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Controlling the device functionality by solvent
engineering, solar cell versus light emitting diode†

Shir Yudco, Adva Shpatz Dayan, Bat-El Cohen, Tal Binyamin and Lioz Etgar *

In this work we studied inverted perovskite device structure which can function as a solar cell and as a

light emitting diode (LED) simultaneously. We found that changing the solvent ratio, Dimethyl sulfoxide

(DMSO) to Dimethyl formamide (DMF) in the perovskite solution has a dramatic effect on the device

functionality. It was observed that the solvent ratio significantly affects the perovskite layer leading to

opposite optimization functionality. In the case of only DMF the devices function efficiently as an LED

with a preferability for radiative recombination as was measured by photoluminescence lifetime and

electroluminescence (EL) demonstrating external quantum efficiency (EQE) of 10.8%. When adding

DMSO to the perovskite solution the device showed an increase in the efficiency as a solar cell and a

reduction in its EL with a power conversion efficiency of 14.4%. This is mainly due to adjustment in

the thickness and uniformity of the perovskite layer with less PbI2 residues (as a result of the addition of

the DMSO) measured by X-ray diffraction. This work demonstrates the ability to control the device

functionality between solar cell and LED by the solvent ratio in the perovskite’s precursor solution.

Introduction

Hybrid organic–inorganic perovskite has proven in recent years
to be a promising photovoltaic (PV) material for both solar
cells1–3 and LED4,5 devices. Advantages such as high absorption
coefficients, tunable band gap and low cost materials make
perovskite solar cells a highly studied field achieving efficiency
which exceed 25%.6–8 Perovskite properties such as high photo-
luminescence quantum yield (PLQY) and efficient electro-
luminescence (EL) paved the way to the development of
perovskite light emitting diode (PeLED),9,10 which can currently
reach external quantum efficiency (EQE) of over 20%11–14 with
green, red and Near IR emission wavelength. Since the perovskite
can have a band gap in the Near IR region it is very attractive for
both solar cells and LED devices. Near IR bandgap increases the
absorption spectra of the solar cell while opening the possibility
to manufacture Near IR PeLED which can be used in a variety of
technologies such as optic fibers, imaging and IR sensors.

The way to improve perovskite based devices requires opti-
mization of the perovskite layer and the device architecture.
Investigation of all the parameters is needed for the device
optimization, including perovskite and solvent composition,
deposition methods, interface engineering and compatibility
of the hole and electron transport layers (HTL and ETL). The

most standard perovskite composition for efficient PV cells is
MAPbI3,1 where compositional changes of the cation and halide
positions to a mix halide mix cation perovskite generated a wider
band gap and good thermal stability.15,16 Another important
aspect in improving the perovskite layer, for both solar cells and
LED, is solvent composition of the perovskite solution. There is a
direct connection between the perovskite solvents and the result-
ing film quality.17,18 To-date there are two main ways to deposit the
perovskite, two step and one step deposition which require
different conditions.19,20 Choosing the right device architecture
is important for interface engineering, which is strongly depended
on the compatibility between the perovskite, HTL and ETL layers.
The most common device architectures are mesoscopic n–i–p,21

planar n–i–p22 and inverted p–i–n.23 The inverted structure open
the way to low temperature fabrication and minimize the
hysteresis.24,25 Here we used a mix halide mix cation perovskite,
using one step deposition method and inverted p–i–n structure,
while focusing on the influence of the solvent composition.

