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Q1Perovskite templating via a bathophenanthroline
additive for efficient light-emitting devices†

Nur Fadilah Jamaludin,‡abc Natalia Yantara,‡a Yan Fong Ng,abc Annalisa Bruno,a

Bevita K. Chandran,abc Xin Yu Chin,a Krishnamoorthy Thirumal,a

Nripan Mathews, ac Cesare Socid and Subodh Mhaisalkar *ac

Identified as emerging light absorbers due to their plethora of unique optoelectronic properties,

perovskites have also been touted as a promising candidate for light emission. However, despite the

effortless transition of perovskites into the current organic light-emitting diodes (OLEDs), misalignment

of energy levels at the hole transporting material (HTM) and perovskite interface limits the efficacy of

interfacial charge transport. Herein, it is shown that by incorporating a small organic molecule,

bathophenanthroline (BPhen), into the CH3NH3PbBr3 emitter via a solvent engineering technique, the

energy band levels of the perovskite can be tailored and the energy mismatch at the HTM/perovskite

interface can be ameliorated through the formation of a graded emitter layer and accompanying

morphological improvements. With a BPhen concentration of 0.500 mg mL�1, more than ten-fold

enhancement of device luminance and efficiency was achieved, thus demonstrating a facile and viable

approach for fabricating high-performance perovskite light-emitting diodes (PeLEDs).

Introduction

Offering a wide array of excellent optoelectronic properties such
as direct band gap, high extinction coefficient and low defect
density,1–3 organic–inorganic hybrid halide perovskites have
shown tremendous success as light absorbers in recent years.
The similar properties required for both light-harvesting and
-emitting applications indicate the potential of perovskites
beyond the field of photovoltaics.4 This, coupled with early
reports of narrow photoluminescence (PL) emission bands5,6

observed in perovskites, has driven research into the employ-
ment of these materials in light-emitting diodes (PeLEDs),4,7

with the current state-of-the-art devices boasting the external
quantum efficiency (EQE) values beyond 10%.8,9

The expeditious rise in PeLED performance can be ascribed
to the compatability of perovskites with OLED device

architecture10–12 which facilitates the technological transfer.
In addition, the low material and processing costs of
perovskites2,13,14 further fortify efforts to realize a cheap and
viable alternative to current OLEDs. Recent improvements in
PeLED device performance have been dominated by process-
engineered grain size modulation techniques to improve film
morphology, such as nanocrystal pinning,15 and use of polymer
composites,16,17 all in a bid to increase radiative recombination
through spatial confinement of injected charges. However, an
equally important aspect that is often overlooked is the energy
band alignment across the material stack. Energy mismatch
culminates in charge build-up at the heterojunctions between
the perovskite emitter and the charge selective layers. These
discrete interfaces are detrimental to the overall device perfor-
mance owing to two main reasons: (i) a high energetic barrier
for charge injection which consequently leads to (ii) a high
electric field across the interface thereby possibly exacerbating
Joule heating effects.18

Reports from OLED studies have shown that the effect of an
abrupt change in interfacial energy levels can be mitigated
through the employment of a graded device architecture.18,19

Lee and co-workers have previously reported the use of a
buffered hole injection layer using perfluorinated ionomers
(PFI) to increase the work function of PEDOT:PSS and reduce
the hole injection energy barrier across the HTM/perovskite
interface, resulting in improved performances of their PeLED
devices.15,20 However, it has been revealed that PFI-modified
HTM yields larger contact resistance and lower equilibrium
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density of holes at the interfacial contact as a result of lower
interfacial capacitance and loss of polaron stabilization
energy.21 Thus, even if the higher work function matches the
valence band of the perovskite, the interfacial contact remains
non-ohmic and the high carrier density desired at the interface
cannot be achieved. A different approach is then required to
modulate and refine the energy band alignment.

