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Recently, CsPbBr; perovskites have been emerging as very promis-
ing green emission materials for light-emitting diodes (LEDs) due
to their high color purity, low cost and high photoluminescence
quantum yield (PLQY). However, the corresponding LED perform-
ance is still low and far behind CHzNH3PbBrs; it is due to the lack
of proper perovskite film preparation methods and interfacial
engineering. Herein, we report highly bright and durable CsPbBrs-
based LEDs fabricated using a one-step solution method. The pre-
cursor solution is prepared by simply dissolving CsPbBr; powder
and a CsBr additive in dimethyl sulfoxide (DMSO). We find that the
CsBr additive not only significantly enhances the PLQY but also
induces directional crystal growth into micro-plates, forming a
smooth perovskite film for LEDs. LEDs employing such high quality
films show a high luminance of 7276 cd m~2 and high color purity
with a full width at half maximum of 18 nm. Furthermore, the as-
fabricated LEDs reveal an outstanding ambient stability with a

decent luminance output (>100 cd m™2

, steady increase without
any degradation trend) for at least 15 h under a constant driving
current density (66.7 mA cm~2). And we propose two reasons for
this unique luminance increasing behavior: (1) the CsPbBrz perov-
skite is thermally stable and can survive from joule heat; and (2) on
the other hand, the joule heating will induce interface or crystal-
line film annealing, reduce device resistance and then enhance the

luminance output.

Inorganic/organic hybrid perovskites have emerged as a promi-
nent light harvester for novel high efficiency solid-state solar
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cells, with a recently reported power conversion efficiency of
over 22%."' Recently, perovskite materials are found to be
ideal emission materials and intensely investigated as emis-
sion layers in light-emitting diodes (LEDs) due to their low
cost, color tunability, high photoluminescence quantum yield
(PLQY) and narrow emission peak.’ Recently, Lee et al. have
successfully boosted the current efficiency (CE) of inorganic/
organic perovskite (CH;NH;PbBr;) LEDs to 42.9 cd A™" in late
2015, indicating that perovskite-based LEDs can be as efficient
and promising as the commercial phosphorescent organic
light-emitting diodes (OLEDs).'®"" Constrained by the material
traits, ambient stability is an equally important challenge for
the further development of potential perovskite-based LED
applications. However, there are very few studies which reported
the stability performance of perovskite-based LEDs,* and it is
even more challenging to address the long-term stability.

It is well known that in perovskite solar cells, the organic
components in the classical inorganic/organic perovskite
materials (MAPbX;, MA = CH3NH;, X = Cl, Br and I) are very
sensitive to moisture and heat, i.e., poor humidity and thermal
stability,"* "> which may also induce poor stability in perov-
skite-based LEDs. Very recently, cation engineering for perov-
skites, such as adding formamidinium (FA)*> or Cs'®'® to
replace MA, is found to be an effective strategy to improve
thermal and humidity stability of perovskite solar cells. In
other words, this kind of cation engineering (partial replace-
ment) or even cation replacement (all inorganic perovskites)
could be possibly beneficial for fabricating high performance
perovskite LEDs with good stability.

Herein, we report all-inorganic perovskite (CsPbBr;) based
LEDs with outstanding ambient stability, high brightness
(7276 ¢d m~?) and color purity (full width at half maximum,
FWHM, 18 nm), which excel benchmarks from previous
reports.”>'?° When the as-fabricated LED devices were
driven with a constant current (corresponding to an initial
luminance of around 100 cd m~?), we observed an unexpected
luminance increase instead of degradation. In more detail,
during the initial 15 h of the test, the luminance grows from

Nanoscale, 2016, 8, 18021-18026 | 18021


www.rsc.org/nanoscale
http://crossmark.crossref.org/dialog/?doi=10.1039/c6nr05330k&domain=pdf&date_stamp=2016-10-21
http://dx.doi.org/10.1039/C6NR05330K
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR008042

Published on 02 September 2016. Downloaded by Bilkent University on 09/11/2016 09:07:32.

Communication

100 cd m ™2 to ~400 cd m~?, indicating considerably stable per-
formance, which is no doubt an important advance in develop-
ing practical perovskite-based LEDs for daily life.