Recent development in perovskite based devices presented
the possibility of a dual functionality as a solar cell and as an
LED.26,27 Studying the performance of the perovskite as a light
harvester and as a light emitter material in the same device
sheds light on the perovskite’s functionality. Using a combi-
nation of LED and PV performance can predict the perovskite’s
layer properties, and can improve the understanding of non-
radiative recombination inside perovskite based devices.28–31

Moreover this dual functionality can be used to study the
parameters influencing the performance, in order to optimize
them both as a solar cell and as an LED.
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In this work we used a mixture of two solvents-dimethyl
formamide (DMF) and Dimethyl sulfoxide (DMSO), where DMSO
has a double purpose as a co-solvent and as a tool to control the
perovskite crystallization.32,33 A PbI2–DMSO complex is formed
inside the precursors solution. DMSO is a Lewis base with a lone
pair of electrons on the oxygen, that react with the Pb2+ in the PbI2

Lewis acid, thus creating a complex of PbI2–DMSO.34,35 This
complex can be formed with other solvents such as DMF, but
the DMSO is more polar then the DMF and therefore creates a
more stable bond with PbI2. The polarity differences between the
solvents has an additional effect on the compatibility between the
perovskite solution and the layer beneath it,36 by optimizing the
perovskite solvents to the substrate a more uniform layer with less
pinholes can be formed.

We study the influence of the perovskite’s solvent composition
on the perovskite layer functionality as a light emitter and as a
light harvester in LED and solar cell respectively. The solvent ratio
was varied from a DMSO : DMF ratio of 0.2 : 0.8 to 0.0 : 1.0 (i.e.
without DMSO). We tracked the film formation of the perovskite
for different DMSO : DMF ratios and implemented them in com-
plete devices which can function simultaneously as an LED and as
a solar cell. It was observed that the solvent ratio can control the
device functionality between LED and solar cell.

Results and discussion

Mix halide mix cation perovskite was synthesized,37,38 with the
chemical formula (FA0.8Cs0.2)Pb(I0.87Br0.13)3, while the perovskite

functioned as light harvester and as light emitter in the same
device architecture, i.e. as a solar cell and as an LED.

It was reported that adding DMSO to the perovskite pre-
cursor solution can enhance the PV performance of the per-
ovskite based solar cells.39–41 In this work we studied how the
solvent ratio DMSO/DMF affects the performance of the device,
when it is being used as a solar cell and as an LED.

Cross section SEM images of cells with different DMSO :
DMF ratio are presented in Fig. 1a and Fig. S1a–d (ESI†). The
SEM measurements showed a significant change in the per-
ovskite layer thickness as a result of the addition of DMSO.
Perovskite films synthesized without DMSO (using only DMF)
showed an average layer thickness of 870 nm � 70 nm, and
formed a non-uniform layer without clear grain boundaries and
high concentration of pin holes. When adding more DMSO to
the perovskite precursor solution the perovskite layer is more
uniform and thinner. Perovskite films with DMSO : DMF ratios
of 0.05 : 0.95 and 0.1 : 0.9 showed an average layer thickness of
740 nm � 10 nm and 680 � 50 nm respectively. While
perovskite films with DMSO : DMF ratio of 0.2 : 0.8 presented
an average layer thickness of 460 nm � 30 nm and showed
better layer uniformity than the case without DMSO. A summary
of the layer thickness as a function of the solvent ratio can be
found in Fig. 1b.

The thickness of the perovskite layer is important in order to
achieve the optimal light absorbance. Based on the perovskite’s
absorption coefficient the optimal layer thickness for perovs-
kite solar cells is ca. 400 nm42 and depends on the perovskite
composition and the grain size. The perovskite composition

Fig. 1 (a) Cross section SEM image of device with 0.2 : 0.8 DMSO : DMF ratio, with an average perovskite layer thickness of 460 nm. (b) Perovskite layer
thickness as a function of DMSO : DMF ratio. (c) Absorbance for all DMSO : DMF ratios. (d) Normalized photoluminescence and un-normalized
Photoluminescence (inset).
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was kept constant for all solvent ratios, as was verified by the
XRD analysis in Fig. 2. The grain size did not change signifi-
cantly by the change in the solvent ratio, Table S1 (ESI†)
summarizes the average grain size as was measured from top
view SEM, an average of 130� 27 nm was measured for 0.2 : 0.8,
0.15 : 0.85 and 0.1 : 0.9 DMSO : DMF ratios, at 0.05 : 0.95 and
0.0 : 1.0 the average size slightly decreased to 123 � 20 nm and
105 � 27 nm respectively. This decrease is negligible in
comparison to the increase in the layer thickness. Controlling
the perovskite layer thickness and grain size can also be done
by changing the precursor solution concentration, often lead-
ing to an improvement in the solar cells performance.25,43

