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ABSTRACT: Morphology control is critical to achieve high
efficiency CH;NH,Pbl, perovskite solar cells (PSC). The
surface properties of the substrates on which crystalline
perovskite thin films form are expected to affect greatly the
crystallization and, thus, the resulting morphology. However,
this topic is seldom examined in PSC. Here we developed a
facile but efficient method of modifying the ZnO-coated
substrates with 3-aminopropanioc acid (C;-SAM) to direct the ) . N "

. . . . SAM= 3-aminopropanioc acid. With deposition of SAM:
crystalline evolution and achieve the optimal morphology of 1) Perovskite film crystallinity improved;
CH;NH,Pbl; perovskite film. With incorporation of the Cs-  2) pin-holes and charge traps reduced;
SAM, highly crystalline CH;NH;Pbl; films were formed with 3) Perovskite solar cell efficiency enhanced by 31% (up to 15.67%).
reduced pin-holes and trap states density. In addition, the work
function of the cathode was better aligned with the conduction band minimum of perovskite for efficient charge extraction and
electronic coupling. As a result, the PSC performance remarkably increased from 9.81(0.99)% (best 11.96%) to 14.25(+0.61)%
(best 15.67%). We stress the importance of morphology control through substrate surface modification to obtain the optimal
morphology and device performance of PSC, which should generate an impact on developing highly efficient PSC and future
commercialization.

CH,NH,PbI, on SAM
Modify modified ZnO
substrates ¢
with SAM

B INTRODUCTION of these processing methods focuses on the delicate control of

P 2627 . o 2829 :

The recent advent of perovskite solar cells (PSC) has tEe crystalh?a.tlorégu nTncs, ﬁfg' aﬂdmg addltlvﬁ? va?ng

encouraged the world’s ambition toward the solar energy the composition, " solvent was 8 303 controfing annea ing

utilization due to the surge in device performance,l_s which time, temperature, or atmosphere,” ”°~>° etc. Considering that

came to a certified power conversion efficiency (PCE) of 17.9% P ergvsklte ,thH.l films are prepared on substrates during the

within a quite short period®” Also, the PSC takes the device fabrication, the surface properties of the substrates are
o )

advantages of low cost, li§ht weight, flexibility, and roll-to-roll expected to greatly. affect the crystallization °‘f peroyskite.
processing compatibility® '! over the silicon counterpart. Ger'lerally, good wetting property of t.he substrate 1s3£equ1red to
These merits make it more competitive for future commerci- achieve the homogen.eous crystalline structure.”™ For t.he
alization. To achieve high device performance, morphology CH3NH3PbI3 pe'rovsklte film, the substrates covered with
control is critically important especially for the planar junction amino Or ammonium group would favo%' the growth of smoth
PSC, where the crystalline film of perovskite has to be self- and high crystalline perovskite films. A simple method to obtain
standing without the support of a mesoporous scaffold.*'>'3 the amino rich surface is to modify the substrate with self-
The ideal morphology of planar junction PSC requires a assembling monolayers (SAM) that contain amino terminal
homogeneous and highly crystalline film.>*%*142° However groups.>* However, this topic is rarely explored for planar
y ) . .
controlling the morphology of perovskite film remains a critical junction PSC.
challenge due to the complex crystal growth process of the In addition to the morphology control, the delicate interfacial
perovskite. Generally, the “island” like structures with poor modification is strictly required to achieve better energy level
° ) . . . .
crystallinity were obtained, leading to current leakin% and alignment at ‘ﬁ)lslénterface as well for highly efficient planar
negative influence on the charge dynamics of PSC.'>?"?2 junction PSC. At the cathode side, electron extraction is
Therefore, efforts have been made for morphology control realizeq byzulszing an e;ectron s;eslective transporth}g llayegé(ETL),
through modification of the perovskite crystallization kinetics. eg. Ti0,™" ZnO, .CdSe, or perylepe-dum1de. Most
To date, the processing of 7perovskite thin films includes the recently, further lowering the work function of the ETL to
one-step solution processing, 23 two-step sequential de}z)osition
method,**** and the vacuum evaporation deposition.'”"* The Received: December 9, 2014
essence of morphology control protocols developed in context Published: February 4, 2015
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better align with the conduction band minimum (CBM) for the
CH,;NH,Pbl; (—3.75 eV) was demonstrated to improve the
PSC device to a record value of 19.3%.'° To lower the
electrode work function, the SAM strategy was also
demonstrated effective due to the formation of permanent
dipole moments.>’

