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Efficient Perovskite Hybrid Photovoltaics via Alcohol-Vapor

Annealing Treatment

Chang Liu, Kai Wang, Chao Yi, Xiaojun Shi, Adam W. Smith, Xiong Gong,*

and Alan J. Heeger

In this work, alcohol-vapor solvent annealing treatment on CH3;NH;3Pbl; thin
films is reported, aiming to improve the crystal growth and increase the grain
size of the CH3NH3;Pbl; crystal, thus boosting the performance of perovskite
photovoltaics. By selectively controlling the CH;NH;| precursor, larger-grain
size, higher crystallinity, and pinhole-free CH;NH;Pbl; thin films are real-
ized, which result in enhanced charge carrier diffusion length, decreased
charge carrier recombination, and suppressed dark currents. As a result,
over 43% enhanced efficiency along with high reproducibility and eliminated
photocurrent hysteresis behavior are observed from perovskite hybrid solar
cells (pero-HSCs) where the CH;NH;Pbl; thin films are treated by methanol
vapor as compared with that of pristine pero-HSCs where the CH;NH;Pbl;
thin films are without any alcohol vapor treatment. In addition, the dramati-
cally restrained dark currents and raised photocurrents give rise to over ten
times enhanced detectivities for perovskite hybrid photodetectors, reaching
over 10" cm Hz'/2 W~ (Jones) from 375 to 800 nm. These results demon-
strate that the method provides a simple and facile way to boost the device

performance of perovskite photovoltaics.

1. Introduction

Methylammonium lead halide perovskites (CH3;NH;PbI;) have
been intensively investigated as the light absorbers for high per-
formance photovoltaics (PVs)-11 including efficient perovskite
hybrid solar cells (pero-HSCs)!>14 and ultrasensitive perovskite
hybrid photodetectors (pero-HPDs),”’-'!l owing to their large
absorption coefficient and weakly bounded excitons with long
charge diffusion length (=100 nm).['>1%) However, the large devi-
ations of power conversion efficiencies (PCEs) originated from
the randomly formed and distributed CH;3;NH;PbI; crystals,
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and the photocurrent hysteresis behavior
induced by the defect-assisted trapping in
the CH;NH;PbI; crystals,!'78 have been
demonstrated to be the major obstructions
to the commercial viability of pero-HSCs.
Moreover, the defects in the CH3;NH;PbI;
crystals provide current leakage pathways,
which raises the dark current and deterio-
rates the photodetectivity of pero-HPDs.®l
To circumvent above deficiencies, great
efforts, such as thermal annealing,"”!
vapor assisted perovskite formation,?% sol-
vent additives,??2l and mixed solvents for
perovskite precursors,?>24 have been paid
to reduce the defects in the CH3;NH;PbI;
thin films and increase the crystallinity
and grain size of the CH;NH;PDbI; crystals.
Among them, solvent vapor annealing!*’!
was demonstrated to be one of the most
effective and facile ways to improve the
crystal morphology of CH;NH;PbI;.

Recently, Huang and co-workers found
that both the crystallinity and grain size
are enhanced by introducing the solvent vapor N,N-dimethyl-
formamide (DMF) during the processes of PbI, reacted with
CH;3NH;l and the crystal growth of CH3;NH;PbI;, resulting
in suppressed defects-assisted traps and thus enhanced per-
formance of pero-HSCs.?’! The origin of the delightful
consequence is probably the retarded crystal formation
of CH;NH;Pbl; thanks to the good solubility of Pbl, and
CH;NH;l in DMF, which leads to the formation of a preferable
state of the CH3;NH;PbI; grains. It is also noted that to form a
dense and compact PbI, is of critical importance for ensuring
a pinhole-free perovskite thin film, which stimulates the great
efforts being dedicated in improving the film morphology of
Pbl, layer through solvent engineering during the PbI, crys-
tallization process.?281 However, DMF solvent, introduced
into the PbI,-CH3;NH;l system during the perovskite reaction,
would firstly dissolve Pbl, and then induce the recrystallization
process of CH;NH;PbI5.2l And this process could compromise
the Pbl, dense film and generate pinholes if the concentration
of DMF vapor and the recrystallization rate were not precisely
controlled.

