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We increased the luminescent efficiency of perovskite light-emitting diodes (PeLEDs)
by using a modified two-step deposition method combined with an interdiffusion
process without additional solvent engineering or additive molecules. Methylammo-
nium lead bromide (MAPbBr3) polycrystalline films with nanosized grains and low
electronic disorder were fabricated by a modified two-step deposition process. The
as-fabricated MAPbBr3 films showed gradient concentration characteristics as a result
of a gradient distribution of the MABr. Also, the MABr-gradient concentration struc-
ture was intensified by the interdiffusion process, showing improved performance
of MAPbBr3 PeLEDs with maximum current efficiency CEmax = 0.861 cd A−1 and
maximum luminance = 604 cd m−2 with very narrow electroluminescence spectral
width. This is the highest CEmax among MAPbBr3-based PeLEDs deposited by the
two-step deposition method. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5047456

Metal halide perovskites (MHPs) have received huge attention as a promising light harvester,
showing rapid progress on power conversion efficiency reaching 23.3% with only a few years of
research period.1–3 Bulk 3-dimensional (3D) MHPs have various fundamental semiconducting prop-
erties including long carrier diffusion length,4,5 sharp band edge,6 and high charge carrier mobility7

and are therefore promising candidates for next-generation optoelectronics. MHPs also have excellent
properties as solid-state light emitters when the electron and hole pairs are physically confined in small
nanograins or nanoparticles. The MHPs have high photoluminescence quantum yields (PLQYs),8–10

excellent charge transport properties, low material cost, and possible low-temperature process-
ing.11,12 They have high color purity with narrow emission linewidths [full width at half maximum
(FWHM) ≤ 20 nm]9,11 and tunable bandgap13 that cover a wide color gamut, so they are promising
candidates as emitters for next-generation displays.

Although the bright (>100 cd m−2) room-temperature electroluminescence (EL) of perovskite
light-emitting diodes (PeLEDs) was reported in 2014,13,14 the efficiency is still far below the state-of-
the-art efficiency of organic light-emitting diodes. The main reason is that the fundamental limitations

aAuthor to whom correspondence should be addressed: twlees@snu.ac.kr and taewlees@gmail.com. Tel.: +82-2-880-8021.
Fax: +82-2-885-9671.
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of 3D perovskites related to small exciton binding energy and long charge carrier diffusion length
were not solved. Then, the first high-efficiency of PeLEDs comparable with the efficiency of phospho-
rescent OLEDs (maximum current efficiency CEmax = 42.9 cd A−1) was achieved by additive-based
nanocrystal pinning (NCP), fine stoichiometry control, and use of a high-work function (WF) con-
ducting polymer anode.15,16 PeLEDs with outstanding EL efficiency have been further achieved
using various strategies such as excess ammonium ions,17–19 mixed cations,20–22 self-organized mul-
tiple quantum wells,23–29 and colloidal quantum dots (QDs).30–34 The high efficiencies higher than
10% were achieved using the multiple-quantum-well structure, precise chemical modification, and
dimensionality control.19,22,23,25,27,32,35

The simplest method to fabricate the MHP films by the solution process is a one-step solution
process, in which stoichiometric precursors, mainly lead halide and methylammonium halide (MAX),
are dissolved in polar solvents and then deposited by evaporation of the solvent.13 However, although
the one-step method achieves MHPs that have great semiconducting properties, the films have poor
morphology with huge pinholes and large cuboids. As a result, these films suffer from non-radiative
recombination at the surface and leakage current through direct contacts between carrier transport
layers and are therefore not suitable for use in optoelectronic devices.36–38 The poor morphology has
been attributed to the poor wettability and high nucleation barrier of MHPs on a conventional carrier
transport layer such as PEDOT:PSS. Various strategies such as polymer additive composite,39–41 sol-
vent engineering,15,42 and surface modification22,43 improved the coverage and device performance,
but methods to control crystallization kinetics are lacking, so the resulting morphology has remained
inhomogeneous.