In this work, we demonstrated that the deposition of 3-
aminopropanoic acid SAM (C;-SAM) onto the sol—gel ZnO
(defined as ZnO in the following) layers would induce
significant improvement in the morphology of CH;NH;PbI,
perovskite film due to the enhanced wetting between the ZnO
and perovskite. In addition, the interfacial energy level
alignment was also improved owing to the formation of
permanent dipole moment. As a result, a decent improvement
in device performance of CH;NH,PbL; PSC (Device structure
shown in Figure 1) was observed with the device PCE surging
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Figure 1. (a) Schematic diagram of perovskite solar cell device
structure, SAM induced permanent dipole formation, and involvement
of the SAM in the crystalline structure of perovskite crystals. (b)
Schematic energy level of each layer in perovskite solar cell. (c) Cross-
section SEM image of the PSC device (without MoO;/Ag).

from 11.96% (best) to 15.67% (best). We stress the importance
of substrate surface properties for perovskite morphology
control and device optimization. Due to the simplicity and
efficacy, this strategy should generate an impact on developing
high efficient PSC for future commercialization.

B EXPERIMENTAL SECTION

Materials and Equipment. all of the materials were purchased
from the Sigma-Aldrich Corp., if not specified. The Spiro-OMeTAD
was from Lumi Tech. Corp. (Taiwan, China). The atomic force
microscope (AFM) measurement was carried out on the Veeco
Multimode scanning probe microscope (Veeco IIla) in tapping mode.
The X-ray diffraction patterns were recorded at a scan rate of S deg/
min on the Rigaku D/max-2550PC X-ray diffractometer with Cu Ka
radiation (1.5406 nm). The UV-—visible absorption spectra were
measured on a Varian CARY100 Bio spectrophotometer. The SEM
data were scanned by S-4800 (Hitachi) field-emission scanning
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electron microscope (FESEM). The PL spectra (both of steady state
and transient spectra) are measured using an Edinburgh Instruments
FLS920 spectrometer. The UPS measurement is carried out on an
integrated ultrahigh vacuum system equipped with multitechnique
surface analysis system (Thermo ESCALAB 250Xi) with the He (I)
(212 eV) UV excitation source.

Device Fabrication and Measurement. The ITO coated
substrates were cleaned sequentially in detergent, acetone, and
isopropanol ultrasonic bath for 15 min, respectively. After cleaned
by the UV-Ozone machine, 40 nm ZnO was deposited by spin-coating
and annealed at 160 °C for 30 min in air. The preparation of ZnO
precursor solution followed ref 17, where the Zn(Ac),2H,O was
dissolved in 2-methoxyethanol and stabilized by monoethanolamine.
The ZnO coated glass/ITO substrates were transferred into the
glovebox for further deposition of C;-SAM from the methanol solution
(2 mg/mL). In the following, freshly prepared CH;NH,Pbl, solution
was spin-coated and annealed at 80 °C for 4 min to form an ~350 nm
perovskite layer. The solution of perovskite was prepared by mixing
the pristine PbI, solution and CH;NH;I solution of N,N-
dimethylformamide (DMF). Lithium doped 2,2',7,7'-tetrakis(N,N-di-
4-methoxyphenylamino)-9,9’-spirobifluorene (spiro-OMeTAD)>® was
deposited from the solution of chlorobenzene by spin-coating. Finally
the substrates were transferred into a vacuum chamber to deposit 10
nm MoOj and 100 nm Ag to finish the device fabrication process. The
device area is defined around 3.2 mm? by the cross section of the
electrodes. The I-V characteristic of PSC was recorded on the
Keithley source unit under AM 1.5 G 1 sun intensity illumination by a
solar simulator from Abet Corp. Notably, certain measurement errors
were caused, including the device area error of 3%, light intensity error
of 2%, and calibration error of 1%.

Bl RESULTS AND DISCUSSION

Morphology Evolution. Initially, we investigated the effect
of SAM on the morphology of CH;NH;PbI; perovskite film
grown via a one-step method. Panels a and b of Figure 2 show
the surface morphology of perovskite films imaged by the AFM
in tapping mode. As shown, the perovskite crystals on bare
ZnO appeared like nanorods, with diameters of 200—300 nm
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Figure 2. AFM images of CH;NH;Pbl; perovskite on (a) bare ZnO
and (b) ZnO/C;-SAM. SEM images of CH;NH,Pbl; perovskites on
(c) bare ZnO and( d) ZnO/C;-SAM. (e) XRD patterns of perovskite
films on ZnO (black line) and ZnO/SAM substrates (red line).
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and a length of ~4 ym, similar to the literature reports.””>”

These nanorods on bare ZnO presented a tilt conformation to
the substrates with irregular directions, resulting in a quite
rough surface with a high density of pin-holes. In contrast, with
C;-SAM modification, a considerable portion of the perovskite
crystals was expressed in a more extending plate-like shape,
with the lateral dimension up to several micrometers. Panels ¢
and d of Figure 2 show the scanning electron microscope
(SEM) images of perovskite film surface morphology on
different substrates. Complementary to the AFM images, the
SEM images of the CH;NH;PbI; film directly showed that the
number of pin-holes was reduced with deposition of C;-SAM
on the ZnO.

