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ABSTRACT: In this paper we present a study of the structural,
electrical, and optical properties of four different 3D organometallic B A
halide-based perovskite semiconductors with band gaps varying T |
from NIR to visible at room temperature. Electroluminescent [¢ [ W
devices (using a solution process) with these perovskites as the |
active layer are also demonstrated. The morphology and (&) I
crystallinity of the perovskite depends on the halide ion and 514 '{
substrate wetting conditions, where crystallite size varies from [ ¥ 3 |
~100s nm to few micrometers. We found it has a huge influence on '
the optical properties and performance of light emitting diodes
(LEDs) using these perovskites as the active layer. Photo-
luminescence studies in the presence of commonly used charge
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injection layers are also studied and we correlate these

results with performance of PeLEDs. We also demonstrate additional control of the electroluminescence emission by the
formation of new complexes with organic hole transport layers. Finally, we clarify the diverse electronic charge transport in these
perovskites. These results show promise of a new materials regime for LEDs.
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here is a great interest in the development of solid-state

light-emitting devices due to their continuously increasing
demand coupled with the disadvantages of fluorescence tube-
light and incandescent bulb-light." Efficient light generation has
been realized in inorganic semiconductors with direct band
gaps, such as GaAs and GaN, but these are costly and difficult
to process hence not much used in large-area displays.
Polycrystalline ZnS-based systems have been developed for
large area displays by Destriau in 1936, however, low
efficiencies and poor reliability have prevented large-scale
production. Recently, organometal halides (CH;NH;PbX; =
ABX;, where A = CH;NH,*, B = divalent metal, that is, Pb**
and X~ = halide ion) based perovskite semiconductors have
shown excellent performance in solar cells* ® application and
optical gain studies by NTU, Cambridge and Sargent’s
group’® and therefore raise a great possibility of efficient
light emission by these direct band gap crystalline semi-
conductors through charge carrier ixgection under an applied
field (electroluminescence, i.e., EL).'” These systems have the
advantage that the band gap can be easily tuned by substitution
of R-NH; group, metal or halide. Light-emitting devices based
on perovskites have been reported in the past;'' "> however,
EL could only be achieved at low temperature (77 K), which
made it unrealistic for lighting/display application. There is a
nice effort from Mitzi’s group to get EL at room temperature in
layered perovskites by introducing dye cation, hence emission
in those devices were coming from purely organic compo-
nent.'* Here, we report NIR to visible EL diodes based on
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organometallic halide perovskites (PeLEDs) at room temper-
ature with biasing voltages below 5 V. Tan et al. and Lee et al.
have recently shown an excellent operation of such
PeLEDs.'”" Band gap of semiconductor is varied by either
changing of halide ion or by using mixed halide ion
compositions.16 This paper relates structural, morphological,
optical, and electrical properties of these novel materials.
Sample preparation, device fabrication, and experimental
processes are available in Supporting Information.

B RESULTS AND DISCUSSION

Structural and Morphological Studies. In this section
we report on the structural and morphology studies of the
deposited thin films of different band gaps perovskite
semiconductors. The perovskites typically crystalline in a
cubic or tetragonal structure depending on the concentration
of Cl and Br.'"”'® Figure la shows the tetragonal crystal
structure with respective positions of CH;NH;*, Pb*, and X~
ions. Figure 1c shows the X-ray diffraction (XRD) pattern for
NIR emissive (ABI,_,Cl,), red emissive (ABI, ;oBr; 3,Cly 4, and
ABI, ,Br; ), and green emissive (ABBr;) thin film after
annealing. The diffraction peak occurs at ~14° for iodine cation
and progressively moves to higher angles as the cation size
decreases (Figure 1c and Table 1). The interplanar distance (d)
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Figure 1. Structural and morphological studies: (a) Typical crystal structure of organometallic halide (ABX;) where A is for alkylamine (R-NHj;), B
is for divalent metal (Pb**), and X is for halide ion (X~). (b) FESEM image of ABI;_,Cl, perovskite film on PEDOT:PSS-coated glass substrate. (c)
XRD pattern for annealed film of four perovskites materials with a change of halide component in ABX; configuration on glass substrate. (d)
Electroluminescent diodes structure based on ABI;_,Cl,, energy level values are taken from literature.””