In this scenario, we apply three different alcohols: methanol,
ethanol, and isopropanol, in which CH3;NH;I rather than PbI,
possess a good solubility, as the solvent vapors to selectively
control the dynamic transitions of CH3;NH;I, leaving the PbI,
layer as a dense film to ensure a pinhole-free perovskite layer.
CH;NHj;! can easily diffuse into the Pbl, film due to its highly
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kinetic reactivity, which would facilitate PbI, fully reacted
with CH3;NH;I precursors to generate CH3NH;PbI;. In addi-
tion, CH3NH;I is more volatile than PbI, during the thermal
annealing process, which leads to the deficiency of CH3;NH;l
and leaves the redundant Pbl, as the insulating components
in the perovskite thin film. Therefore introducing a solvent, in
which CH3NH;I has a good solubility, during the process of the
crystal formation of CH3;NH;PbI;, would effectively facilitate
the intercalation of CH3NH;l into PbI, crystals for fully reac-
tion, as well as elongating the crystal growth of CH;NH;PbI;
for pinhole-free thin films. By using above three alcohol sol-
vents to treat the CH3NH;PbI; thin films, we find the increased
crystallinity and grain size of CH;NH;Pbl; crystals, resulting in
enhanced charge carrier diffusion length, decreased charge car-
rier recombination, and suppressed dark currents in perovskite
PVs (pero-PVs). It is also found that different polarities of these
three alcohols impose different effects on the CH;NH;PbI;
crystal formation. The investigations of the CH;NH;PbI; thin
films by grazing incident wide-angle X-ray (GIWAX) diffrac-
tion, time-resolved photoluminescence (PL), and scanning elec-
tron microscope (SEM) reveal that the CH3;NH;PbI; thin film
possess high ordered crystals with larger sizes and less defects
when it is treated by alcohol solvents with high polarity. As a
result, over 43% enhanced PCE along with high reproducibility
and eliminated hysteresis behaviors are obtained from the
pero-HSCs where the CH3;NH;3PbI; thin films are treated by
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methanol vapor as compared with that of pristine pero-HSCs
where the CH3;NH;PbI; thin films are without any alcohol
vapor treatment. In addition, the dramatically restrained dark
currents, attributed to the reduced defects in the CH;NH;PDbI;
crystals, combined with the augmented photocurrent, give rise
to over ten times enhanced detectivities for the pero-HPDs,
reaching over 10" cm Hz'/2 W~ (Jones) from 375 to 800 nm.

2. Results and Discussion

Since CH;3;NHj;], rather than Pbl,, possesses a good solubility in
methanol, ethanol, and isopropanol, these alcohols are chosen
for treating the CH3;NH;PbI; thin films, which would facilitate
the intercalation of CH3NH;l into PbI, crystals for fully reac-
tion, as well as elongating the crystal growth of CH;NH;PbI;
for pinhole-free thin films.?! As a result, enlarged charge
carrier diffusion length, decreased charge carrier recombina-
tion, and suppressed dark currents are expected, giving rise
to improved performance pero-HSCs and pero-HPDs.3%31 In
order to verify these hypothesis, the influence of the alcohol-
vapor annealing treatment on the CH3;NH;Pbl; crystals is
firstly investigated. The experimental procedures of the alcohol-
vapor annealing treatment on the CH;NH;PbI; layer are illus-
trated in Scheme 1. The CH;NH;Pbl; films are fabricated
by the interdiffusion of PbI, and CH;NH;I double layers as
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Scheme 1. Schematical illustration of alcohol-vapor solvent annealing and thermal annealing processes.
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reported before.’?) Solvent annealing pro-
cess is carried out in a petri dish filled with
alcohol vapor, which is placed on the hotplate
at 100 °C to induce the reaction between Pbl,
and CH;3;NH;l. Pristine pero-HSCs where the
CH;3NH;Pbl; thin films are without any sol-
vent annealing treatment are also fabricated
for comparison study. Detailed experimental
procedures are provided in the Experimental
Section.