To overcome these limitations and realize high-quality MHP films with ideal semiconducting
properties, a two-step deposition method has been developed.44 It has the great advantages of control-
lable deposition parameters of each precursor, so crystallization kinetics can be precisely controlled to
obtain perfect pinhole-free morphology with high reproducibility.45–47 Also, the separate deposition
of each precursor enabled deep understanding of the reaction principle, and this understanding has
guided the development of comprehensive design schemes to achieve the desired morphology for
perovskite optoelectronic devices.48

However, most reported two-step deposition methods have been developed to form defect-free
large crystals for photovoltaic applications,46 but these crystals are not suitable for PeLED applica-
tions, in which carriers must be confined spatially in nanograins to achieve high radiative recombina-
tion efficiency.15 Also, currently reported PeLEDs fabricated using two-step methods have shown very
low luminance efficiency (MAPbBr3:CEmax = 0.1 cd A−1, CsPbBr3:CEmax = 7.6 × 10−2 cd A−1).49,50

Furthermore, the luminescent characteristics and electronic properties of these PeLEDs have not been
precisely analyzed.

In this study, we fabricated high-quality MAPbBr3 thin films with nanosized-grains and low
electronic disorder by using the two-step deposition method without any additional solvent engi-
neering or incorporation of additive molecules. We fabricated MAPbBr3 films with vertical gradient
concentration and efficient carrier localization in the highly luminescent MA-doped region. Detailed
analysis based on the XPS depth profile and ultraviolet photoemission spectroscopy (UPS) measure-
ment evidenced vertically gradient composition and an energy level in MAPbBr3 from the two-step
deposition method, indicating in situ formed gradient concentration from gradual infiltration of the
MABr solution into the as-deposited PbBr2 layer. Also, providing an interdiffusion process during
the two-step deposition process resulted in a wider MA-rich region with improved luminescent effi-
ciency, obtaining a current efficiency of 0.861 cd A−1, which is the best performance among the
reported 3D PeLEDs fabricated by the two-step deposition process based on MAPbBr3 without any
post-treatment and additives.

The PeLEDs based on polycrystalline MAPbBr3 [Fig. 1(a)] are composed of indium tin
oxide (ITO)/self-organized gradient buffer hole-injection layer (Buf-HIL) (50 nm)/CH3NH3PbBr3

(∼200 nm)/1,3,5-tris (2-N-phenylbenzimidazolyl) benzene (TPBi) (50 nm)/LiF (1 nm)/Al (100 nm).
The ITO substrate with sheet resistance RS ∼ 10 Ω was cleaned by sonication for 15 min each in
acetone and isopropyl alcohol (IPA); then, the solvent was rapidly removed by IPA boiling on a
hot plate at 300 ◦C. The cleaned ITO substrate was subjected to UV-ozone treatment for >15 min to
develop a hydrophilic surface. A Buf-HIL solution composed of PEDOT:PSS (Clevios P VP AI4083)
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FIG. 1. (a) Schematic illustration of the device structure. (b) Top-view SEM image of the MAPbBr3 polycrystalline film
deposited by a modified two-step deposition process. (c) Schematic illustration of the two-step deposition method with and
without the interdiffusion process.

and tetrafluoroethylene-perfluoro-3,6-dioxa-4-7-octene-sulfonic acid copolymer (PFI) (Sigma-
Aldrich) in 1:1 wt. % ratio was spin-coated onto the substrate at 4500 rpm for 90 s, obtaining a
50-nm-thick Buf-HIL layer. The samples were then placed on a hot plate at 150 ◦C for 30 min
in ambient atmosphere to form a self-assembled hole injection layer (HIL) with a gradient work
function, which can facilitate hole injection into the emitting layer.