Contrary to that, reducing the grain size can improve the EQE
of the PeLEDs.44,45 Our results show that changing the solvent
ratio influence the layer thickness and the layer uniformity
significantly, yet had only a minor effect on the grain size.
Therefore, the change in the perovskite layer thickness affects
the light absorbance and as a result the performance of the
device. In the case of a perovskite layer thickness over 800 nm
(only DMF) the light absorption is not optimal and there are
pathways for radiative and non-radiative recombination, which
influence the device performance mainly as a solar cell.

The change in the absorbance of the perovskite at various
solvent ratios can be seen in Fig. 1c. While the absorbance
of 0.2 till 0.05 DMSO ratios has the same shape, in the case of
perovskite with only DMF (0.0 DMSO ratio) the absorbance
shape shows a gradually increment until it reaches to satura-
tion which suggest on a thick perovskite layer. Interestingly
even when adding a small amount of DMSO to the DMF based
perovskite solution the absorbance shape is greatly affected.

Fig. 1d shows the normalized PL spectra of the studied
DMSO : DMF ratios. In the case of 0.0 : 1.0 DMSO : DMF films
(only DMF) a red shift in the PL is observed. This shift may be
related to emission from sub band gap levels. As can be seen in
the SEM cross section (Fig. S1d, ESI†) and top view SEM
(Fig. S2c, ESI†) the perovskite layer (in the case of DMF only)

has lower uniformity and more pin holes. This can result with
traps and sub band gap levels which can explain the red shift of
the PL.46 The PL lifetime can be found in Fig. S3 (ESI†), the
longest life time was observed in the case of only DMF film
while the life time is getting shorter when adding more DMSO
to the perovskite solution (Table S2, ESI†). The longer life time
indicates on high radiative recombination in the perovskite’s
grains which might be favorable in the case of electrolumines-
cence (EL) intensity (discussed in details below). On the other
hand, the addition of DMSO decreased the life time which
suggest on more channels for non-radiative recombination.47

The change in the layer uniformity of the perovskite due to
the DMSO : DMF solvent ratio can be explained by the proper-
ties of the different solvents. Both DMF and DMSO are polar
aprotic solvents, yet the DMSO has a higher dipole moment
which creates a stronger coordinative bond with the PbI2 then
the DMF, leading to a DMSO–PbI2 complex in the perovskite
solution.18,48 This complex is vital for the formation of a uni-
form layer, as is clearly evident from the cross-section SEM
images. While in Fig. 1a for a higher DMSO ratio a uniform
layer was formed, in Fig. S1(c and d) (ESI†) for low DMSO ratio
and no DMSO a non-uniform layer with pinholes can be seen.
The addition of DMSO slows the perovskite crystallization due
to higher boiling point (189 1C vs. 153 1C) and viscosity with
lower vapor pressure (1.10 g mL�1 vs. 0.944 g mL�1) compared
to DMF.17,49 In the case of DMF it starts to evaporate during the
spin coating process while the DMSO stays bond to the PbI2

and evaporates during the annealing step following the spin
coating. Therefore the addition of DMSO enables a slower
crystallization leading to the formation of a more uniform
perovskite layer as can be seen in the case of 0.2 : 0.8 DMSO :
DMF ratio in Fig. 1a.