For the film morphology investigation,
2D GIWAX rather than 1D X-ray diffraction
(XRD) is carrier out to probe both lattice
structural and crystallographic orientations
of the CH3NH;PDI; thin film since 1D XRD
can only provide highly ordered structured
information. Figure 1 shows the GIWAX
profiles of the CH;NH;Pbl; thin films
treated by alcohol solvents with different
polarities (polarity index, P), methanol
(P = 5.1) (the CH3NH;PDbI; is represented
as the meth-CH;NH;PbI;), ethanol (P =4.3)
(the CH3;NH;3PbI; is represented as the
eth-CH;NH;PbI;), isopropanol (P = 3.9) < s
(the CH3NH;PbI; is represented as the iso-
CH;NH;PbI;), and the CH3;NH;PbI; thin
film without treatment (represented as pris-
tine CH3;NH;3Pbl;) for comparison study. = .
The presence of strongly scattered rings meth-CH NH Pbl
in Figure la—d indicates that the crystal s
domains are predominated by polycrystal- A A A
line (i.e., randomly oriented relative to the
substrate), and such crystallographic orien-
tations are not altered by the solvent vapor
treatments. Azimuthally integrating the
scattering intensities over the scattering
vector g (where gq=4nsinf/A, 6 is the half
of the scattering angle, A = 0.116 nm is
the X-ray wavelength) affords the GIWAX
patterns, as shown in Figure le. The dis-
tinct peaks at 1.0, 2.0, 2.3, and 2.8 A~! cor-
responding to the (110), (220), and (310),
(224) lattice planes are in the identical
positions for all the CH3;NH;3PbI; thin films,
which indicates that all of the halide perovs-
kite possesses orthorhombic crystal struc- ! | J \ \
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tures.>3] However, the clearly sharper peaks 0 0.5 1 15 2 25 3
(at 1.0, 2.0, 2.3, and 2.8 A!) are observed anastrom -1
from the CH3;NH;3PDbI; thin films treated by qz ( g )

the ?ICOh(,)l vapor, which §uggests the per- Figure 1. 2D GIWAX profile of a) the pristine CH3NH;Pbl; thin film and the CH3;NH;Pbl; thin
ovskite thin films possess increased crystal- g treated with b) methanol, c) ethanol, and d) isopropanol, and e) azimuthally integrated
linity and highly ordered perovskite crys- intensity plots of the GIWAXS patterns.

tals with fewer low-dimensional defects.>

Moreover, it is found that the CH3;NH;PbI; thin films treated  crystal structures after treated by the alcohol solvents with
by higher polarity alcohol solvents (methanol and ethanol)  high polarity.l*3¢]

show sharper diffraction peaks as compared with those Thin film morphologies of the CH;NH;Pbl; layers are fur-
treated with lower polarity alcohol solvent (isopropanol). All  ther studied by SEM. The results are shown in Figure 2a—d. It
these results demonstrate that the CH3NH;PbI; thin films  is found that the pristine CH3;NH;PbI; thin film (Figure 2a)
possess large crystallinity and highly ordered orthorhombic  exhibits small and randomly distributed perovskite crystals
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Figure 2. SEM images of a) the pristine CH3NH;Pbl; thin film, and the CH3NH;Pbl; thin films treated by b) methanol, c) ethanol, and d) isopropanol.

along with large amount of pinholes, which have been demon-
strated to be the major issues for poor reproducibility and pho-
tocurrent hysteresis behavior in pero-PVs.’”] In clear contrast,
much more exquisite CH3;NH;3PbI; thin films (Figure 2b—d)
are formed upon alcohol-vapor annealing treatment, with obvi-
ously enhanced grain size, homogeneous distributed crystals,
and tremendously minimized defects. The optimized thin
film morphology is shown by the meth-CH;NH;PbI; layer,
which is consistent with the observations from the GIWAX
patterns. The prominently increased grain size (=500 nm),
along with the dramatically reduced pinholes from the meth-
CH;NH;PbI; thin film, predicts a suppressed charge carrier
recombination that is generally occurred at the grain bounda-
ries and the defect sites.’®! It is observed from Figure 2c
that the eth-CH;NH;Pbl; thin films possess fairly ordered per-
ovskite crystals, but the crystal size (=300 nm) is smaller than
that (=500 nm) from the meth-CH;NH;PbI; thin films. On the
other hand, the iso-CH3;NH;PbI; thin films exhibit significantly
reduced pinholes while still with inhomogeneous distributed
grains.