Table 1. XRD Studies To Determine Interplanar Spacing (d)
and fwhm of First Order Diffraction Peak of Various
Annealed Perovskites Film Prepared on Glass Substrates

experimental
20 interplanar distance fwhm corresponding
perovskite ©) (d) in A to first order peak (°)
ABBr; 14.9 5.9 0.21
ABI, 55Br; 75 14.2 5.8 0.18
ABI, 9By 3,Cloyy 144 6.1 0.20
ABI,_Cl, 14 63 0.07

is determined by the 26 peak positions using Bragg’s law (nd =
2d sin 6)."” These results are in agreement with the values of
diffraction angle peak for tetragonal phase for ABI;_,Cl,5*° and
cubic phase for ABI, ,:Br, ;s and ABBr; (Figure S2 and Table
81)."%'7 There is a slight shift of 26 peak positions in the case
of ABI,_,Cl, and ABI,,sBr s perovskite film’s diffraction
results from pure ABI; peak after annealing (see in Figure S2).
Shift of 260 peak is expected to happen by mixing of Br and Cl
along with I in these perovskite structures. However,
ABI, 14Br, 3,Cl 44 is the mixed phase of all the three perovskites
with slightly broader diffraction peak implying smaller
crystalline domains as observed FESEM image. An extra peak
at 20 ~ 12° corresponds to PbX,;. We now discuss the
morphology of these films.

Figures S4 and S5 show the morphology of the different
perovskite films deposited on glass and PEDOT:PSS-coated
substrates. The coverage is poor for all the films deposited on
glass. Significantly improved coverage is seen for films
deposited on PEDOT:PSS-coated substrates, as it is seen in
Figure 1b for the morphology of ABI;_,Cl, (reproduced again
in Figure SS5c). We obtained on the average big crystallite
domain size (few micrometers long) for ABI,_,Cl,. The ABBr,
film shows brick-like crystalline domains with size varying from
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submicrometer to S ym (Figure S4a). The morphology of
ABI, 1oBr; 3,Cly44 films are shown in Figure SSab. Crystallite
size for ABI,,Br,,; are of intermediate size and
ABI, 1Br;;,Cly 4, films have smallest domains with clear
observations of distinct ABBr; crystallite domain’s presence in
these films. Variation in average grain size for different
perovskite is expected to influence the electronic properties
of these semiconductor films.*' Stoichiometry analysis is also
carried out for all these films using energy dispersive X-ray
analysis (EDX) mode of FESEM and respective quasi-halide
components are mentioned as subscript for these in respective
FESEM images (Figures S4 and SS). In the case of ABI;_,Cl,
Cl is below detection limits.

Figure 1d shows the typical device structure used for most of
EL diodes. The energy level values are taken from literature.*”
Energy levels for three other perovskites semiconductors with
respect to charge injection layers are shown in Supporting
Information in Figure S1.

Optical Studies. We have also carried out optical studies on
these perovskite films with various band gaps covering the Vis-
NIR electromagnetic spectrum. Figure 2a shows UV-—vis
absorption spectra with respect to incident light energy for
ABBr;, ABI,sBr, 75, ABI, 9Br;3;Clyyy, and ABL;_Cl, films
after annealing. As expected with increasing iodine content, the
band gap red shifts from 2.3 to 1.6 eV, as shown in Table 2 (see
Figure S6). Band gap for these perovskite semiconductors are
measured using the relation ahv = A(hv — Eg)l/ 223 The band
edge of ABI; .Cl, and ABBr; films are steeper than that of
ABI, ,iBr, ;s and ABI, 4Br, 3,Cly4, perovskites. The Urbach
energy is determined by the slope of log{absorption
coefficient} versus energy spectra below the bandgap (see
Table 2 and Figure S7) and is a measure of the disorder in the
semiconductor.”* From the values of the Urbach energy (Table
2), we conclude that the disorder is larger in ABI, ,¢Br; 5 and
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Figure 2. Optical properties of perovskites. (a) UV—vis absorbance spectra on energy scale for all four perovskite. (b) Photoluminescence spectra of
perovskite semiconductor film prepared on quartz substrates with excitation wavelength corresponds to their UV—vis spectra. (c) Quenching of PL
at different interlayer for ABI;_,Cl, on quartz substrates with excitation wavelength of 650 nm.