Recently hall effect measurements were successfully used to
characterize perovskite solar cells.50–52 Table S3 (ESI†) presents
the results of the hall effect measurements that were performed
in this work. The measurements were done on two DMSO : DMF

Fig. 2 (a) XRD measurements for all DMSO : DMF ratios. (b) Enlargement of the XRD spectra for all DMSO : DMF ratios for 12.71 (PbI2 peak) and 201
(FAPbI3 peak). (c) PbI2/FAPbI3 peak height ratio, representing PbI2 residue in the perovskite layer as a function of DMSO : DMF ratio.
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ratios with the most and the least amount of DMSO (0.2 : 0.8,
0.0 : 1.0). The change in the solvent ratio did not change the hall
mobility in the perovskite layer, 7.19 � 10�1 cm2 V�1 s�1

and 8.67 � 10�1 cm2 V�1 s�1 were measured for 0.0 : 0.1 and
0.2 : 0.8 DMSO : DMF ratios respectively. However, the carrier
concentration for 0.2 : 0.8 is higher than for 0.0 : 0.1, correspond
to 2.81 � 10+15 cm�3 and 4.97 � 10+14 cm�3 respectively. This
can support the better functionality of the 0.2 : 0.8 ratio in the
solar cell (as discussed below).

Fig. 2 presents XRD measurement of the different DMSO :
DMF ratios. In all cases the same peaks were found, which
suggests that the solvent ratio doesn’t influence the formation
of different perovskite phases. The XRD peaks are matched
with two known materials compositions-FAPbI3 and PbI2

diffraction peaks. Full width half maximum (FWHM) of the
FAPbI3 peak show high crystallinity when DMSO is added,
observing a change in the FWHM from 0.19 to 0.14 for
perovskite solution without DMSO and 0.2 : 0.8 DMSO : DMF
ratio respectively. Improved crystallinity at high DMSO ratios
matches the improved layer uniformity previously discussed
from the SEM images (Fig. S1, ESI†). Fig. 2b shows the
enlargement of the main peaks of PbI2 at 12.7 degree and
FAPbI3 at 20 degree for the various DMSO : DMF ratios. As can
be seen there is a change in both peak’s intensities as a
function of the DMSO : DMF ratio. As the amount of DMSO is
decreasing the intensity of the PbI2 peak is increased in
comparison to the FAPbI3 peak. The ratio of the peak intensity
for PbI2/FAPbI3 is shown in Fig. 2c. The amount of PbI2

residues is increasing when lower amount of DMSO is being
used. It can be concluded that without DMSO the conversion of
the precursors into perovskite is less favorable in comparison to
the addition of DMSO to the perovskite solution. There is more

PbI2 residues in the perovskite film when DMSO is not used.53

As was previously mentioned the DMSO is forming a complex
with the PbI2, which slows down the evaporation of the solvent
and support the lower amount of PbI2 which left in the
perovskite film.

Complete devices of the inverted architecture54,55 (Fig. 3a)
were fabricated on a conductive Indium Tin Oxide (ITO) sub-
strate, with MeO–2PACz ([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]-
phosphonic acid) as HTL, MeO–2PACz creates a self-assembled
monolayer (SAM) on the ITO surface.56 [6,6]-Phenyl-C61-butyric
acid methyl ester (PCBM) and 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP) were used as ETL, on top of the ETL Ag
electrode was thermally evaporated. First we studied how these
devices function as a solar cell when the perovskite layer was
synthesized using different solvent ratios (DMSO : DMF). Other
parameters in the device were held constant in order to study the
effect of the solvents in the perovskite precursors solution on the
PV performance and the LED performance. A clear trend in the
power conversion efficiency (PCE) vs. the solvent ratio was
observed, as the DMSO ratio is increasing the PCE increased
(Fig. 3b). In the case of only DMF the average PCE is the lowest
reaching 3%, where at 0.2 : 0.8 DMSO : DMF ratio the PCE
improves to an average of 13.5% (a summary of the average PV
parameters for all DMSO : DMF ratios can be found in Table S4,
ESI†). 0.2 : 0.8 DMSO : DMF ratio was found to be the optimal
solvent ratio for the solar cell, when increasing the DMSO above
this ratio the PCE starts to decrease as can be seen in Fig. S6a
(ESI†).