One way of doing so is through the implementation of a
graded emitter layer to better match the interfacial charge
selective layers. In this case, instead of modifying the HTM, a
graded emitter energy band is obtained through the incorpora-
tion of an electron transporting organic molecule, bathophe-
nanthroline (BPhen), into the perovskite. Typically for OLEDs,
charge imbalance occurs due to the lower electron mobility in
the electron transporting material (ETM) as compared to holes
in the HTM. To circumvent the translation of this problem for
PeLEDs due to the adoption of a similar OLED device archi-
tecture, BPhen, offering high electron mobility, was chosen.
While it is expected that energy level modulation would occur at
the perovskite/ETM interface, it is fascinating to note that the
same trend was also observed for the HTM/perovskite interface.
The key to control the shift in energy levels is through variation
of BPhen concentration in the anti-solvent. By simply dissol-
ving BPhen in toluene and subsequently dripping it onto the
substrate midway during spin coating via a process known as
solvent engineering, the small phenanthroline molecule is
integrated into the perovskite. The perovskite energy band
moves upwards upon increasing BPhen concentration, result-
ing in the minimization of an injection barrier at the HTM/
perovskite interface, thereby facilitating hole injection into the
emitter. This is in strong agreement with the published litera-
ture which has also shown that incorporation of additives into
perovskite’s anti-solvent can influence perovskite’s work func-
tion and energy level alignments to form a graded structure.22–25

The simultaneous grain size reduction and the resulting spatial
charge confinement further facilitate radiative recombination
translating to a multi-fold improvement in performance as
compared to the reference CH3NH3PbBr3 devices.

Experimental section
Material synthesis

The films characterized in this study were prepared as follows:
CH3NH3PbBr3 solution was prepared with a 1 : 1.05 molar ratio
of PbBr2 (TCI) and CH3NH3Br (Dyesol) in a co-solvent of DMF
and DMSO (3 : 1) to form a solution of 1 M concentration. The
reference film was spin coated at 5000 rpm for 12 s with an anti-
solvent (toluene), introduced 4 s from the initiation of the spin
coating process to facilitate rapid crystallization. The small
molecule additive was incorporated into the perovskite layer
by first dissolving Bathophenanthroline (BPhen) (Aldrich, 97%)
in toluene prior to use as an anti-solvent during the spin coating
process. BPhen concentration ranging from 0 to 0.750 mg mL�1

in toluene was utilized throughout the experiment. The films
were thereafter allowed to dry under vacuum for 30 min.

Device fabrication

The devices, on the other hand, were fabricated on indium-doped
tin oxide (ITO, 7 O sq�1) coated glass substrates. The substrates
were first cleaned successively using soap, deionized water and
ethanol before being dried and plasma cleaned for 15 min.
PEDOT:PSS (Clevios P VP Al4083) was then spin coated at 4000
rpm for 60 s and annealed at 130 1C for 15 min to remove excess
moisture. The BPhen-incorporated films were then spin coated
and vacuum dried, prior to evaporation of the electron transport-
ing layer (ETL) and cathode. 2,4,6-Tris[3-(diphenylphosphinyl)-
phenyl]-1,3,5-triazine (PO-T2T) (Lumtec, 499%) (45 nm), calcium
(Ca) and aluminium (Al) were thermally evaporated to form the
ETL and cathode respectively. Evaporation was done under
vacuum (o1 � 10�6 Torr) and encapsulated with UV curing
epoxy prior to testing. The measured device area is 8 mm2.