One of the most attractive features of the inorganic/organic
perovskite-based devices (MAPbX; and FAPbX;) is their solu-
tion-processed capability. Thus, one can prepare a perovskite-
based precursor solution with various recipes to achieve a high
quality solid perovskite thin film by spin-coating or other
methods.?! In the past few years, the photovoltaic efficiency of
perovskite devices increased rapidly by engineering the precur-
sor solution, like solvent engineering'>** and compositional
engineering.">'% In other words, the recipe development of a
perovskite-based precursor solution plays a key role in pursu-
ing highly efficient perovskite-based devices. However, due to
the limited solubility of CsX (X = Cl, Br and I), one cannot
prepare a transparent precursor solution by simply dissolving
PbX, and CsX in certain solutions (N,N-dimethylformamide
(DMF), dimethyl sulfoxide (DMSO) or their mixtures). To date,
the advanced solution process engineering methods (single
step methods) have not been applied to all inorganic perov-
skites. Alternatively, there are two methods developed recently
to prepare all-inorganic perovskite thin films, i.e., the two-step
method'”** and the nanoparticle ink method.>**® The two-
step method is similar to the previously reported sequential
deposition method for CH;NH;PbI; thin films,*” i.e., a PbBr,
thin film is firstly prepared by spin-coating using PbBr,-DMF
solution, then the as-prepared PbBr, thin film is dripped in a
hot CsX methanol solution and converted into CsPbXj;.!”'®
The nanoparticle ink method is used to prepare CsPbX; nano-
crystals (NCs) or quantum dots (QDs) firstly, and then the
perovskite thin films can be prepared by spin-coating using the
as-prepared nanoparticle colloid solution.”*** In this work, we
show that the CsPbBr; thin film can be simply prepared via
spin-coating using a one-step solution method, which is more
controllable and convenient than the above two methods.

Fig. 1a schematically shows the process of preparing a
CsPbBr; thin film by one-step spin-coating. First, the PbBr,
powder was dissolved in a concentrated hydrobromic acid
(HBr) to form a pale yellow solution. Then, the CsBr aqueous
solution was added dropwise to the as-formed PbBr,-HBr solu-
tion leading to orange precipitates. After filtering and washing,
one can obtain a pure phase CsPbBr; powder.”® As shown in
Fig. S1,f the XRD data is well consistent with a standard
monoclinic phase of CsPbBr; (PDF# 18-0364), and the scan-
ning electron microscopy (SEM) image shows particles of
micrometers in size. Additionally, the as-prepared CsPbBrj
powder can be dissolved in DMSO appearing as a transparent
and colorless solution (middle panel of Fig. 1a), making it
possible to fabricate the corresponding thin film by a simple
one-step method. Interestingly, as shown in the middle images
of Fig. 1a, we can observe not only the Tyndall effect but also a
green emission when a blue laser (405 nm) is passed through
the as-prepared CsPbBr; precursor solution, indicating that it
is a colloid solution containing some green-emitting particles.
Fig. 1b displays the PL spectra of DMSO and DMSO + CsPbBr;
solution, where we can see that the DMSO solvent exhibits a
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Fig. 1 One-step solution-processed CsPbBrs thin films. (a) Schematic
diagrams of preparing CsPbBr; powder (left), photographs of the corres-
ponding transparent and colorless CsPbBr;—DMSO solution illuminated
by normal light and a blue laser of 405 nm (middle) and thin film depo-
sition by spin-coating (right). (b) Photoluminescence (PL) spectra of
DMSO and DMSO + CsPbBr5 solution. (c) Dynamic light scattering spec-
troscopy of the DMSO + CsPbBrz solution. (d) UV-Vis absorption and
the PL spectrum of a CsPbBrz thin film prepared by one-step spin-
coating.