Fig. 3c and d show the FF and the Jsc of each solvent ratio.
Both the FF and the Jsc decrease as the DMSO ratio is decreas-
ing. The Jsc shows a similar trend to the PCE with a linear
decrease in correlation to the DMSO ratio, while the FF has a

Fig. 3 PV parameters of perovskite solar cells at different DMSO : DMF ratios. (a) Schematic structure of the perovskite dual functionality device
fabricated in this work; (b) power conversion efficiency (PCE); (c) fill factor (FF) and (d) short circuit current density (Jsc).
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moderate decline. Jsc indicates a better charge transfer in the
device, which support a reduction in the charge recombination,
agree well with the decrease in the EQE and EL intensity when
increasing the DMSO ratio (Fig. 4a and b respectively). It is
suggested that even small amount of DMSO in the perovskite
film reduces the radiative recombination. The moderate
decline in the FF can be explained by the Voc as a function of
the solvent ratio (Fig. S4b, ESI†). The average Voc of all the
solvent ratios did not change significantly or consistently
(as can also be seen in the JV curves in Fig. S4a, ESI†), which
agree with the moderate change of the FF.

The change in the Jsc and FF can also be related to traps
inside the band gap, as was seen by longer PL lifetime and red
shift in the PL (Fig. S3 (ESI†) and Fig. 1d). These traps can lead
to quenching of the photocurrent inside the solar cell. The
changes in the PV performance can also be explained by the
increase in the perovskite thickness as was observed from
the SEM images (Fig. 1a, b and Fig. S1a–d, ESI†). While cells
with solvent ratio of 0.2 : 0.8 DMSO : DMF achieved a maximum
PCE of 14.4% with an average layer thickness of 460 nm �
30 nm. Solar cells prepared with only DMF achieved a maxi-
mum PCE of 3.9%, with an average layer thickness of 870 nm �
70 nm. The light penetration depth of perovskite is estimated
to be 660 nm,57 depending on the absorption coefficient and
wavelength, therefore at layer thickness of over 800 nm (only
DMF) the light absorption is not optimal, which result with
significantly lower solar cell performance compared to the case
of 0.2 : 0.8 DMSO : DMF ratio. Moreover, in the case of thick
perovskite layer there are more options for radiative and non-
radiative pathways for charge recombination loss which affects
the FF (the average FF of 0.2 : 0.8 DMSO : DMF ratio is 76%

while the average FF without DMSO is 42%) and reduce the PCE
of the solar cells.

Following the analysis of the device as a solar cell we study
its functionality as an LED. An opposite trend of the LED
performance as a function of the solvent ratio was observed.
Fig. 4a–c show improvements in the LED performance as the
DMSO amount is reduced. The EL measurements (Fig. 4a) were
performed by scanning the voltage while measuring the EL
intensity and EL peak position. The EL intensity is stronger by 2
orders of magnitude in devices with only DMF (0.0 : 1.0 ratio)
than in the case of 0.2 : 0.8 DMSO : DMF ratio, reaching a
maximum intensity of 1.1 watt m�2 and 0.05 watt m�2 respectively.
Fig. 4b shows the same improvement in the External Quantum
Efficiency (EQE) of the LED, starting from 0.3% for 0.2 : 0.8
DMSO : DMF ratio and increasing to EQE of 10.8%. (When
increasing further the DMSO the EQE is not changing anymore,
Fig. S6b, ESI†) Another improvement can be seen in the current
efficiency (CE, Fig. 4c) which increased significantly from
0.005 cd A�1 at 0.2 : 0.8 DMSO : DMF to 0.27 cd A�1 for only
DMF. The relatively low CE can be related to leakage currents
(the currents can be seen in the JV curves in Fig. S5c, ESI†),
while the improvement in the CE is related to the increase in
the EL intensity (EL intensity for all solvent ratios in cd m�2 can
be found in Fig. S5a, ESI†). Fig. 4e presents three-dimensional
graph of the EL intensity as a function of the applied voltage
and the EL peak position.