Table 2. UV-Vis Band-Gap and Respective Urbach Energy
for Perovskite Semiconductor Films

perovskite band gap (in eV) Urbach energy (E,; in meV)
ABBr, 231 41
ABI ,Br, 2.15 125
ABI ,,Br, 3,Clo 1y 1.93 126
ABL_Cl, 16 59

ABI, Br, 3,Clj 44 films. This can be attributed to mixed smaller
domains as seen in the case of XRD studies in Figure 1b and in
FESEM images (see in Figures S4 and SS). Absorption beyond
the Urbach tail can be attributed to deeper defect states in these
films.*>"

Figure 2b shows the photoluminescence (PL) spectra of all
four perovskite films. Peak wavelength and respective width of
the PL emission peak is shown in Table 3. As expected, the PL
peak position moves to longer wavelengths (green to NIR)
with increasing substitution of Br with Iodine.

Table 3. PL and EL Emission Peak and Corresponding fwhm

ApL peak PL fwhm ARL peak EL fwhm
perovskite (nm (nm) nm (nm)
ABBr; 541 30.60 51§ 30.90
ABI, ,Br, - 627 62.60 707 90.30
ABIL, 10Br; ,Clo 44 674 4340 760 40.60
ABI,_,Cl, 774 45.90 771 32.70

In order to fabricate PeLEDs, we shall need to introduce
charge injection/transport layers adjacent to these semi-
conductor films. Hence, we studied the effect on PL due to
the presence of charge injection/transport layers.

PL quenching of ABI; ,Cl, is observed due to adjacent
charge transporting layers (PEDOT:PSS/ABI;_.Cl, and
ABI;_,Cl,/PC4BM), as shown in Figure 2c. We observed PL
quenching due to both PEDOT:PSS and PC4BM in ~320 nm
thick ABI;_,Cl, film on optical excitation. It can be attributed
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to long diffusion length of charge carriers in ABI,_ Cl.*® We
did this for other three perovskite films as well for which PL
spectra are shown in Figure S8. PL intensity found to be higher
in the case of ABBr; on PEDOT:PSS-coated substrate as
compare to ABBr; film prepared on glass substrate, which can
be attributed to poor coverage of ABBr; film on glass as
compared to PEDOT:PSS-coated substrate. We also carried
out absolute PL yield measurement of these films, in both neat
films and films in proximity with the charge transporting layers.
This was done by placing the perovskite film (smaller than
detector area) directly on top of a calibrated large area
photodetector and measuring the luminescence in AC mode.””
In these measurements, only forward emission photons are
measured. Scattered and wave-guided as substrate modes are
not accounted for in the estimate of PL yield. The numbers in
Table 4, hence, represent a lower bound to the quantum
efficiency.