broad emission with two peaks at 416 and 438 nm, showing
strong blue luminescence for itself, while the DMSO + CsPbBr;
solution reveals another broad green emission with a peak at
558 nm, indicating that the green PL observed in Fig. 1a is
induced by CsPbBr;. As shown in Fig. 1c, dynamic light scat-
tering spectroscopy shows that the DMSO + CsPbBr; solution
is a colloid solution with a very small average particle size
(1.2 nm) and a narrow size distribution. After preparing the
DMSO + CsPbBr; precursor solution, one can obtain CsPbBr;
thin films by simply spin-coating this clear solution. Fig. 1d
shows typical UV-Vis absorption and PL spectra of the as-
deposited CsPbBr; thin film; the film exhibits a pronounced
exciton absorption peak at 520 nm and a PL peak at 530 nm.
The as-prepared CsPbBr; thin films have weak PL emission
and we can barely observe the PL when the films were exposed
to UV irradiance. We measured the absolute PLQY using an
intergraded sphere to quantify the absorbed photons and
emission photons. Then, the PLQY was calculated as the ratio
of the emission photon number and the absorbed photon
number. The PLQY was measured to be ~0.5% for the as-
prepared CsPbBr; film (Fig. S2t), which is not good enough
for LEDs. As it has been proven that the optimized ratio of
Pbl, and MAI in the precursor solution for solar cells is not
simply 1:1,"* we considered that the PL of the CsPbBr; thin
film can be possibly tuned by adding PbBr, or CsBr into the
DMSO + CsPbBr; precursor solution. Fig. 2a shows the PL
intensity as a function of the CsBr additive amount, in which
the positive X axis corresponds to the CsBr additive amount
while the negative value corresponds to the PbBr, additive
amount. Specifically, —0.1 represents a recipe of adding
0.1 mol of PbBr, to the as-prepared CsPbBr; (1 mol) precursor
solution, and 0.2 means adding 0.2 mol of CsBr to the as-
prepared CsPbBr; (1 mol) precursor solution. It can be seen
that adding some amount of PbBr, to the pristine CsPbBr; pre-
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Fig. 2 Compositional engineering of the CsPbBrs-based precursor
solution for highly luminous perovskite films. (a) Normalized PL intensity
versus the CsBr additive, indicating an optimized PL peak with the
0.4 mol CsBr additive (represented as CsPbBrs; + CsBr(0.4)). (b) PL
spectra, (c) time-resolved PL spectra and (d) XRD patterns of the pristine
CsPbBr3; and the optimized CsPbBrs; + CsBr(0.4) thin films. (e) and (f)
Fluorescence photographs of the pristine CsPbBrsz and the optimized
CsPbBrz + CsBr(0.4) thin films.

cursor solution will quench the PL of the corresponding per-
ovskite film. By contrast, after adding some amount of CsBr
into the precursor solution, the PL intensity of the corres-
ponding perovskite films is significantly enhanced with an
optimized CsBr additive of 0.4 mol, and the corresponding
perovskite films are represented as CsPbBrs + CsBr(0.4).
However, the CsBr additive of more than 0.4 mol will induce
PL quenching. The PL spectra of the pristine CsPbBr; and
CsPbBr; + CsBr(0.4) thin films are shown in Fig. 2b, where we
observe that the CsBr additive significantly enhances the PL
intensity and also induces a slight blue-shift in the emission
peak (from 530 to 526 nm). To understand the reasons for PL
enhancement induced by adding the CsBr additive, time-
resolved PL (TRPL) spectra were recorded and are shown in
Fig. 2c. We observe that the TRPL curve of the neat CsPbBr;
film can be two-exponent fitted and the radiative recombi-
nation lifetime (z,) is 5.06 ns, similar to previous reports."*>°
And the TRPL curve of the CsPbBr; + CsBr(0.4) film can be
one-exponent fitted well and the lifetime is 45.7 ns, which is
nearly 4-10 times higher than the pure CsPbBr; film and other
reports.'®?® Hence we propose that the Br-rich surface can pas-
sivate surface traps, reduce non-radiative recombination and
result in PL enhancement, which is also consistent with pre-
vious reports.'® As shown in Fig. S2,} the PLQY of the CsPbBr;
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+ CsBr(0.4) film is 33.6%, which is 67 times higher than the
pristine CsPbBr; thin film (0.5%). The XRD data of the above
two films are shown in Fig. 2d, and for direct comparison,
some other related standard diffraction patterns are shown in
Fig. S3 and S4,7 from which we can see that both films indi-
cate a monoclinic CsPbBr; phase (PDF# 18-0364) and no CsBr
residues were observed. By comparing the XRD patterns
especially the intensity change of peaks, we conclude that the
CsBr additive induces a directional crystal growth along the
(110) facet, which may allow for a plate-like morphology.