The increase in the EL intensity can be attributed to the
improvement in the radiative recombination in the perovskite
film, as was also observed from the PL intensity and the PL
lifetime measurements (Fig. 1d and Fig. S3, ESI†). In addition,
based on the XRD measurements (Fig. 2) it was observed that in

Fig. 4 Electroluminescence (EL) measurements of LEDs for the studied DMSO : DMF ratios. (a) EL intensity measured in watt m�2; (b) external quantum
efficiency (EQE) of the LED; (c) current efficiency in cd A�1; (d) emission voltage (V emission) is the voltage applied during the bias scan on the LED where
the first EL was recorded; (e) 3D graph of EL measurement, showing the EL intensity vs. EL peak wavelength and applied voltage and (f) a comparison
between the solar cell and the LED performance at different DMSO : DMF ratios.
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devices without DMSO there are residues of PbI2 which accu-
mulate at the grain boundaries. The accumulation of PbI2

passivate the perovskite’s grains enhancing the radiative
recombination,58 therefore improving the LED performance.
This further supports the increase in the EL intensity when
decreasing the DMSO during the film formation.

Fig. S5b (ESI†) show that the EL peak position is shifting in a
range of ca. 33 nm depends on the DMSO volume in the
perovskite solution. In the case of only DMF the EL is red
shifted compare to the other cases where DMSO is present in
the perovskite solution, this shift can be attributed to emission
from sub band gap levels. Evidence of multiple traps and sub
band gap levels were observed in the red shifted PL (Fig. 1d) as
well as the increase in the PL life time, corresponding to high
trap density (Table S2, ESI†). Additional support can be seen in
the peak widening as a function of the DMSO in the perovskite
solution. The EL spectra of the different solvent ratios can be
found in Fig. S5d (ESI†), the EL peak is widening as the DMSO
is reduced with FWHM increasing from 34 nm at 0.2 : 0.8
DMSO : DMF ratio to 44 nm for only DMF. As discussed
previously the perovskite film synthesized only by DMF show
low crystallinity, pinholes and low uniformity which support
the possibility of defects in the film leading to the formation of
the sub band gap levels, which were found favorable of the LED
performance.

Fig. 4d shows the emission voltage (V emission), correspond
to the applied voltage at the time the first EL emission was

recorded. As the amount of DMSO in the perovskite solution
increase, the applied voltage required for the radiative recom-
bination to occur (i.e. V emission) is increasing. The trend of
the V emission also indicates that the perovskite layer fabri-
cated with no DMSO, is more suitable to be used in the LED
structure (due to the low V emission). The influence of the
solvent ratio on the device functionality as a solar cell and as an
LED can be seen in Fig. 4f. Clearly the changes to the perovskite
layer with the addition of DMSO were important to achieve a
better PV performance of the solar cell (with maximum PCE of
14.4%), yet when the same device was later measured as an LED
it showed lower EQE and EL than devices fabricated with only
DMF (EQE of 10.8%), which on the other hand didn’t function
well as solar cell.

The performance and characteristics of the best LED device
with only DMF can be found in Fig. 5. Fig. 5a shows high
current density before the device is turned on (V emission),
indicating on leakage current as was also observed by low CE
values (Fig. 4c). A decrease in the current density is observed at
V emission due to radiative charge recombination which reduce
the leakage current. Following that the current density and the
EL intensity are rapidly increasing starting from 1.5 V together
with strong emission by the LED. Similar trends can be observed
in the Current density–Voltage–EL intensity characteristics of
all DMSO : DMF ratios (Fig. S7a–d, ESI†). The LED performance
is presented by the EQE–current density curve in Fig. 5b,
reaching 10.8% EQE at current density of 1023.3 mA cm�2.

Fig. 5 Performance and characteristics of LED with 0.0 : 1.0 DMSO : DMF solvent ratio. (a) Current density–voltage–EL intensity characteristics. (b) EQE–
current density curve and (c) CIE chromaticity coordinates. The current density and the open circuit voltage at different light intensity for 0.0 : 0.1 and
0.2 : 0.8 DMSO : DMF ratios. (d) The dependence of short circuit current density (Jsc) and (e) open circuit voltage (Voc) on light intensity.
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The EQE–current density curves of all DMSO : DMF ratios can
be found in Fig. S8a–d (ESI†). The Commission Internationale
de l’Eclairage (CIE) color coordinates of (0.7306, 0.2694) were
measured for the Near-IR emission as can be seen in Fig. 5c.