To inspect the influence of charge transfer process in
the CH;3;NH;PbI; thin films, the time-resolved PL measure-
ments are conducted on the pristine-CH;NH;PbI;, the meth-
CH3NH3PbI3, the eth-CH3NH3PbI3 and the iSO'CH3NH3PbI3
thin films. The PL spectra of above thin films are shown in
Figure 3. By fitting the data with two exponential decay curves,
the lifetime of charge carriers in these four thin films can be
obtained."? The charge carrier lifetime extracted from the
pristine CH3;NH;3PbI; thin films is 8.7 ns, which is in good
agreement with the values reported by others.*!l Under the
treatment with alcohol-solvent annealing, the lifetimes are

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

increased to 9.5, 13.7, and 17.1 ns for the iso-CH3;NH;PbI;
thin films, the eth-CH3;NH;Pbl; thin films, and the meth-
CH;3NH;Pbl; thin films, respectively. According to the equation
of Ly =+/D1, " where Ly is the charge diffusion length, D is
the diffusion constant, and 7; is the charge carrier lifetime, the
longer-lived charge carrier lifetime (7,) indicates the increased
charge diffusion length (Lp) of the CH;NH;Pbl; thin films,
which are the consequences of the larger and finer grains of the
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Figure 3. Time-resolved photoluminescence spectra of the pristine
CH3NH;Pbl; thin film and the CH3;NH;Pbl; thin films treated with meth-
anol, ethanol, and isopropanol.
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Figure 4. a) J-V characteristics of pero-HSCs measured under white light illumination with the light intensity of 100 mW cm~2 and b) the EQE spectra

of pero-HSCs.

CH;NH;Pbl; crystals. Thus increased photocurrent and sup-
pressed dark current, which will ultimately lead to enhanced
PCEs in pero-HSCs and detectivity in pero-HPDs, are expected.

A device structure of ITO/PEDOT:PSS/CH;NH;PbIs/
PCqBM/PCBC/Al, where ITO is indium tin oxide as the
anode, PEDOT:PSS is poly(3,4-ethylenedioxythiophene):poly(st
yrene sulfonate) as the hole extraction layer (HEL), PCsBM is
[6,6]-phenyl-C61-butyric acid methyl ester as the electron extrac-
tion layer (EEL), PCBC is [6,6]-phenyl-C61-butyric acid (18-crown-
6)-2-yl methyl ester (an alcohol-soluble fullerene derivative) as
the cathode modification layer,*?l and Al is aluminum as the
cathode, is applied for both pero-HSCs and pero-HPDs. In pero-
HSCs, where the CH3NH;PbI; thin films without any alcohol
vapor treatment are represented as the pristine pero-HSCs, the
CH;3NH;PDbI; thin films treated with methanol, ethanol, and iso-
propanol are represented as the meth pero-HSCs, the eth pero-
HSCs, and the iso pero-HSCs, respectively. The current densities
versus voltages (J-V) characteristics of pero-HSCs under white
light illumination with the light intensity of 100 mW c¢m™ are
shown in Figure 4a. Table 1 summarizes pero-HSCs device per-
formance parameters. The pristine pero-HSCs exhibit a short-
circuit current density (Jsc) of 16.80 mA cm™, an open-circuit
voltage (Voc) of 0.83 V, a fill factor (FF) of 73.1%, and a corre-
sponding PCE of 10.20%. The PCE observed from the pristine
pero-HSCs is in consistent with reported values from the pero-
HSCs with a similar device structure.l3l The strikingly raised Jsc

Table 1. Device performance parameters of perovskite hybrid solar cells.

Voc Jsc FF PCE

v [mA cm~?] %] %]
pristine pero-HSCs 0.83 16.80 73.1 10.20
iso pero-HSCs 0.85 18.00 73.4 11.20
eth pero-HSCs 0.88 19.90 75.9 13.30
meth pero-HSCs 0.88 21.50 77.2 14.60
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values are observed from the pero-HSCs where the CH3;NH;Pbl;
thin films are treated by alcohol vapor, reaching the highest value
of 21.50 mA cm™ from the meth pero-HSCs. The dramatically
increased Jc is attributed to the enhanced grain sizes and highly
ordered crystallinities of the CH;NH;Pbl; crystals.*! Further-
more, the FF values are increased from 73.1% for the pristine
pero-HSCs to 77.2% for the meth pero-HSCs. Consequently,
the PCEs of 11.20 %, 13.30 %, and 14.60 % are observed from
the iso pero-HSCs, the eth pero-HSCs, and the meth pero-
HSCs, respectively. Noted that over 43% enhancement in PCE is
observed from the meth pero-HSCs as compared with that from
the pristine pero-HSCs.