To probe the surface morphology of the as-prepared perov-
skite films, fluorescence photographs were recorded and pre-
sented in Fig. 2e and f. It is important to note that the images
are not taken under the same intensity of UV excitation light.
More specifically, the PL of the pristine CsPbBr; thin film is
too weak to observe and need to be excited with 100% of UV
intensity, while the image of the CsPbBr; + CsBr(0.4) film is
taken with only 5% of excitation UV intensity. Fluorescence
microscopy suggests that the neat CsPbBr; film consists of
polycrystalline islands smaller in size (hundreds of nano-
meters). By contrast, the CsPbBr; + CsBr(0.4) film is made up
of larger plate-like particles in the size of several micrometers,
which is in agreement with the XRD data (Fig. 2d). Another
salient advantage of the as-prepared perovskite thin films is
their outstanding ambient stability. As shown in Fig. S5,7 the
PL spectra of a CsPbBr; + CsBr(0.4) film nearly remain the
same even after storage in ambient air (~50% humidity) for
3 months. It is believed that the large crystal size (micro-
plates) may help to resist moisture penetration and improve
stability.>%3*

After the investigation of CsBr additive’s effect on the PL
and morphology, the perovskite thin films were employed as
emission layers and used to fabricate LEDs. Fig. 3a schemati-
cally shows the energy level diagram of the as-fabricated LEDs
and the corresponding cross sectional SEM image is shown in
Fig. S6,T where an ITO glass serves as the anode, PEDOT:PSS
acts as the hole transport layer (HTL) owing to its suitable
work function (5.0 eV) and versatile process, B3PYMPM (4,6-
bis(3,5-di( pyridin-3-yl)phenyl)-2-methylpyrimidine) is used as
the electron transport layer (ETL) as its conduction band
matches the perovskite’s conduction band well, and CsCOj; is
used as the buffer layer together with Al as the cathode for
efficient electron injection. Fig. 3b displays a photograph of
the as-fabricated LEDs, revealing three uniform and bright
emitting devices, each with an area of 2.0 x 1.5 mm?®. The top-
view SEM images of the CsPbBr; and CsPbBr; + CsBr(0.4)
films deposited on PEDOT:PSS are shown in Fig. S7a and
S7b,t respectively. As shown in Fig. S7a,{ there are two kinds
of polycrystalline domains observed in the as-fabricated
CsPbBr; thin film, ie., dot-like small crystalline domains and
sparse incomplete cuboid microparticles, and the surface cov-
erage is poor due to the existence of cracks. It is noticeable
that the surface morphology shown in Fig. S7at is not ideal for
LED application as thecracks will become the leakage points
and reduce performance. By contrast, after adding some CsBr
additive, Fig. S7bt shows a higher surface coverage with well-
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Fig. 3 Fabrication and characterization of CsPbBrs-based LEDs. (a)
Energy level diagram and (b) the photograph of the as-fabricated
CsPbBrs-based devices in operation. (c) Luminance—current density—
voltage (L—-J-V) curves and (d) current efficiency versus applied voltage
(CE-V) curves of the as-fabricated LEDs. (e) Electroluminescence spec-
trum of the as-fabricated LED with an emission layer of the CsPbBrs +
CrBr(0.4) film with an applied voltage of 4 V and (f) the corresponding
CIE coordinates.