Fig. 5 presents current density and open circuit voltage
measurements at different light intensities for the two limit
cases of DMSO : DMF ratios. The devices were measured using
under different light intensities, starting from 10 mW cm�2

(0.1 sun) and increasing to 100 mW cm�2 (1 sun). JV curves of
the devices performance under the different light intensity can
be found in Fig. S9 (ESI†). The Jsc as a function of illumination
intensity is shown in Fig. 5d, the dependence is described by
Jsc p Ia. In the case of 0.2 : 0.8 solvent ratio a is 1.08, indicating
on charge transfer of excited electrons to the selective contacts,
which agree well with the improvement in the solar cell
performance (Fig. 3). For 0.0 : 1.0 solvent ratio a lower value
of a = 0.78 was observed indicating on the formation of space
charge effects leading to charge recombination inside the
layer,59 correspond to the improvement in the EL parameters
at lower DMSO ratio as can be seen in Fig. 4. Fig. 5e shows the
dependence of the Voc as a function of the light intensity where
the ideality factor, n can be calculated. At 0.2 : 0.8 ratio the
ideality factor (n) was 2.96, which indicates that the dominant
mechanism is SRH with multiple trapping.60,61 However, for
0.0 : 1.0 solvent ratio two different ideality factors can be
observed. In the case of low light intensity the ideality factor
was 1.89 which suggest on SRH recombination, while at high
light intensity a low ideality factor of n = 0.41 was obtained,
suggesting that the dominant mechanism is band to band
recombination. The two regions describe a two-step recombi-
nation mechanism, starting from trap filling at low light intensity,
leading to non-radiative SRH recombination, followed by radiative
band to band recombination. This agree well with the improved
light emission, due to radiative recombination of devices without
DMSO (Fig. 4a), and overall higher EQE for the LEDs (Fig. 4b).

Conclusions

In this work we studied the effect of the solvents on the device
functionality. We demonstrate that the formation of the per-
ovskite can influence the device functionality, while keeping
the same device architecture. It was found that the solvents
ratio, DMSO/DMF has a major effect on the device performance
as a solar cell and as an LED. The addition of DMSO to the
perovskite solution is beneficial for the PV performance while
only DMF is favorable for the LED performance. The solar cell
requires a uniform highly crystalline perovskite film with lower
amount of PbI2 residues. While the LED requires more defects,
higher amount of PbI2 residues and is less sensitive to film
uniformity. Since a solar cell and LED have an opposite
mechanism the perovskite layer has a different role in these
devices. Therefore, the formation conditions of the perovskite
layer, the solvents ratio in the precursor’s solution, are playing
a significant role in the performance of these devices. As a
result we were able to demonstrate PCE of 14.4% and EQE of

10.8% for the same device architecture where the perovskite is
the active layer.

Experimental section
Preparation of perovskite solutions

Perovskite solutions were prepared in a nitrogen-filled glovebox
by dissolving PbI2 (Aldrich 99%), PbBr2 (Aldrich Z 98%), FAI
(GreatCell 99.99%) and CsI (Aldrich 99.999%) in a different
solvent ratio of dimethylformamide (DMF, Aldrich anhydrous
99.8%) and dimethyl sulfoxide (DMSO, Aldrich 99.7% extra
dry) at 1.25 M concentration based on the chemical formula
(FA0.8Cs0.2)Pb(I0.87Br0.13)3. The perovskite solutions were heated
at 65 1C overnight.