Voc is increased from 0.83 V for the pristine pero-HSCs to
0.85, 0.88, and 0.88 V for the iso pero-HSCs, the eth pero-HSCs,
and the meth pero-HSCs, respectively. Based on the model of
J-V characteristics of pero-HSCs with an equivalent circuit con-
sisting of a single diode with a series resistance (Rg) and shunt
resistance (Rgy), along with a parallel photocurrent source (Jpp),

the equation J=Jo[exp(q(V‘RsAf))_l}rV—RsAJ_]Ph(V) can be

nkT R A
obtained, where g is the electron charge, k is the Boltzmann's
constant, T is the temperature, n is the ideality factor (close to 2
for pero-HSC), ! ] is the reverse dark current density, [, is the
voltage-dependent photocurrent produced by the cells, V is the
applied voltage, and A is the device area. Under open circuit
condition, where | = 0 and J;, = Jsc, the above equation can
be rearranged to Vo = ”k—Tln(ﬁJ. Thus, it is concluded that the

0
decreased dark currents in the reverse bias region (see Figure 8a)

should be the origin of the enhanced V for pero-HSCs.

The external quantum efficiency (EQE) spectra, which
specify the ratio of the extracted electrons to the incident
phowtons at a given wavelength, of pero-HSCs are measured
and the results are presented in Figure 4b. The pristine pero-
HSCs show a wide photoresponse from 375 to 800 nm, with
EQE values over 70% ranging from 450 to 600 nm, and from
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Figure 5. a) Nyquist plots of pero-HSCs measured in dark and at an applied voltage close to the open-circuit voltage of pero-HSCs. b) Recombination

resistances of pero-HSCs measured under white illumination with the light intensity of 100 m\W cm™.

700 to 750 nm, which reflects the weakly bounded excitons in
the CH3NH;PbI; thin films and effective charge transfer pro-
cess in pero-HSCs.'! The EQE values from the pero-HSCs
where the CH3;NH;PbI; thin films are treated with alcohol-
vapor annealing are increased to over 80%, reaching the highest
value of 87% from the meth pero-HSCs. It is also noteworthy
that the EQE spectra from 550 to 600 nm for the pero-HSCs
where the CH3;NH;PbI; thin films are treated by alcohol-vapor
are redshifted as compared with that of the pristine pero-HSCs,
further indicating the formation of highly ordered CH3;NH;PbI;
crystals induced by alcohol-vapor annealing.*’l Integration of
the EQE spectra over the wavelength range from 375 to 800 nm
affords the photocurrent of 14.80, 17.50, 18.70, and 20.60 mA cm ™2
for the pristine pero-HSCs, the iso pero-HSC, the eth pero-
HSCs, and the meth pero-HSCs, respectively. These estimated
Jsc values are in good agreement with the ¢ values from [-V
characteristics (Figure 4a).

Impedance spectroscopy (IS) is carried out to investigate
charge transfer properties in pero-HSCs. The IS is conducted
in dark at an applied voltage close to Vc. Under these condi-
tions, the recombination resistance (R..) from the HEL to the
EEL reaches the lowest value (R < Rc, Rcr is the charge
transfer resistance from HTL to ETL). Therefore the equivalent
circuit can be simplified to the circuit model shown in the inset
of Figure 5a, where Ry is the sheet resistance of the conduc-
tive electrode.*! In our study, all pero-HSCs possess the same
device structure, the Rg is assumed to be the same. Thus, the
major difference is Rer induced by various crystal morpholo-
gies of the CH;NH;PbI; active layer. From the Nyquist plots
of pero-HSCs shown in Figure 5a, Rcy of 810, 610, 500, and
460 Q are obtained for the pristine pero-HSCs, the iso pero-
HSCs, the eth pero-HSCs, and the meth pero-HSCs, respec-
tively. A large Rcy for the pristine pero-HSCs is resulted from
the inferior CH3;NH;PbI; crystal morphology, including small-

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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sized and randomly distributed CH3;NH;3Pbl; grains and large
amount of defect-assisted traps. With the improved quality of
the CH;3;NH;3PblI; crystals upon the solvent annealing treat-
ment, charge carrier transfer process is greatly facilitated,
which leads to the dramatically decreased Rcr. As a result, high
Jsc are observed from the pero-HSCs where the CH;NH;PbI;
thin films are treated by alcohol vapor.