NIR PeLEDs. After structural and optical characterization of
perovskites films, we fabricated PeLEDs with a device structure,

Table 4. Photoluminescence Quantum Efficiency (#jp) of
Various Perovskite Semiconductor Films with and without
Charge Injection Interlayers

#py, forward

perovskite interfaces (%)
ABLCl;_, glass/ABI;_,Cl, 17.6
PEDOT:PSS/ABIL,_,Cl, 95
PEDOT:PSS/ABI,_ Cl,/PC¢,BM 7.7
ABBr; glass/ABBr; 3.7
PEDOT:PSS/ABBr, 63
PEDOT:PSS/ABBr,/PCqBM 39
PEDOT:PSS/TPD/ABBr;/PC¢(,BM 29
ABI Br; 3,Cloqy  glass/ABI, 19Br) 3,Clo4q 7.1
PEDOT:PSS/ABI, 1,Br; ,Clo 44 54
PEDOT:PSS/TPD/ABI, ;3Br, ,Cly 4, 2
ABI, 53Br) 75 glass/ABI, 5sBr) 75 4
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Figure 3. NIR electroluminescent diodes. (a) EL spectra from PeLEDs using ABI,_,Cl, (circle) and ABI, ¢Br,;,Cly4, (square) perovskite
semiconductor, inset shows the PL spectra from blend of TPD/ABI, ;4Br, ;,Cl, 44 film with a ratio of 1:1, respectively. J-V-L characteristics of (b)
ITO/PEDOT:PSS/ABI;_,Cl,/PC4BM/Ag and (c) ITO/PEDOT:PSS/TPD/ABI, ;4Br, ;,Cl 44/Ag based PeLEDs. (d) EQE vs biasing voltage for

NIR emissive PeLEDs derived from J-V-L curve and EL spectra.

as shown in Figure 1d. We fabricated PeLEDs using a device
structure of ITO/PEDOT:PSS/ABI,_,Cl, (or
ABI, 1Br, 5,Cly44)/(with and without PC4,BM)/Ag. EL spectra
of NIR emissive PeLEDs are shown in Figure 3a with their
emission peak position and corresponding fwhm are shown in
Table 3. ABI;_,Cl, perovskite-based LED shows EL spectra in
agreement with PL spectra, see Figure 2b and Figure 3a (Table
3). However, EL spectra of ABI, ;4Br, ;,Cl, 4, mixed perovskite
is found to be red-shifted by ~80 nm, that is, Apy pes & 674 nm,
whereas Ay pe & 760 nm. We shall provide insight of this
discrepancy in detail while discussing EL spectra of ABI, ,5Br, ;5
based PeLEDs in the next section of this paper. J-V-L
characteristics of NIR emissive PeLEDs are shown in Figure
3b,c. Both of these diodes showed reasonable good diode
characteristics with their knee voltages in the range of ~1.2 V.
Table S summarizes the current density at 4 V bias and EQE for
various PeLEDs. Current density numbers for these two diodes
are found to be significantly different. Kahn et al. have shown
that on alloying ABI; with Br (Cl), the conduction band level
remains fixed and the valence band level gets deeper with

Table S. PeLEDs Parameters Extracted from Their J-V-L
Characteristics

@4V max. EQE (%)
PeLED structure J(A/m?) obtained

ITO/PEDOT:PSS/ABL,_,Cl,/PCsBM/ 18500 0.18
Ag

ITO/PEDOT:PSS/TPD/ABBr;/ 5900 0.0013
PC,,BM/Ag

ITO/PEDOT:PSS/TPD/ABBr;/Ag 780 0.0065

ITO/PEDOT:PSS/TPD/ABL, ,Br, 55/ 2700 0.0007
PCq,BM/Ag

ITO/PEDOT:PSS/TPD/ABI, ,Br, ;s/Ag 750 0.0011

ITO/PEDOT:PSS/TPD/ 10963 0.0073
ABI, 19Br; 37Clo.44/PCqBM/Ag

ITO/PEDOT:PSS/TPD/ 230 0.28
ABI, 19Br) 37Clo44/Ag

ITO/PEDOT:PSS/ABBr3/F8/Ca/Ag 4380 0.00002
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increasing Br (Cl) content.”” This implies that as the band gap
increases, the hole injection barrier increases suitably. We hence
expect a lower hole injection efficiency for ABI; oBr;3,Cly4,
with respect to ABI;_,Cl. In addition, ABI;_,Cl, is less
disordered than ABI, ¢Br,3,Cly,, as evidenced from the
structural, morphological, and optical studies reported earlier.
This qualitatively accounts for the difference in current density
between the two samples.