Figure 2e shows the X-ray diffraction (XRD) patterns of
CH;NH;PbI; films grown on ZnO with or without C;-SAM.
The peaks at 14.1°, 28.4°, and 42.1° could be attributed to the
(110), (220), and (330) faces of CH;NH,PbI, perovskite
crystalline structure, respectively.”'> It was observed that all
these perovskite diffraction peaks became significantly
enhanced with the insertion of SAM, indicative of the
improvements in the crystalline property of the CH;NH;PbI;
film.*® Also, the AFM and SEM images indicate the enlarged
crystalline domains in the lateral direction with the morphology
evolution from rod-like to plate-like (Figure 2).

The morphology evolution of the perovskite film with
deposition of C;-SAM on ZnO could be attributed to the
improved substrate miscibility with perovskite, where the amino
group is expected to change into ammonium by hydrogen ion
exchanging and involves into the crystalline structure of
perovskite shown in Figure la. For highly efficient PSC, pin-
holes free perovskite film with high crystalline progerties are
essentially important as shown in previous reports.' " In this
regard, this morphology evolution with C;-SAM deposition
might promise an improved device performance of PSC, which
will be discussed below.

PSC Device Performance. To investigate the effect of
SAM on the device performance, we fabricated PSC using ZnO
as ETL with or without C;-SAM modification based on the
device structure illustrated in Figure la (glass/ITO/Zn0O/(C;-
SAM)/CH;NH,Pbl,/spiro-OMeTAD/MoO/Ag). The thick-
ness of each layer is shown in Figure lc. As shown in Figure 3
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Figure 3. (a) I-V characteristics of CH;NH;Pbl; PSC with the
structure of glass/ITO/ZnO/ (C3-SAM)/CH3NH3PbI3/spiro-OMe—
TAD/MoO;/Ag. (b) PCE histograms of CH;NH,Pbl; PSCs with
and without C;-SAM on ZnO.

and Table 1, the PSC with bare ZnO as ETL showed the best
PCE of 11.96%, which is similar to the literature report.'”
Remarkably, through deposition of C;-SAM on ZnO, the best
PCE surged to 15.67%, which stands as one of the highest
values in the planar junction of PSC with ZnO as ETL. The
introduction of the C;-SAM resulted in an about 31%
enhancement of PCE and simultaneous improvement of all
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Table 1. Device Parameters of PSC with or without C;-SAM
Modification

PCE(%)
ETL Vo (V) J. (mA/cm?) FF (%) averaged  best
ZnO 0.99 19.12 0.63 9.81 11.96
ZnO/C;-SAM 1.07 22.51 0.65 14.25 15.67

the device parameters, e.g. Jsc increased from 19.12 to 22.51
mA/cm?, Vo from 0.99 to 1.07 V, and FF from 0.63 to 0.65. In
PSC, the device performance variation was typically observed
from batch to batch, and here we fabricated nearly one hundred
devices from more than ten batches to confirm the effect of C;-
SAM on the device performance. We found the PSC with bare
ZnO as ETL showed a yield of 47%, while the yield increased
to 70% with C;-SAM modification. Figure 3b showed the
statistic histogram of the device parameters. The device
performance of PSC with C;-SAM modification showed a
narrowed distribution of PCE (range: 13.05% to 15.67%, with
the averaged value of 14.25%). In comparison, without the Cs-
SAM modification, much lower PCE (averaged value 9.81%)
with a wide range (from 7.54% to 11.96%) was obtained. We
attributed the improved reproducibility to the evolved
morphology of CH;NH;Pbl; film on the C;-SAM surface.
The improved device performance and better reproducibility
unambiguously verified the significance of C;-SAM on PSC
optimization. The possible mechanisms for PSC performance
enhancement are explored below.