defined crystalline closely packed micro-cubes, which is good
for LED application. To evaluate their LED performance, lumi-
nance-current density-voltage (L-J-V) curves were recorded
and are presented in Fig. 3c. From the J-V curves, we notice
that the CsPbBr; + CsBr(0.4) device shows a better diode
characteristics and higher current density (beyond 2.5 V) than
the pristine CsPbBr; device. We infer from the L-V curves that
the pure CsPbBr; device shows a turn-on voltage (V,,,) of 4.2 V
and a maximum luminance of 567 cd m™? at 6.0 V, which is
similar to the previous reports.*>>® The CsPbBr; + CsBr(0.4)
device reveals a much lower V,, of 2.8 V and a maximum lumi-
nance of 7276 cd m™? at 5.2 V, which are the lowest V,,, and
the highest luminance reported in the literature, respectively.
The low V,, may be attributed to better electron injection from
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the ETL to the perovskite due to the better energy alignment
(Fig. 3a). Meanwhile, the performance of some other perovs-
kite LEDs fabricated with different precursor solutions, like
CsPbBr; + CsBr(0.2), etc., is shown in Fig. S8.7 It can be seen
that the CsPbBr; + CsBr(0.4) out-performs among all the
devices, consistent with the previous PL optimization results
(Fig. 2a). Fig. 3d shows the current efficiency (CE) versus
applied voltage, indicating an improved CE from 0.04 cd A™*
without additives to 0.57 cd A~" with additives. For direct com-
parison, some LED characteristics from our work and other
related reports are summarized in Table 1, from which we can
see that the performance shown here is among the best values
reported, epically for the high luminance of 7276 cd m™.
Fig. 3e presents the electroluminescence (EL) curve of a
CsPbBr; + CsBr(0.4) device with a driving voltage of 4.0 V,
showing a symmetric emission peak at 524 nm with a FWHM
of 18 nm, which is one of the narrowest values reported yet.*
As shown in Fig. 3f, the EL corresponds to the Commission
Internationale de I’Eclairage (CIE) color coordinates of (0.14,
0.79), which is pure green.

Moreover, the external quantum efficiency (EQE) can be
expressed as the ratio of emitted photons and charge carriers
injected:

where P, is the optical output power (measured by using a cali-
brated photo-spectrometer), hv is the photon energy at the
emission frequency v, I is the injection current, and e is the
electron charge. By combining the performance result and EL
spectra, the maximum EQE of the as-fabricated CsPbBr; +
CsBr(0.4) device is determined to be 0.15%, which is also
among the best performances reported.

As mentioned above, the as-fabricated CsPbBr; + CsBr(0.4)
thin film showed an outstanding PL stability in ambient air
(Fig. S5t). Hence, we believe that the corresponding LEDs may
perform well from a long-term stability point of view. To evalu-
ate the ambient stability of the as-fabricated LEDs, we applied
a constant current to the device and recorded the corres-
ponding luminance intensity as a function of time. As well
accepted, LED performance stability with an output of
100 ¢d m™? is an important index for practical LEDs.*?
To evaluate our device stability, we applied a constant current

Table 1 CsPbBrs-based LED characteristic comparison of our work and other previous reports

Reports Emission material Von (V) Linax (cd m™2) CEmax (cd A7) Stability performance (7o, min)

Yantara et al.*’ Planar film 3.0 407 0.035 N.A.

Song et al.® NPs 4.2 946 0.43 N.A.

Zhang et al.* NPs 3.5 1377 0.19 10 min in glovebox (Vapp =5 V)

Lietal’ NPs 2.8 2335 0.28 N.A.

Our work Planar film 2.8 7276 0.57 Stable L > 100 cd m™? for >15 h in ambient air

(Japp = 66.67 mA cm™?)

NPs (nanoparticles), V,, (turn-on voltage), L (luminance), CE (current efficiency), N.A. (not applicable), V., (applied voltage) and J,p, (applied

current density).
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Fig. 4 Ambient stability investigation of CH3NHzPbBr; and CsPbBrsz-
based LEDs. (a) Relative luminance intensity versus time (L-t) and
voltage versus time (V-t) characteristics of CsPbBrs-based LEDs with a
constant driving current of 2 mA (corresponding to a current density of
66.67 mA cm™2). (b) L-T and V-T characteristics of a CHsNH3sPbBrs-
based LED tested under the same testing conditions as CsPbBrz-based
LEDs (Lo: the starting luminance). (c) and (d) Resistance versus time (R—t)
characteristics of the CsPbBrz; and MAPbBrs-based LEDs.