The charge recombination resistances, which are inversely pro-
portional to the charge carrier recombination rate, as a function
of the applied voltages are also extracted from the Nyquist plot in
the low-frequency region.*”] The results are shown in Figure 5b.
It is found that the charge carrier recombination resistances of
the iso pero-HSCs, the eth pero-HSCs, and the meth pero-HSCs
are larger than those of the pristine pero-HSCs, which is in
accordance with the GIWAX, SEM, and time-resolved PL results.
These results further demonstrate that the CH3;NH;PbI; thin
films have a tendency to form highly ordered crystals with large
grain size after treated by the alcohol solvents with high polarity,
resulting in enhanced charge carrier diffusion length and
suppressed charge recombination process. Moreover, it is found
that even at large-bias region, the charge carrier recombination
resistances of the pero-HSCs where the CH3;NH;PbI; thin films
are treated by alcohol vapor are higher than those of the pristine
pero-HSCs, which is consistent with the enlarged Vi from the
pero-HSCs where the CH;3;NH;PbI; thin films are treated by
alcohol-vapor annealing (as shown in Figure 4a).®l

The reproducibility is one of the significant issues needed
to be addressed in pero-HSCs. In order to study the repro-
ducibility of pero-HSCs, over 200 pero-HSCs are fabricated
and characterized. Figure 6 presents the histograms of the PV
parameters of the pristine pero-HSCs and the meth pero-HSCs.
As indicated in Figure 6, the reproducibilities of Vo, Jsc, FF,
and PCE are fairly high, with small relative standard deviation
of 0.7 %, which is dramatically lower than that of the pristine-
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Figure 6. Histograms of the photovoltaic parameters of pero-HSCs a) Vo, b) Jsc, €) FF, and d) PCE (the number of pero-HSCs is 200).

HSCs (1.7%). Therefore, it is concluded that a fine-formed and
highly ordered CH3NH;PDbI; crystal is of paramount impor-
tance to the high reproducibility of pero-HSCs.

The photocurrent hysteresis behavior, majorly originated
from the defect-assisted traps in perovskite grains,**>% is
another critical issue of pero-HSCs. To investigate the effects
of solvent annealing treatment on the photocurrent hyster-
esis behaviors of pero-HSCs, different scan rates (a high scan
rate of 0.5 V s7! and a low scan rate of 20 mV s™!) and scan
directions (reverse scan: from a positive bias to a negative bias,
and forward scan: from a negative bias to a positive bias) are
performed on pero-HSCs. Figure 7 presents the |-V character-
istics of pristine pero-HSCs and the meth pero-HSCs under
different scan rates and different scan directions. As compared
with those of the pristine pero-HSCs, highly consistent [-V
characteristics regardless of the scan rates and scan directions
are observed from the meth pero-HSCs, which manifests that
the photocurrent hysteresis of pero-HSCs is minimized due to
the greatly reduced defects in the CH3;NH;3PbI; thin films by
methanol vapor treatment.

The pero-HPDs with a device structure of ITO/PEDOT:PSS/
CH;3NH;Pbl;/PCy BM/PCBC/Al are also investigated. The J-V
characteristics of pero-HPDs measured at room temperature
under the illumination of monochromatic light at a wavelength
(A) of 500 nm with the light intensity of 0.48 mW c¢cm~2 and in
dark are shown in Figure 8a. It is obvious that the photocurrent
densities (Jyp) of the meth pero-HPDs, the eth pero-HPDs, and
the iso pero-HPDs are greatly increased over those of the pris-
tine pero-HPDs, which indicate charge transfer processes are
facilitated in the CH3NH;3PbI; thin films by alcohol-vapor treat-
ment. Also, the dark current densities (J4) of the pero-HPDs
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where the CH3;NH;Pbl; thin films are treated by alcohol vapor
are lower than those of the pristine pero-HPDs from the reverse
to the forward bias region. The decreased J; in the reverse
region indicates the leakage currents from the pero-HPDs are
suppressed, which is originated from the reduced defects in the
CH;NH;Pbl; thin film. The decreased Jy in the forward bias
region (0-0.7 V) implies the charge carrier recombination in
the pero-HPDs is restrained,”® which is in good agreement
with observed PL results and the R,.. versus V characteristics.
The responsivity (R) and the detectivity (D*) of pero-HPDs
at A = 500 nm and under an external bias at —0.5 V can be

Negative to positvie scan
—o— 20 mV/s
—0.5VIis ]
Positive to negative scan 1
—=—20 mV/s