To form the MAPbBr3 emitting layer, a modified two-step deposition process based on a previ-
ously reported sequential deposition method was conducted.46 First, 1.07M of PbBr2 in Dimethylsul-
foxide (DMSO) solution was deposited onto the Buf-HIL layer at 8000 rpm for 15 s in a nitrogen-filled
glove box and then annealed at 70 ◦C for 10 min to yield an ultra-smooth PbBr2 thin film (Fig. S1).
Then 0.16M MABr in isopropyl alcohol (IPA) solution was loaded onto the PbBr2 layer and spin-
coated at 3000 rpm for 90 s without acceleration time. Because MHPs obtained by conventional
two-step methods have suffered from remnant PbBr2, we provided an additional delay time of 15 s
before spin-coating of the MABr solution on the PbBr2 film. This modified process could provide
sufficient penetration of the MABr solution into the underlying layer; in this paper, this is called the
interdiffusion process (Fig. 1). For comparison, pristine samples deposited by the two-step method
were not given any delay time. All films were then annealed at 90 ◦C for 10 min. The samples were
then transferred to a high-vacuum thermal evaporator (<10−7 Torr); then, TPBi (50 nm), LiF (1 nm),
and Al (100 nm) were deposited at rates of 1, 0.1, and 3 Å s−1, respectively. The PeLED samples
were moved to a nitrogen-filled glove box and then encapsulated in N2 atmosphere.

The quality of the resulting MAPbBr3 thin films was affected by the processing method. The
film produced using the modified two-step method was composed of small grains with sizes of
187 ± 79 nm and a thickness of ∼200 nm with columnar structure (Fig. S2). These films showed
high-quality morphology without pinholes [Fig. 1(b)]. By contrast, MAPbBr3 films deposited using
the conventional one-step solution process yielded micron-sized cuboid islands with poor coverage
(Fig. S3), so these films suffer from leakage current and non-radiative recombination and therefore
are not useful as emitters in LEDs.

The average grain size in the MAPbBr3 films obtained by the two-step method was even smaller
than that in the MAPbBr3 films deposited by the solvent-assisted nanocrystal pinning (NCP) method
(Fig. S4). This reduction in grain size can be achieved from the high concentration of the MABr solu-
tion, which can facilitate spontaneous formation of MAPbBr3 with high nucleation density on top
of a PbBr2 film.51 Small grain size can prevent luminescence quenching by spatial confinement
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and thereby increase radiative recombination efficiency.15 Therefore, the two-step method is a
promising strategy to fabricate highly luminescent perovskite thin films with spatial confinement.

We analyzed the optical and electrical properties of MAPbBr3 films obtained using different
deposition methods, by using temperature-dependent UV-Vis absorption analysis. For comparison,
pinhole-free MAPbBr3 films deposited by a simple one-step method with the NCP method were used.
In general, the electronic disorder of semiconducting materials can be depicted as52

α(E, T)=α0 exp

(
−σ(T )

E − Eg

kBT

)
, (1)

where α(E, T) is the absorption coefficient as a function of energy E (eV) and temperature T (K), α0

is a fitting parameter, σ(T) is a steepness parameter correlated with the average phonon energy, and
Eg (eV) is the absorption edge energy. The Urbach energy EU can be obtained as EU = kBT /σ(T).
This form demonstrates that EU can be extracted from the inverse of the slope of the linear fit of the
absorption data below the energy-gap by taking the logarithm (Fig. S5).
σ(T) can be expressed in terms of the average phonon energy (}ωph) by a model of Redfield and

Dow53,54 as

σ(T)= σ0

(
2kBT
}ωph

)
tanh

(
}ωph

2kbT

)
, (2)

which is the lead-halide vibration mode of ∼16 meV and which matched well with the coupling
between longitudinal optical (LO)-phonons and charge-carriers.55,56 σ(T) was obtained [Fig. 2(a)]
for MHP films obtained by the single-step or two-step process. Both lines show a discontinuity of the
steepness parameter at ∼150 K, at which MAPbBr3 changes from the tetragonal phase to the cubic
phase. The films deposited using a two-step process showed slightly blue shifted phonon energy and

FIG. 2. (a) Steepness parameter σ vs temperature T. Solid line: fitting at T < 150 K; dashed line: fit at T > 150 K. (b) Fitted
result of disorder energy Eu vs T [lines as in (a)]. (c) Normalized PL intensity of MAPbBr3 films with different deposition
processes. (d) Schematic representation of the Urbach tail.
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rather unchanged phonon energy after the phase transition under ∼150 K, which can be attributed to
suppressed energy transfer via hydrogen bonding between MA and Br at low temperatures.48 This
might be a result of overall non-stoichiometric characteristics, which result in systematic change
in temperature dependence in absorption characteristics57 in MHP films deposited by the two-step
process, which will be discussed below.