Enhanced Absorption. In PSC, fully absorbing the solar
irradiance is critical for high device performance. Here we
found the improvements of the CH;NH,PbI; perovskite film
morphology induced appreciable enhancement in its UV—
visible absorption spectrum. As shown in Figure 4a, the
absorption of CH;NH;PbI; perovskite film deposited on the
C;-SAM modified ZnO was significantly increased along the
range of 450—790 nm, which was attributed to the more
complete conversion of Pbl, into CH;NH;PbI; perovskite, as
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Figure 4. (a) UV—visible absorption spectra of perovskite films on
ZnO with or without C;-SAM modification, (b) ultraviolet photo-
electron spectroscopy of bare ZnO and ZnO/C;-SAM films, (c) steady
state PL spectra of perovskite films on bare ZnO and silica with or
without C;-SAM modification, and (d) transient PL spectra of
perovskite films on bare ZnO, ZnO/C;-SAM, and silica/C;-SAM
substrates.
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Table 2. Transient PL Species of Perovskite on ZnO and C;-SAM Modified ZnO

71

7, 73

substrates lifetime (ns) content (%)
ZnO 24 7.8
Zn0O/C5-SAM 2.0 21.0

lifetime (ns)
22.6
12.6

content (%)

11.7
62.8

lifetime (ns)
329.8
148.4

content (%)

80.5
16.2

demonstrated by XRD patterns (Figure 2e). Near the (110)
peak of the perovskite film, a diffraction peak at 12.7° appeared,
which was attributed to the (001) diffraction of Pbl, crystals.””
The existence of Pbl, was reported to originate from the
CH;NH;PbI; perovskite by release of the CH;NH;I
component during heating.***' The excessive amount of Pbl,
in CH;NH,PbI; perovskite was expected to be detrimental to
the device performance of PSC due to its electrical insulating
property,* although a passivation effect was observed with a
small amount of Pbl, at the grain boundaries.*® With
deposition of the C;-SAM, the intensity of this peak was
significantly reduced, indicating the more complete conversion
of Pbl, into the CH;NH;Pbl; perovskite structure. The
subsequent enhancement in the absorption with deposition of
C;-SAM would contribute to the charge generation, which
could be clearly seen in the EQE spectra (Figure SI,
Supporting Information).

Improved Energy Level Alignment. Interfacial contact of
PSC is critical for eflicient charge extraction. For the cathode
interface, lowered work function is favored due to the reduction
in charge extraction barrier. The deposition of C;-SAM on ZnO
is expected to tune the work function of the electrode surface
due to the formation of the permanent dipole moment. First,
we calculated the strength of the dipole moment of C;-SAM on
the ZnO surface by density functional theory (DFT) at the
B3LYP/6-31G(d) level using the Gaussian 03 program43 which
had been successfully applied in previous studies.**”*® The
calculation indicated the bonding of C;-SAM onto the ZnO
surface would induce the dipole moment directing from the
ZnO to perovskite with a strength of 3.14 debye. This dipole
moment is expected to lower the work function of ZnO by
bending the vacuum energy level. The UPS measurement
(Figure 4b) showed that the work function of ZnO is
appreciably lowered from 4.17 to 3.52 eV with deposition of
C4-SAM, which is more compatible with the CBM (—3.75 eV)
of the CH,;NH,Pbl; perovskite (see Figure 1b). The lowered
work function with C;-SAM deposition would improve the
energy level alignment and electronic coupling between the
ZnO and perovskite, which increased the carrier extraction and
charge generation. Also, the lowered cathode work function
would provide a larger built-in potential to facilitate the charge
transport. These effects would contribute to the increase in Jg,
FF, and Vo of PSC.*’

Reduced Trap States. The charge traps were typically
observed in perovskite film. Although these trap states were
reported to be extremely shallow (~10 meV),*® the reduction
of the trap states was demonstrated to improve the PSC
performance.'® These trap states were discovered to be greatly
related to the morphology of perovskite film,*"**" e.g.
crystallinity and grain size.”"***° One of the methods to
examine these trap states is the photoluminescence (PL)
technique.'® Here we studied the variation of the trap states
with deposition of C;-SAM by means of PL spectra. Figure 4¢
showed the steady state photoluminescence (ST-PL) spectra of
perovskite films on bare ZnO and C;-SAM modified ZnO,
which were excited at 409 nm, and detected at the band edge of
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the CH3;NH;PbI; perovskite films, e.g. from 700 to 850 nm. To
eliminate the influence of exciton quenching induced by the
ZnO, samples on silica with or without C;-SAM modification
were first examined. As shown in Figure 4c, compared with the
perovskite on silica, the PL intensity of perovskite on C;-SAM
modified silica was significantly increased. The ST-PL intensity
enhancement of perovskite film on silica with C;-SAM
deposition was attributed to the reduction of trap states
mediated PL behavior, which was reported to be detrimental
for light emission.”” Therefore, it was clear that the deposition
of C;-SAM significantly reduced the number of trap states due
to the improved morphology.