5|

Current Density (mAIcmz)
3
T
|

Voltage (V)

Figure 7. J-V characteristics of pero-HSCs under different scan rates and
scan directions.
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Figure 8. a) J-V characteristics of pero-HPDs measured in dark and under monochromatic light at the wavelength of 500 nm with the light intensity
of 0.48 mW cm2. b) D* (@-0.5 V) versus the wavelength for pero-HPDs. c) Linear dynamic range of pero-HSCs.

estimated according to the equation R=Jo 150 where Lighe
light

is the light intensity, and the equation D* = R/\/2q/4 P4 where

q is the absolute value of electron charge. Both R and D* are
the device performance parameters used to evaluate PDs,>*
which are summarized in Table 2. It is noticed that both R and
D* are largely increased upon the alcohol vapor treatment,
among which, the highest R of 2.71 A W and D* of 3.4 x
10" Jones are obtained from the meth pero-HPDs. D* under
different wavelength were also measured, as plotted in Figure
8b. An overall enhanced D* in the visible region is observed
from the solvent-treated pero-HPDs, which is a consequence
of both improved photocurrent and reduced dark current.
Based on the photocurrent densities versus the incident light
intensities as shown in Figure 8c, the linear dynamic range
(LDR) or photosensitivity linearity (typically quoted in dB), which

108 wileyonlinelibrary.com

is another device performance parameter used to evaluate PDs,
of the meth pero-HPDs, is estimated according to the equa-
tion of LDR=20log (/% /Ja) ,® where K%, is the photocurrent
measured at the light intensity of 1 mW c¢m™. At room tempera-
ture, the LDR is =105 dB for the meth pero-PDs. This large LDR is

Table 2. Device performance parameters of perovskite hybrid photode-
tectors. Jon and Jg are measured at A = 500 nm with a light intensity of
0.48 mW cm2 and at a bias of 0.5 V.

Jon Ja R D
[Acm™ [Acm™ AW [Jones]
pristine pero-HPDs 3.8 x107* 2.1x107 0.79 3.0x 10"
iso pero-HPDs 5.7x107* 23x10°% 118 1.3x10'?
eth pero-HPDs 8.5x 107 1.8x1078 1.77 3.1x101
meth pero-HPDs 1.3x107° 1.6x1078 2.71 3.4x10"

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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comparable to that of Si PDs (120 dB, at 77 K) and is significantly
higher than InGaAs PDs (66 dB, at 4.2 K).’% Thus, at room tem-
perature, the device performance parameters of the meth pero-
HPDs are comparable to those of Si PDs and InGaAs PDs as well.

3. Conclusion

In summary, we performed alcohol vapors annealing treatment
on the CH3NH;PbI; thin films, aiming to improve the crystal
growth and increase the grain size of the CH;NH;PbI; crystal,
thus boosting the device performance of perovskite hybrid PVs.
By selectively controlling the CH3NH;I precursor, fine-tuning
the CH3NH;PbI; crystal growth can be realized, which gen-
erates large-grain size, higher crystallinity, and pinhole-free
CH;NH;PbI; thin films. As a result, high performance per-
ovskite hybrid PVs including pero-HSCs and photodetectors
are observed. It is also found that the CH3;NH;PbI; thin films
possess more highly ordered crystal formation upon treated
by alcohol solvents with higher polarity (methanol and eth-
anol) than their lower polarity analog (2-propanol). The highly
ordered CH;3;NH;PbI; crystals would be favorable for the charge
transfer process in the perovskite PVs. As a result, greatly
increased efficiencies with excellent reproducibility and elimi-
nated hysteresis behavior are observed from pero-HSCs, and
significantly improved detectivities are realized in pero-HPDs.
Thus, our method provides a facile way to boost the device per-
formance of perovskite PVs.

4. Experimental Section

Materials: PCg1BM (99.5%) was purchased from Solenne BV and used as
received without further treatment. Lead iodide (Pbl,, 99.999%), anhydrous
DMF, methanol (CH3;OH, anhydrous, >99.5%), ethanol (CH;CH,OH,
anhydrous, >99.5%), 2-propanol (CH;CHOHCHj3, anhydrous, >99.5%),
and anhydrous chlorobenzene (99.8%) were purchased from Sigma-
Aldrich and used as received. Methylammonium iodide (MAI, CH;NH;l)
was synthesized by hydroiodic acid and methylamine in our laboratory.
PCBC was provided by Prof. M. Lei and Y. F. Li.l*l]

Perovskite Precursor: Pbl, was dissolved into DMF solvent with
a concentration of 400 mg mL7'. Then, Pbl, DMF solution was
magnetically stirred at 70 °C for about 12 h till the cloudy solution yields
to transparent yellow solution. CH;NHj3l (MAI) was dissolved in ethanol
with a concentration of 35 mg mL™".