In Figure 3¢, typical J-V-L characteristics are shown for
ABI, Br, 3,Cly 44 based PeLEDs without PC4BM layer. The J-
V-L characteristics of devices with PC¢,BM layer also are shown
in Figure S9 and device structures with energy levels are shown
in Figure Slc. These results are reproducible as four different
batches of devices are prepared and in each batch there were 16
PeLEDs, with a sampling size of 64. The lower EL efficiency
observed in the case of devices with PC4,BM can be explained
from PL quenching studies shown earlier (Tables 4 and S).
Hence, we emphasize here that with proper band alignment
and passivation layers to prevent quenching, much more
efficient device operation is possible."

Figure 3d shows EQE versus applied bias, which shows better
performance for ABI, 1¢Br, 3,Cl, 4, PeLED, which can be due to
reduced quenching, as this PeLED structure did not have
PC4BM layer. However, we note that, for ABI, ¢Br;3,Clj44
based PeLED (a Br containing perovskite), this is so far the
highest EQE (0.28%) in literature for this device structure, and
ABI;_,Cl, also shows good EQE with a scope to improve each
of these PeLEDs by proper charge injecting contact which do
not quench EL.

Red and Green PelEDs. Visible PeLEDs are also
fabricated with ITO/PEDOT:PSS/TPD/ABBr; (or
ABI, ,Br; 75)/(PCsBM or without PC¢BM)/Ag device
structures (TPD is N,N’-bis(3-methylphenyl)-N,N’-diphenyl-
benzidine).”® Figure 4a shows EL spectrum of PeLEDs in green
and red color of EM spectrum with EL peak at 515 and 707
nm, respectively. EL emission peak is red-shifted by 80 nm with
respect to PL peak for ABI,,iBr,,s and ABI, oBr;3,Cly4s
(Figure 3a) based PeLEDs. However, devices with and without

DOI: 10.1021/acsphotonics.5b00018
ACS Photonics 2015, 2, 349-354


http://dx.doi.org/10.1021/acsphotonics.5b00018

ACS Photonics

e o o =
2 ® ® o

Normlized EL (arb.unit)
e
N

0.0

300 400 500 600 700 800
Wavelength (nm)

1.2~ 0.3
" -
“, ABl4 95Br- oo §
1.25Br1.75
Sosl © oo 23
x L " o
[ L [&] g
E "o ] 2
o4 . s 0.18
- [ ] a 3
L] = N
-. "~ =
1]
e 7-‘1-!“!:?‘4 | (c)l
0.00 1 3 3 4 0.0
Voltage (V)

J (AIm?) x 102

cd/A

-
(=)
T

4

N A O O
T T
:&
v
" 1 "
=
(,w/p2) @oueuiwnT

.........

-
N
R
e
o

Voltage (V)
0.020 ——————————————————0.8
F ]
0.016:— ;-.: Jos
s > 1 m
0.012F ABBr -0 %1 o
L 3 o m
[ o 1 0.4 3
0.008F — 1 %
3 $ Jo2 3
0.004F e io.z ®
: o (d) 1
n | A 4 "] P | n
o.oooo 1 2 3 4 5 eo 0
Voltage (V)

Figure 4. Visible electroluminescent diodes (a) EL spectra from PeLEDs using ABBr; (circle) and ABI, ,Br, ;5 (square) perovskite semiconductors,
inset shows PL from the blend of TPD:ABI, ,sBr, ;s film with a ratio of 1:1, respectively. J-V-L characteristics of (b) ITO/PEDOT:PSS/TPD/
ABBr,/Ag (green) and (c) ITO/PEDOT:PSS/TPD/ABI, ,Br, ;/Ag (red) based PeLEDs with insets of operational PeLED picture. (d) EQE vs
biasing voltage and luminance efficiency (cd/A) vs biasing voltage for green PeLEDs derived from J-V-L curve and EL spectra.