The temperature dependence of σ(T) was converted to electronic disorder (Urbach) energy as

EU(T , x)=E1(x) +
E2

exp
(
Θ
T

)
− 1

, (3)

where E1(x) represents the structural disorder and E2(T ) represents the thermal disorder.
The relationship of EU to T was different in the single-step deposited films than in the two-

step deposited films [Fig. 2(b)]. The data were fitted in two sections divided at ∼150 K, at which
the phase transition occurs; at all T, EU was lower in the two-step deposited film than in the one-
step deposited film. Considering that the NCP process during the single-step deposition method
induces rapid crystallization, the lower EU in the two-step deposition method can be attributed
to slow and stable crystallization during the process without any change in supersaturation of the
solution. Comparison of steady-state PL spectra [Fig. 2(c)] gives further evidence that EU was lower
after the two-step method than after the one-step method. In normalized PL spectra, the MAPbBr3

film deposited by the two-step method had weaker PL intensity in the low-energy region than the
MAPbBr3 films deposited by the single-step method, and the PL peak was blue shifted from 533 nm
in the films fabricated by the two-step method compared with the peak at 549 nm in films fabricated
using the one-step method. The blue-shifted PL peak position of the film deposited using the two-step
method indicates that the emission in the Urbach tail is more effectively suppressed than in the film
deposited using the single-step method; this conclusion corresponds with the disordered mid-gap
state [Fig. 2(d)].

In MAPbBr3 films deposited by the two-step deposition method, the effect of the interdiffusion
process on the luminescent property was investigated by steady-state PL measurement. Interdiffusion
time of 15 s was selected as the maximum that would not cause residual MABr precipitation onto
MAPbBr3 films; this decision was based on comparison of X-ray Diffraction peaks and scanning
electron microscopy (SEM) images (Figs. S6 and S7) with various interdiffusion times.

In MAPbBr3 films without the interdiffusion process, PL emission spectra [Fig. 3(a)] measured
at the top side and bottom side showed an emission peak at 533 nm that corresponds to typical
polycrystalline MAPbBr3 perovskites and a blue shifted additional shoulder peak at 504 nm. The
PL spectra were deconvoluted (Fig. S8) with high precision (r2 > 0.99) into two Gaussian peaks.
According to previous reports, blue shifted emission in MAPbI3 perovskites has been attributed to
disordered states that mainly arise from grain boundaries.58,59 In our case, the blue shifted shoulder
peak may occur because the incomplete reaction between MABr and PbBr2 yields a disordered PbBr2-
rich phase with a wide bandgap.60,61 The relative intensity of the blue shifted peak was much higher
at the bottom side than on the top; this difference indicates that the concentration of the PbBr2-rich
phase was higher on the bottom side than on the top, as a result of insufficient penetration of the
MABr solution into the PbBr2 film.

On the other hand, MAPbBr3 samples treated using the interdiffusion process showed four times
higher PL intensity at 533 nm, with negligible proportion of the shoulder peak at a higher bandgap,
when measured at the top side [Fig. 3(b)]. The increased PL intensity and suppressed shoulder peak
can be attributed to the increase in reaction time and penetration depth of the MABr solution into the
PbBr2 layer, with a consequent increase in the conversion ratio to MAPbBr3 and formation of a highly
luminescent MA-rich region at the top surface. However, the abnormal shoulder peak was strong in the
PL spectrum measured at the bottom side, although the proportion of this peak was smaller than that in
the pristine film. The results indicate that the two-step method generates hetero-structured MAPbBr3

films with two regions, a highly luminescent MA-rich top side and an MA-deficient bottom side.
To further elucidate the specific structure of as-prepared MAPbBr3 films, we conducted the XPS

depth profile. The XPS spectra of ITO/Buf-HIL/MAPbBr3 films were measured using a method
reported previously.15 In the XPS depth profile [Figs. 3(c) and 3(d)], the concentration of MA was
extracted by the equivalent stoichiometric ratio between MA and carbon; this concentration was the
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FIG. 3. Steady-state PL spectra measured at the top and bottom side of (a) pristine MAPbBr3 film, (b) MAPbBr3 film with
the interdiffusion process. XPS depth profile of (c) pristine MAPbBr3 film, (d) MAPbBr3 film with the interdiffusion process,
and (e) schematic diagram of the gradient doped energy level by the two-step method.