Material characterization

Valence band maximum estimations were carried out using a
Riken Keiki AC-2 spectrometer with a power setting and power
number of 856.8 nW and 0.5 respectively. All phase and
composition analysis of the prepared films were characterized
using a Shimadzu XRD-6000 with a 2y scan mode (fixed y) and
scintillation counter detector. Measurements were carried out
for the range of 10–601 using a Cu Ka X-ray tube (l = 1.54 Å). A
UV-VIS-NIR spectrophotometer (Shimadzu UV-3600) was used
to obtain the absorption spectra of the CH3NH3PbBr3 thin films
with an integrating sphere attachment (ISR-3100). All the
steady-state photoluminescence measurements were taken
using a Fluoromax-4 (Horiba Jobin Yvon) spectrofluorometer
with an excitation wavelength of 400 nm and the intensities
were corrected against the absorbance for the same excitation
wavelength. All the time-resolved photoluminescence measure-
ments were obtained using a Picoquant PicoHarp 300 time-
correlated single photon counting (TCSPC) system coupled to a
micro-PL setup with a Nikon microscope objective (20� mag-
nification, NA = 0.3). A ps-pulsed laser diode (l = 405 nm, f = 40
MHz) (Picoquant P-C-405B) was used to excite the sample. The
output signal is then fibre coupled to Acton SP-2300i mono-
chromator (300 mm focal length) for spectral selection of the
emission light at 540 nm with a slit width of 15 nm. Another
optical fibre connected to the output of the monochromator is
used to couple spectral separated output light to an avalanche
diode that is synchronized with the excitation laser via the
TCSPC electronic. Overall, the FWHM of the system instrument
respond function is expected to be at 50 ps. The FTIR measure-
ments were done under vacuum (2–5 mbar) with BPhen-
incorporated films prepared on CaF2 substrates, using a GLO-
BAR lamp with KBr and liquid-nitrogen cooled MCT (mercury–
cadmium–telluride) used as the beam splitter and detector
respectively. The instrument detection limit is 0.0001. All the
topological and potential mapping images were obtained using
the tapping and Kelvin Probe Force Microscope (KPFM) modes
of the Asylum Research MFP-3D AFM. Ti/Ir coated cantilevers
(ASYELEC-01-R2, Asylum Research) with a spring constant and
resonance frequency of 2.8 N m�1 and 78 kHz were used for the
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measurements. Morphological characterization was done using
a JEOL 7600F with a field emission electron source offering a
resolution of 1.5 nm. The accelerating voltage was kept at 5 keV
during the imaging process.

Device characterization

All device testing was done outside the glovebox under ambient
conditions. The device characteristics (J–V–L) and electrolumi-
nescence spectra were collected with a Keithley 2612B source
meter and an OceanOptics QE Pro spectrometer with an
attached integrating sphere.

Results and discussion

As previously mentioned, the films used in this study were
prepared using the widely reported solvent engineering

process, which allows for the facile fabrication of smooth and
compact perovskite films. By tuning the BPhen concentration
in the anti-solvent from 0 to 0.750 mg mL�1, notable enhance-
ment to the films’ optoelectronic properties and device perfor-
mance were observed. To ascertain the films’ phase purity on
BPhen incorporation, compositional evaluation using X-Ray
Diffraction (XRD) was carried out. Fig. 1a shows the XRD
patterns of the CH3NH3PbBr3 films prepared with varying
BPhen concentration. Analysis of the patterns revealed char-
acteristic reflections of the CH3NH3PbBr3 cubic (Pm3m)
phase,26–28 with no extra peaks to imply the presence of
secondary phases. Intriguingly, inclusion of BPhen resulted in
more crystalline films (as inferred by the sharpening of the XRD
peaks), consisting of crystallites with a reduced tendency for
preferred orientation (indicated by the presence of additional
XRD peaks corresponding to orientations other than the (001)
plane). Negligible changes in the lattice parameters were also
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Fig. 1 (a) XRD pattern, (b) absorbance and absorbance corrected photoluminescence spectra, (c) energy band levels and (d) time-resolved
photoluminescence decays of BPhen-incorporated CH3NH3PbBr3 films with various concentrations ranging from 0 to 0.750 mg mL�1. Units for energy
levels are in eV.
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observed, concurring with the report by Cho et al., where
inclusion of a small molecule additive induced no change to
the perovskite crystal structure.15 The incorporation of BPhen
in perovskite via the templating process was confirmed using
Fourier transform infrared spectroscopy (FTIR) (Fig. S1, ESI†).