Similarly, the perovskite on C;-SAM modified ZnO exhibited
higher PL intensity than that without C;-SAM, which
reconfirms the reduction of trap states. The PL intensity of
the CH;NH;Pbl; perovskite film on the ZnO/C;-SAM is
significantly lower than that on the silica/C;-SAM substrates,
with nearly 85% of PL quenched. This was attributed to the
electronic coupling between the ZnO and perovskite.””
Interestingly, the PL intensity of the perovskite film on the
C;-SAM modified ZnO was even stronger than that on silica
substrates, resulting from an interplay of reduction of trap states
mediated PL and electronic coupling. In all, the enhanced PL
intensity with deposition of C;-SAM verified the reduction of
trap state defects in the perovskite film. This would suppress
the charge recombination and increase the exciton diffusion
length for highly efficient PSC.

Strengthened Electronic Coupling. The excitonic
relaxation dynamics of perovskite was demonstrated important
in determining the device performance,®® which was critically
related to the morphology of the perovskite film*® and the
electronic coupling with the charge carrier quenching layer.>!
Faster charge transfer or stronger electronic coupling favored
efficient charge generation and high PCE.*’ The transient PL
spectra of perovskite crystalline film with deposition of C;-SAM
on ZnO were studied to have an insight into the carrier
dynamics. As shown in Figure 4d, most excitons of the
CH;NH,PbI; perovskite film on silica substrate showed an
averaged lifetime of ~200 ns with nearly first order
decay,'®**°" although a little shorter lifetime species were
observed in the spectra. However, the carrier lifetime of
CH;NH,Pbl, perovskite film on either the ZnO or the C;-SAM
modified ZnO showed more complex charge dynamic
processes, which could be classified into three species shown
in Table 2. The decay component of 7; ~2 ns might come from
bimolecular recombination, and the decay component of 7,
~20 ns could be attributed to recombination of free carriers in
the radiative channel.*® Owing to the strong electronic coupling
between the CH;NH;Pbl; and the ZnO film, the PL decay
lifetime of perovskite on the ZnO with or without C;-SAM is
significantly reduced compared with that on the silica/C;-SAM
substrate. This is consistent with the PL quenching observed in
the ST-PL spectra. Notably, the free carrier decay time of
perovskite (7,) on the C;-SAM modified ZnO is appreciably
shorter than that on the bare ZnO. The faster charge transfer
rate indicated stronger electronic coupling between the ZnO
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and CH,;NH;Pbl; perovskite on C;-SAM modified ZnO. This
could be attributed to the more compatible energy level of ZnO
with the CBM of CH;NH,Pbl; film upon C;-SAM deposition.
Notably, although the C;-SAM induced faster electron transfer
favoring PL quenching, the deposition of C;-SAM, on the other
hand, led to trap-state reduction that should enhance the PL
intensity. The interplay of these two factors resulted in the
slightly increased PL intensity of perovskite on C;-SAM
modified ZnO, as compared to that on ZnO without SAM
(Figure 4c).

In addition, the long lifetime PL species was observed in the
perovskite film on ZnO with or without C;-SAM modification.
This could be attributed to the trap states mediated PL species.
Through fitting the transient PL spectra to the empirical
equation, we found that the number of the trap mediated PL is
remarkably reduced with the deposition of C;-SAM. Nearly
80% of the perovskite PL was emitted through the trap states
on the bare ZnO, while this portion was reduced to 16% with
insertion of C;-SAM. This result suggested the reduced number
of trap states with deposition of C;-SAM, which was consistent
with the ST-PL quenching discussed above.

B CONCLUSIONS

In conclusion, we have demonstrated a significant PCE
improvement of CH;NH;Pbl; perovskite solar cells from
11.96% (best) to 15.67% (best), as induced by inserting a self-
assembling monolayer of 3-aminopropanoic acid between the
ZnO and the perovskite. The deposition of the 3-amino-
propanoic acid resulted in the improved morphology of the
crystalline CH3;NH;PbI; perovskite film, the increased light
absorption of the perovskite film, the lowered cathode work
function, and the enhanced electronic coupling between the
ZnO layer and the perovskite film. All these factors contributed
to the 31% surge in the PCE value. Our work highlights the
effect of substrate properties on perovskite morphology control
and its application in PSC as an efficient strategy to improve
the device performance.

B ASSOCIATED CONTENT

© Supporting Information

Figure S1 showing the EQE spectra of perovskite solar cells
with or without C;-SAM modification. This material is available
free of charge via the Internet at http://pubs.acs.org.
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