to the device, ensured the starting luminance is around
100 ¢d m™
voltage evolution as a function of time. As shown in the rela-
tive luminance intensity versus the time (L-t) curve of Fig. 4a,
the CsPbBr; + CsBr(0.4) device shows stable performance over
more than 15 h under a constant driving current of 2 mA (J =
66.67 mA cm™~>) without any degradation but instead exhibits a
steadily increasing luminance trend from around 100 to 400
cd m~>. For direct comparison, a MAPbBr;-based LED device
was fabricated and tested under the same conditions, and the
corresponding L-/-V curve is shown in Fig. S9.1 The as-fabri-
cated MAPDbBr;-based LED shows a maximum luminance of
330 cd m™> at 5 V, similar to the previous reports.®® However,
when the device is driven with a constant current of 2 mA, as
shown in Fig. 4b, the luminance intensity decreases rapidly.
We define the half-lifetime (75,) as the time for the luminance
decreasing to 50% of the starting luminance (L,). Accordingly,
the Ts, of the as-fabricated MAPbBr; device is only 255 s,
which is still far from practical LED applications. As the
applied current is fixed at 2 mA, the voltage versus time (V-t)
curves in Fig. 4a and b can be easily converted into R-t curves
(resistance versus time) by the equation R = V/I. From the R-t
curve shown in Fig. 4c, we can see that the overall resistance of
the CsPbBr; + CsBr(0.4) device drops slightly with time. As
there is no chemical reaction or phase transfer in the device,
we propose that the decreasing of device resistance is due to
the interface contact improvement (ETL/perovskite/HTL) or
perovskite crystalline film annealing caused by joule heating.
And the decrease of device resistance (joule heating induced
annealing effect) should be also the reason for the luminance
increasing as shown in Fig. 4a. The joule heat (Q) can be calcu-
lated with the equation Q = I’Rt, and the R-t curve of the
MAPDbBr; device (Fig. 4d) shows that the resistance is growing,

and recorded the luminance output and applied
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meaning that the device may be overheated by the joule heat.
As a result, we believe that the MAPbBr; perovskite will decom-
pose due to the increasing joule heat. In other words, the
instability of the MAPDbBr; device may be attributed to the
decomposition of MAPbBr; perovskites caused by joule heat
under high current flowing.*® By contrast, the CsPbBr; perovs-
kites have been proved to be more thermally-stable compared
to the common MAPbBr; perovskites,"®™*® which may contrib-
ute to the superior device performance stability.

Besides evaluating LED stability at L, of 100 cd m™2, we
further investigated the device stability when it was operated at
a higher luminance. As shown in Fig. S10,f when the applied
current was increased to 10 mA, L, jumped to ~700 cd m™>.
However, the corresponding performance is not stable, as the
initial luminance decrease to 60% of L, in 100 min.
Nonetheless, all our results unambiguously showed that the
CsPbBr; LEDs can perform stably at least with L > 100 ed m ™,

which is definitely an important milestone in this field.

Conclusions

To conclude, we have successfully fabricated highly bright and
durable CsPbBr;-based LEDs, where the perovskite film is pre-
pared by a simple one-step solution method under the
ambient conditions. It is believed that the superior perform-
ance is attributed to the non-stoichiometric CsPbBr; precursor
solution with the CsBr additive, where the CsBr additive not
only passivates the particle surface trap to enhance PLQY but
also induces directional crystal growth into micro-plates. The
as-fabricated highly luminous perovskite films, when applied
as emitting layers in LEDs, show a record high brightness of
7276 ¢d m~? and excellent color purity (FWHM = 18 nm).
According to the efficiency gaining process for inorganic/
organic perovskite solar cells,"*'® our developed one-step solu-
tion method is expected to continually improve LED perform-
ance by modifying the precursor solution. More importantly,
the as-fabricated perovskite LEDs show incredible ambient
stability with a luminance output of >100 cd m™> (steady
increase without any degradation trend) for at least 15 h,
suggesting considerable potential promise towards developing
practical LEDs for lighting and displays.
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