Based on the premise that a highly photoluminescent mate-
rial is well suited for light emission applications,4 the influence
of BPhen concentration on PL intensity was investigated.
Fig. 1b shows the absorbance and PL emission spectra
(absorbance-corrected) of the reference and BPhen-
incorporated films. Here, the absorbance-corrected PL emis-
sion spectra are presented to account for re-absorption of
emitted photons at the excitation wavelength (400 nm). The
optical band gap (B2.40 eV) and exciton binding energy (B50
meV) of the films extracted with Elliot’s fitting (Fig. S2 and
Table S1, ESI†),29,30 as well as the corresponding PL peak energy
(B2.3 eV), were found to be nearly unaffected by BPhen
incorporation. Remarkably, the PL intensity increases substan-
tially with increasing BPhen concentration up to 0.500 mg
mL�1, beyond which the intensity saturates, implying a strong
correlation between BPhen concentration and radiative recom-
bination yield. While double emission peaks were noted in the
PL spectra of the reference and BPhen-incorporated films up to
0.250 mg mL�1 (Fig. S3, ESI†) due to either the co-existence of
ordered and disordered domains31 or to an inner filtering
effect,32,33 films prepared with higher BPhen concentrations
showed only a single PL peak emission. This can be explained
by the formation of increasingly ordered domains for the 0.500
and 0.750 mg mL�1 Bphen-incorporated films.

The energy band alignments of the films were obtained from
photoelectron spectroscopy in air (PESA) (Fig. S4, ESI†) and
ultraviolet-visible (UV-vis) absorption measurements. Fig. 1c
represents the change in emitter valence and conduction band
levels as well as the corresponding optical band gaps as
reported in Table S1 (ESI†) on increasing BPhen concentration.
The upward shift of the energy levels with higher BPhen
concentration suggests that its addition during processing
offers interfacial band engineering which can be imputed to
the stoichiometric modification34 or accommodation of the

BPhen molecule in the microstructure. This consequently
reduces the hole injection barrier through better matching at
the HTM/perovskite interface without introducing any addi-
tional energy barrier at the electron transporting layer (ETL)/
perovskite interface. The reduction in energetic offset between
the conduction band of the perovskite and the lowest unoccu-
pied molecular orbital (LUMO) of the ETL is expected to
improve electron transfer and reduce energy loss, while the
larger offset between the valence band of the perovskite and the
highest occupied molecular orbital (HOMO) of the ETL would
increase the hole blocking capabilities of this interface.

The effect of BPhen addition in the CH3NH3PbBr3 films was
also probed through time-resolved PL (TRPL) decay measure-
ments to scrutinize the influence of BPhen inclusion on PL
radiative lifetimes. Fig. 1d shows the TRPL decays for the
reference and BPhen incorporated films. The decay curves are
fitted with a bi-exponential decay function to extract the fast
and slow time constants related to the non-radiative and
radiative recombination processes occurring in the films. It
was found that the weighted average lifetimes decreased with
increasing BPhen concentration (Table S2, ESI†). This can be
attributed to either an increase in defect states or decrease in
film grain size, where an enhanced radiative recombination
rate is triggered due to the spatial confinement offered by the
latter.35 It is postulated that grain size reduction is a more
plausible explanation for the shortened TRPL decay lifetime
owing to the improvement in PL intensities noted with BPhen
incorporation (Fig. 1b).

Topological assessment of the films was carried out to verify
the hypothesis of grain size modulation on BPhen incorpora-
tion. Fig. 2a and b display the top-view and cross-sectional field
emission scanning electron microscope (FESEM) images of the
reference and BPhen-incorporated films of varying concentra-
tions. Although thickness (ca. 400 nm) and surface coverage
remain unaffected with increasing BPhen concentration, the
grain boundaries become progressively more conspicuous.
From the cross-sectional images of the films in Fig. 2b(i–v), a
noticeable change from columnar to polycrystalline grain
structures was observed with increasing BPhen concentration,
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0.500 and (v) 0.750 mg mL�1 on ITO/PEDOT:PSS substrates. The smaller grains obtained with BPhen addition are indicated in blue.
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although larger surface roughness was also detected (Fig. S5,
ESI†). While the reference CH3NH3PbBr3 film consists of a
single layer of large columnar grains (4200 nm in size), it is
curious to note that the BPhen-incorporated films exhibit a
bimodal grain size distribution, with the bottom layer consist-
ing of larger grains (4200 nm) and the overlayer consisting of
smaller grains (o100 nm). The smaller grains in the overlayer
can be ascribed to the pinning effect of the small molecule
additive,15 while the formation of a double layer implies that
the pinning effect only occurs at the top surface during the
solvent engineering process. Since the smaller grains are
known to enhance radiative recombination through stronger
spatial charge confinement,35 we ascribe the higher PL emis-
sion reported in Fig. 1b to the presence of the overlayer in
BPhen-incorporated films.