PC¢,BM interlayer showed similar EL spectra. We hence
anticipate that the red shift might be due to a TPD perovskite
complex at interface. To verify this hypothesis, we studied the
PL of TPD/perovskite blends.

The inset in Figures 3a and 4a shows the PL of a
TPD:perovskite blend in a 1:1 ratio. In the case of
ABI, ,Br, ;s based PeLEDs we found PL of blend film
(perovskite:TPD) and EL spectrum matched. The EL for this
system is hence primarily due to a perovskite-TPD complex. In
the case of ABI, ;Br, 5,Cly 4, based PeLEDs the EL peak (760
nm) was slightly more red-shifted than PL peak (720 nm) from
blend film. EL in this case can be due to CT-emission at
TPD:perovskite interface. These results suggest that the EL in
these devices takes place close to the anode. This implies
electron mobility is much larger than the hole mobility in these
device. This is consistent with the fact that no EL is seen close
to the PL peak emission. Whereas, we note that there is a blue
shift of ~25 nm (corresponding energy difference is ~100
meV) with respect to PL in EL of ABBr; based PeLEDs (see in
Figures 2b and 4a and Table 3). Origin of this blue shift is not
clear at this stage; however, it might be related to free carrier
emission peak.”””

Figure 4b,c shows J-V-L characteristics of visible color
emitting PeLEDs in device structure of ITO/PEDOT:PSS/
TPD/ABBr; or ABI,,sBr,,s/Ag, respective energy level
diagram for these structures are shown in Figure Slab. Figure
4d shows the EQE vs bias voltage and luminance efficiency
(cd/A) versus voltage for green PeLEDs, which are in
agreement with Figure 4a,b.

We see from Table S that diodes without a PC¢,BM (EIL
layer) layer show significantly smaller current density. While
PC4BM facilitates electron injection, the EL efficiency is
reduced in these devices due to quenching (Table 4). From the
PL yield analysis (Table 4), one would have expected the EQE
to be smaller by a factor of 2 for a device with PC4BM as EIL.
However, the EQE drops by about a factor of 5 (with PC4BM
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as EIL, Table S). This suggests that the absence of the PC4,BM
layer facilitates charge carrier balance.

Inset of Figure 4b,c shows the picture of operational PeLEDs
taken by normal camera. We confirm that ABBr; with this
similar device structure is has at least two orders higher EQE
than earlier reports in similar device structures and luminance
value is also high by more than one order. As most of these
PeLEDs are made without PC4BM interlayer and we found
improvement in EQE with a price of higher operating voltages.
Lee et al., however, have recently shown great improvement in
ABBr;-based PeLEDs by introducing an interlayer to improve
charge carrier balance and prevent EL quenching."®

B CONCLUSION

In conclusion, we have studied the influence of structural,
morphological, and optical properties on LED performance for
four different band gap 3D perovskite semiconductors. Both
morphology and grain size is influenced by the choice of the
halide ion composition. This, in turn, is related to disorder,
which influences electrical and optical properties of the
perovskite.

It is important to note that good wetting of the contact by
the perovskite layer is very important for obtaining low leakage
devices. Our studies show that PEDOT:PSS and TPD as
contact layers facilitate wetting of the perovskite layer. We also
show that interdiffusion of TPD in perovskites forms a new
complex which results in significantly red-shifted EL. This
allows an additional parameter for device design. However, we
show that these layers also quench the luminescence reducing
the efficiency of the EL devices. We would like to point out that
the use of PCy,,BM and PEDOT:PSS as electron and hole
transport layers, respectively, results in a significantly reduced
EL intensity due to quenching. This study points to the need of
looking at other transport layers, which can result in
significantly improved EL efficiency without compromising
the morphology of the grown films. These PeLEDs have a
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potential of future electrical injection laser diodes and lighting
applications.
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Material synthesis and methods, Figures S1—S13, Table S1, and
relevant references. This material is available free of charge via
the Internet at http://pubs.acs.org.
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