highest at the surface and gradually decreased as sputtering time increased, while the Pb composition
showed the opposite trends. This gradual change in atomic concentration of the MAPbBr3 film can
be seen as a gradient concentration of MA; this process yields a p-doped top surface and an n-doped
bottom surface. This inference is supported by a recent report that showed MAI-rich and MAI-poor
regions in MAPbI3 perovskites, and consequent p-doped and n-doped regions, as evidenced by the
contact potential difference (CPD) between two perovskite layers that had different MAI-to-PbI2

ratios.62 In our case, the gradient concentration can be obtained by the gradient penetration of the
MABr solution into the as-prepared PbBr2 layer during the two-step method because limited MABr
diffusion causes limited expansion of the MAPbBr3 phase deep into the film.51

The effect of the interdiffusion process can be explained by the depth profile of the MA:Pb ratio.
In the pristine MAPbBr3 film, the MA:Pb atomic ratio at the surface was of 2.7:1, but decreased to 1:1
at a sputtering time of 60 s and further decreased with further increase in sputtering time [Fig. 3(c)].
By contrast, the MAPbBr3 film treated using the interdiffusion process showed an MA:Pb atomic ratio
of 3.56:1 at the surface, but decreased to 1:1 at 120 s of sputtering time [Fig. 3(d)]. The difference in
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sputtering times required to reach MA:Pb = 1:1 indicates that the interdiffusion process can increase
the time available for the MABr solution to penetrate into the PbBr2 layer and thereby extend the
MA-doped region about twice as deep as in the MAPbBr3 film without the interdiffusion process.
Heavily MA-doped nonstoichiometric MAPbBr3 increases the luminescence efficiency,17,63,64 so our
result matches well with the dramatically increased PL intensity at the top of the MAPbBr3 film that
had been produced using the interdiffusion process.

Next, we conducted ultraviolet photoemission spectroscopy (UPS) measurement to verify the
energy level with gradient composition distribution (Fig. S9). The work function was calculated by
subtracting the secondary cutoff from the excitation radiation energy (He i, 21.2 eV), and the Fermi
level energy was considered to be 0 eV. The IE that corresponds to the valence band maximum (VBM)
was determined by adding the WF to the energy offset between WF and the ionization potential (IE);
this offset was calculated to be 0.82 eV for both cases. When interdiffusion time was provided, IE
decreased from 5.77 eV to 5.66 eV; the change can be attributed to the higher MA concentration at
the surface as a result of the interdiffusion process and consequent decrease in molar proportion of
insulating PbBr2 at the surface. Thus, the gradient increase of MA concentration toward the top surface
could result in a gradient decrease in IE. The schematic energy diagram [Fig. 3(e)] of the as-prepared
MAPbBr3 films by the two-step method shows this gradient energy level. As a result of the gradient in
the MA:Pb ratio that was enabled by the two-step method, the MA-doped top region has higher VBM
and smaller bandgap with in situ passivated MAPbBr3 crystals with high PL efficiency, compared to
the bottom region. By contrast, the MA-deficient bottom region has relatively less transporting nature
and lower PL efficiency than that at the top region due to the high molar proportion of PbBr2. Also,
an evident shoulder peak observed at shorter wavelength can be explained by emission coming from
the PbBr2-rich bottom region with a larger bandgap compared with the top region. The interdiffusion
process further increased the MA ratio at the surface and widened the MA-doped region at the top;
as a result, radiative recombination efficiency was improved.