BPhen-incorporated PeLEDs were subsequently fabricated to
correlate film morphology and optoelectronic properties with
device performance. The device characteristics – current den-
sity and luminance values as a function of applied voltage, are
shown in Fig. 3a. Clearly, the addition of BPhen into the emitter

layer improved device performance across all measured para-
meters. The reference CH3NH3PbBr3 device gave a peak lumi-
nance of 2000 cd m�2 at 8.5 V – inferior to the BPhen-
incorporated devices, which exhibited substantially higher
luminance (410 000 cd m�2) at much lower voltages. The
threshold voltage, indicative of carrier injection efficiency,36

is reduced to the range 2.3–2.8 V, a notable improvement from
the reference (435 V). Current efficiencies and EQE (Fig. 3b
and c) were also well above those of the reference device,
consistent with the higher luminance attained for comparable
current densities. Our best device was achieved with a BPhen
concentration of 0.500 mg mL�1, yielding maximum lumi-
nance, current efficiency and EQE of 19 627 cd m�2, 3.7 cd
A�1 and 0.78%, respectively. This is equivalent to a ten-fold
increase in luminance and fifteen-fold improvement in current
efficiency and EQE as compared to the reference device.

The remarkable enhancement across all performance
metrics obtained through a simple incorporation of BPhen
implies significant losses in the reference device, which can
be mainly attributed to optical and electrical losses.37 Smaller
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Fig. 3 PeLED characteristics. (a) Current density and luminance against applied voltage, (b) current efficiency against current density, and (c) EQE versus
luminance curves of reference and BPhen-incorporated CH3NH3PbBr3 based devices. (d) Electroluminescence spectra (plotted in semi-logarithmic
scale) of tested devices at 4 V bias.
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grains achieved through BPhen incorporation in PeLEDs afford
effective radiative recombination of charges due to enhanced
spatial confinement.15 This is consistent with the rapid PL
decay and high photoluminescence intensity measured in
BPhen-incorporated films.15,16,38,39 The reduction in threshold
voltage to values as low as the band gap of the emitter implies
that the energy barrier at the HTM/perovskite interface is
effectively eliminated, due to the re-alignment of energy band
levels, facilitating hole injection into the perovskite. Although
the energy levels show a continuous shift with higher BPhen
concentration (40.500 mg mL�1), the decline in device perfor-
mance can be explained by the need for optimum positioning
of the energy levels to facilitate simultaneous carrier injection
and confinement. Accordingly, the higher current efficiency
recorded also stems from the more effective radiative recombi-
nation in BPhen-incorporated devices, giving rise to a higher
luminance for similar current densities. In addition, the lone
pair of electrons on the sp2-hybridized orbital of N in the

pyridine molecules of BPhen could bind with under-
coordinated Pb atoms,40 thus passivating possible trap states
(although further studies are needed to verify this hypothesis).
The drop in current efficiency upon addition of 0.750 mg mL�1

of BPhen, on the other hand, is due to the decrease in carrier
mobility arising from increased impurity scattering41 at high
BPhen concentration, as deduced from the lower current
density measured in hole-only devices (Fig. S6, ESI†). A com-
parison of the electroluminescence (EL) spectra of all the
devices biased at 4 V is shown in Fig. 3d. The extremely narrow
full width at half maximum (ca. 20–22 nm) indicates high
colour purity emission, as also seen in Fig. S5d (ESI†). Repro-
ducibility of the Bphen incorporated devices was also investi-
gated. Fig. 4 provides a statistical representation of fifty devices
for the various performance metrics (maximum luminance,
threshold voltage and current efficiency). It is clearly evident
that Bphen incorporation offers a consistent advantage across
all device parameters compared to the reference. Higher
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Fig. 4 Statistical representation of the reference and BPhen-incorporated CH3NH3PbBr3 devices (up to 10 devices each) in terms of (a) maximum
luminance, (b) threshold voltage, and (c) current efficiency. (d) Photographic image of a BPhen-incorporated CH3NH3PbBr3 device (area = 8 mm2) under
operational condition, showing uniform and colour-pure green emission.