Device fabrication

Indium tin oxide (ITO) conductive glass (15 O, Automatic
Research) substrates were cleaned by four treatments of sonica-
tion bath, first in Hellmanex (2%) then deionized water, acetone
and ethanol. [2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic
acid (MeO–2PACz) solution of 1 mg mL�1 in Ethanol (Aldrich
99.5% Extra dry absolute) was spin coated inside a nitrogen-
filled glovebox for 30 seconds at 5000 rpm on the clean
substrates immediately after 15 minutes of oxygen plasma
treatment, then annealed at 100 1C for 10 minutes, DMSO
washing of solution excess was performed at 6000 rpm for
35 seconds, then annealed at 100 1C for 5 minutes. The
perovskite was spin coated at 1000 rpm for 5 s and 5000 rpm
for 50 s with chlorobenzene (Aldrich anhydrous 99.8%) anti-
solvent treatment during the second spin coating step, followed
by one hour annealing process. [6,6]-Phenyl-C61-butyric acid
methyl ester (PCBM) (499% Ossila) solution of 20 mg mL�1 in
chlorobenzene was deposited by dynamic spin coating at
2000 rpm for 35 seconds and annealed at 100 1C for 10 minutes.
2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (499.5%
Ossila) solution of 1 mg mL�1 in isopropanol (Aldrich anhy-
drous 99.5%) was deposited by dynamic spin coating at
6000 rpm for 35 seconds and annealed at 70 1C for 5 minutes.
100 nm of Ag metal contact were thermally evaporated in
approximately 10�7 torr vacuum.

Scanning Electron Microscopy (SEM) cross section measure-
ment were performed with Magellan Extra High-Resolution
SEM using a FEI (field emission instruments), The Netherlands.
The measurement conditions were 5 kV. Ultra High Resolution
SEM measurements were performed using Sirion UHR SEM of FEI
(Field Emission Instruments), The Netherlands. The measure-
ment conditions were 10 kV.

Absorbance measurements were performed using a Jasco
V-670 UV-Vis-NIR spectrophotometer.

Photoluminescence (PL) and PL life time measurements
were performed for perovskite films on microscope glass, using
Horiba Fluoromax-4 spectrofluorometer. The device operates
with 150 W CW Ozone-free xenon arc lamp. Excitation grating
of 1200 groove mm�1 blazed at 330 nm. Emission grating
of 1200 groove mm�1 blazed at 500 nm and Photomultiplier
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detector. PL life time was measured at 750 nm using a 730 nm
nanoLED excitation.

Hall effect measurements were performed using Lake Shore
ac/dc Hall Effect system 8404 model. A magnetic field of 1.72 T,
and a current of 10 nA were used in the measurement. The
samples were illuminated by 0.25 sun of white LED source.
Each measurement was conducted 10 times, the average results
and the standard deviations were used to the calculation of
the final values, Hall effect was measured with high resistivity
aperture.

X-ray diffraction (XRD) measurements were performed on a
D8 Advance diffractometer (Bruker AXS, Karlsruhe, Germany)
with a secondary graphite monochromator, 21 Soller slits and a
0.2 mm receiving slit. XRD patterns ranging from 21 to 751 2y
were recorded at room temperature using CuKa radiation (l =
1.5418 Å) with the following measurement conditions: a tube
voltage of 40 kV, a tube current of 40 mA, a step-scan mode with
a step size of 0.021 2y, and a counting time of 1 s per step.

Photovoltaic measurements were performed on a New Port
system, composed of an Oriel I–V test station using an Oriel
Sol3A simulator. The solar simulator is class AAA for spectral
performance, uniformity of irradiance, and temporal stability.
The solar simulator is equipped with a 450 W xenon lamp. The
output power is adjusted to match AM1.5 global sunlight
(100 mW cm2). The spectral match classifications are IEC60904-9
2007, JIC C 8912, and ASTM E927-05. I–V curves were obtained
by applying an external bias to the cell and measuring the
generated photocurrent with a Keithley model 2400 digital
source meter.

Electroluminescence (EL) measurements are a combination
of two simultaneous measurements, emission measurements
and current–voltage (I–V) measurements. I–V curves measure-
ments were performed using Keithley model 2400 digital source
meter. EL measurements are performed using F1000-VISNIR
optic fiber with cosine receptor, StellarNet BLACK-Comet Spectro-
meter with CRX-100 partially depleted absorber photodetector.
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