We fabricated PeLEDs based on MAPbBr3 films produced a using two-step deposition method
and measured their current-voltage-luminance characteristics. PeLEDs treated by the interdiffusion
process had six times higher CEmax = 0.861 cd A−1 than those produced without the treatment with
CEmax = 0.150 cd A−1 [Fig. 4(a)]. To the best of our knowledge, this is the highest ever reported CEmax

among 3D PeLEDs based on the two-step deposition method, including MAPbBr3 and pure-inorganic
CsPbBr3.49,50 The interdifffusion process also increased Lmax from 445 cd m−2 to 607 cd m−2;
this change can be attributed to the extended MA-doped region and to suppressed non-radiative recom-
bination due to the passivation effect of the high concentration of MABr17 [Fig. 4(b)]. Consistent
with the CEmax tendency, the external quantum efficiency (EQE) of PeLEDs with the interdiffusion
process was higher than that of pristine PeLEDs over the entire luminance intensity [Fig. S10(a)].
Furthermore, while the pristine devices showed 50% decreased EQE at a brightness of 444 cd m−2,
PeLEDs with the interdiffusion process showed a higher brightness of 607 cd m−2 at the point
EQE decreased by 50% [Fig. S10(a)], which can be attributed to suppressed defect-assisted non-
radiative recombination and efficient bimolecular radiative recombination at the MA-rich passivated
region.65,66 Also, to further address with the complex behavior of PeLEDs including gradual rise and
roll-off of EQE (discussed in the supplementary material), we considered EQE rise and EQE roll-off
with current density at each point, i.e., EQEmax (Jmax) and EQEhalf (Jhalf). We can thus define the
roll-off factor

R=
Jhalf

Jmax
, (4)

which can quantify the relatively increased ratio of current density from the point at maxi-
mum quantum efficiency to that with 50% roll-off. Considering this factor, while pristine devices
(R = 2.61) showed 50% roll-off up to 2.61 times higher current density compared with its Jmax,
PeLEDs with the interdiffusion process (R = 3.35) showed 50% roll-off at 3.35 times higher current
density of Jmax [Fig. S10(b)]. The result indicates slightly decreased roll-off of PeLEDs with the inter-
diffusion process compared to that of pristine devices. Also, this matches well with roll-off behavior
considering the luminance-EQE graph, showing a similar degree of roll-off at high brightness.

The normalized EL peak showed a narrow (FWHM ∼ 22 nm) single peak at 535 nm without the
shoulder peak at 515 nm that was observed in PL spectra. This lack of a peak may be attributed to

ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-6-001811
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FIG. 4. (a) CE versus luminance, (b) luminance versus current density, (c) current density versus voltage, and (d) EL spectra
of MAPbBr3 PeLEDs deposited by the two-step method.

efficient carrier localization at the MA-doped top region from the gradient bandgap and consequent
emission with narrow FWHM from pure MAPbBr3. Furthermore, in PeLEDs based on films fabricated
using the interdiffusion process, the EL peak was blue shifted by∼2 nm and its FWHM was narrowed
slightly [Fig. 4(d)] compared with that of PeLEDs without the interdiffusion process. The blue shift
of emission spectra can be attributed to passivation of shallow trap density, enabled in this case by
excess MABr surrounding MAPbBr3 crystals in the MA-doped top region.67

In conclusion, we have demonstrated a promising two-step deposition method to increase
the luminescent efficiency of PeLEDs without any additive molecules or solvent engineering. As-
deposited MAPbBr3 films showed excellent morphology with nanosized grains and low electronic
disorder energy, which are the essential characteristics for the state-of-the-art PeLEDs. Detailed anal-
ysis on optical and chemical properties showed a gradient MABr concentration structure in MAPbBr3

films deposited using a modified two-step method. This from the gradient energy level can be ben-
eficial for LED application by increasing the efficiency of charge transport and localization. Also,
the interdiffusion process further intensified the gradient concentration structure and increased the
luminescent efficiency to CEmax = 0.861 cd A−1 and Lmax = 604 cd m−2; these results show the great
potential of the two-step deposition method to produce highly efficient PeLEDs by applying a general
strategy to control the compositional engineering of MHPs.

See supplementary material for supporting figures associated with this article.
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