Pero-HSCs and pero-HPDs Fabrication: The PEDOT:PSS layer was spin-
coated onto precleaned and UV-treated ITO substrates, followed with
thermal-annealing at 150 °C for 10 min in the air and then transferred
into the glovebox with nitrogen atmosphere. Pbl, layer was spin-cast on
the top of the preheated (70 °C) ITO/PEDOT:PSS substrates from the
warm (70 °C) Pbl, solution at a spin-speed of 3000 rpm for 25 s with an
acceleration time of 2 s. Then the substrates are placed on the hotplate at
70 °C for 10 min and then cooled down to room temperature. MAI layer
is then spin-coated on the top of the Pbl, layer from the MAI ethanol
solution at a spin-speed of 3000 rpm for 25 s with an acceleration time
of 2 s, followed by transferring the thin films onto the hotplate at 100 °C
for pristine perovskite PVs (pero-HSCs and pero-HPDs). The thermal
annealing process lasts for 2 h.

For Alcohol-Vapor  Annealing  Treatment: First, the as-casted
CH3NH;Pbl; thin films were placed into the petri-dish with a volume
of 100 mL. Second, methanol, ethanol, and isopropanol solvents
were dripped into three identical petri-dishes, respectively, and the
vapor concentration of 20% was made sure in the petri-dish after
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evaporation of the solvents (i.e., for ensuring 20% ethanol vapor
concentration, the volume of ethanol added into the petri-dish should
be V =100mL x 20% x 2 = 40 uL, where py =1.59kg m=3 is the density
of the ethanol vapor ancflp, =0.789gcm™ is the density of the ethanol
solvent); lastly, the petri-dishes were put on the hotplate and thermal
annealed at 100 °C for 2 h to convert Pbl, and MAI into CH;NH;Pbl;.
The optimized vapor concentration (20%) for three alcohols were found
by investigating the effects of a series vapor concentrations on the
pero-HSCs efficiencies; the results are shown in Figure ST and Table S1
(Supporting Information).

After the CH3NH;Pbl; thin films were treated by alcohol vapors, the
PCsBM EEL was spin-cast on the top of the CH3NH;Pbl; layer from
20 mg mL™" chlorobenzene solution. After then, the PCBC layer was cast
on the top of the PC¢;BM EEL from 0.2 mg mL™" ethanol solution. Lastly,
a 100 nm thick aluminum was thermally deposited through a shadow
mask in the vacuum with the press of 4 x 107 mbar. The device area
was measured to be 0.16 cm?.

Thin Film Characterization: GIWAX diffraction spectra were carried
out in beamline 8-1D-E, Advanced Photon Source, Argonne National
Lab. SEM images were measured by Model JEOL-7401 Japan electron
optics laboratory (JEOL). In the time-resolved PL measurement, the
samples were excited by a pulsed laser (SuperK NKT Photonics,
Birkerod, Denmark) with a wavelength of 640 nm (power 25 nW), and
the PL photons went through a band pass filter (697 + 70 nm) and were
counted by time-correlated single photon counting module (Picoharp
300, PicoQuant, Berlin, Germany).

Pero-PVs Characterization: The J-V characteristics of pero-PVs were
carried out on a Keithley model 2400 source measure unit with a light
intensity of 100 mW cm=2 (for pero-HSCs) and under a monochromatic
light at 500 nm with a light intensity of 0.48 mW cm=2 (for pero-HPDs).
The EQE was obtained by using the solar cell quantum efficiency
measurement system (QEX10) from PV measurements with a 300 W
steady-state xenon lamp as the source light. The impedance spectra (IS)
of pero-HSCs were obtained using an HP 4194A impedance/gain-phase
analyzer under dark condition, with an oscillating voltage of 10 mV
from 5 Hz to 10° Hz. Pero-HSCs were held at the voltage closing to the
corresponding Voc, while the IS were carried out.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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