6 | J. Mater. Chem. C, 2018, 00, 1�8 This journal is �c The Royal Society of Chemistry 2018

Paper Journal of Materials Chemistry C



luminance was charted for concentrations ranging from 0.125
to 0.750 mg mL�1 which thus reiterates Bphen’s role in low-
ering interfacial injection barrier and facilitating radiative
recombination through its incorporation in the emitter layer.

Stability testing was subsequently carried out for the 0 and
0.500 mg mL�1 Bphen incorporated films to investigate the
influence of Bphen incorporation on device performance with
time. Prior to constant current measurements, the devices were
pre-biased to establish the current density required to illuminate
the device to L0 E 100 cd m�2. The plots of luminance against
time for the 0 and 0.500 mg mL�1 devices measured under
constant current are shown in Fig. S7 (ESI†). It was observed
that while the reference (0 mg mL�1) device showed a short
luminance half-life of approximately 10 s, the 0.500 mg mL�1

device persisted fifty times longer. This drastic difference in
stability can be simply explained by the higher current density
needed for the reference device to achieve comparable luminance
levels to the 0.500 mg mL�1 device. The two orders of magnitude
higher current density required to achieve L0 E 100 cd m�2 in the
reference device (as noted in Fig. 3a) not only enhances the Joule
heating effect but also facilitates rapid device degradation.

Finally, two other small organic molecules, namely 1,3,5-tris(1-
phenyl-1H-benzimidazol-2-yl)benzene (TPBi) and 2-(4-biphenyl)-
5-(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD), were also investi-
gated as potential BPhen substitutes because of their deep
HOMO levels offering potentially similar hole-blocking capabil-
ities. Fig. S8 (ESI†) provides a comparison of the PL emission
spectra of the films incorporated with different molecules with
identical concentration. Although TPBi, PBD and BPhen-
incorporated CH3NH3PbBr3 films gave higher PL emissions, in
the respective order, no direct correlation between the PL
enhancement and device performance could be found (Fig. S9,
ESI†). Rather, BPhen-incorporated devices yielded the best per-
formance, whereas TPBi and PBD-incorporated devices showed
similar efficiencies to the reference device. This suggests that the
specific choice of small molecule used as the additive plays a
crucial role in alleviating the electrical and optical losses of
PeLEDs. A few reasons for this are discussed below. First, the
electron mobility is highest for BPhen (5.2 � 10�4 cm2 V�1 s�1),
followed by TPBi (3.3� 10�5 cm2 V�1 s�1) and PBD (2� 10�5 cm2

V�1 s�1), which could have influenced the electron charge
dynamics in the perovskite emitter, thus explaining the shift in
threshold voltage.42–44 Second, the size of the organic molecules
used will likely determine the extent of incorporation in the
perovskite framework. Based on their molecular structure (Fig.
S10, ESI†) TPBi and PBD are larger than BPhen, which could
distort the perovskite structure and introduce lattice defects. A
more thorough investigation of the properties desired for such
molecule additives will be conducted in the future, to better
design and replicate these findings in other PeLED systems.

Conclusions

In conclusion, it has been shown that incorporation of BPhen
into CH3NH3PbBr3 via a solvent engineering process leads to

improved device performance due to the synergistic effect of
smaller grains that improve the yield of radiative recombina-
tion and lower electron/hole injection at the ETL/HTM-
perovskite interfaces respectively. This is possible thanks to
the controllable alteration of the perovskite’s energy bands via
simple variation of the BPhen concentration in the anti-solvent.
Our best device was fabricated using 0.500 mg mL�1 of BPhen,
resulting in a ten-fold increase in luminance and a fifteen-fold
improvement in current efficiency and EQE compared to the
reference device. Excessive BPhen (40.500 mg mL�1), however,
resulted in a decline in device performance, which is attributed
to the reduction of charge carrier mobility at high additive
concentrations. Although substitution of the small molecule
inclusion (BPhen) with PBD and TPBi brings about improve-
ments in PL intensity, the minimal effect seen in device
efficiency indicates that the choice of additive molecules
requires careful selection so that the resulting film morphology
and optoelectronic characteristics have a positive influence on
device performance.
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