fig.  6(b).  The  lumin-
ance  was  improved  from  32.9  to  259.5  cd/m2 and  the  EQE
was improved from 0.0032% to 0.015% as perovskite film was
deposited  on  the  100  °C-heating  substrates.  The  normalized
EL spectra of  red and blue LEDs based on the 100 °C-heating
treatment with emission peaks of 690 and 455 nm are shown
in Figs.  6(c) and 6(d),  respectively.  The  FWHM  of  red  EL
spectra for  the RT-based LED was 31 nm, and it  decreased to
19  nm  for  the  100  °C-based  device.  Similar  with  the  green
and red emission, the FWHM of blue emission spectra was re-
duced from 25 to 16 nm as heating at 100 °C, exhibiting satur-
ated  and  pure  colors.  The  uniformly  red  and  blue  light  emis-
sion  of  the  corresponding  LED  devices  under  operation
shown  by  inset  photographs  accordingly[55, 56].  Although  the
device  performance  of  vacuum-deposited  PeLEDs  is  much
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Fig. 5. (Color online) LED device performance. (a) Current density and (b) luminance versus driving voltages and (c) EQE as a function of current
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lower  than  the  solution  based  ones,  but  the  vacuum  depos-
ition  is  more  in  line  with  the  needs  of  industrial  processes.
Meanwhile, the inorganic perovskites LEDs based on the vacu-
um deposition can be further optimized for  practical  applica-
tion.

4.  Conclusion

In summary, a heating-assisted vacuum deposition meth-
od  for  inorganic  perovskites  LED  device  construction  was
demonstrated  instead  of  the  conventional  vacuum  depos-
ition.  The comparison between the perovskite films based on
different  heating  temperatures  implied  that  heating  assist-
ance  was  effective  to  improve  the  perovskite  crystallinity
and optical  properties.  In  particular,  the optimization heating
temperature  is  considered  to  be  critical  to  minimize  film  de-
fects  and  enhance  radiative  recombination  efficiency.  Con-
sequently,  CsPbBr3 heating-based  PeLED  exhibits  a  maxim-
um  luminance  of  11  941  cd/m2 with  narrow  EL  emission,  ac-
companied  with  100-fold  improvement  in  EQE.  Importantly,
this  method  is  also  effective  for  red  CsPb(Br/I)3 and  blue
CsPb(Cl/Br)3 films.  The  EQE  of  red  and  blue  PeLEDs  with  nar-
row  emissions  (FWHM  <  20  nm)  based  on  CsPb(Cl/Br)3 and
CsPb(Br/I)3 improved  more  than  100  folds.  The  HAVD  meth-
od  is  potentially  for  the  fabrication  of  various  optoelectronic
devices  including  narrowband  photodetectors,  solar  cells,
and lasers.
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