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It has been attempted to preferentially orientate Pb-l layers in two-dimensional (2D) organic-inorganic hybrid perovskite thin films
(CH3(CH5)3NH3)>(CH3sNH3)Pb,l; perpendicular to substrates only by thermal annealing after spin coating of a reagent solution for improvements
in the energy-conversion-efficiency of solar cells. It is found from X-ray diffraction measurements that the ratio of diffraction intensity from the (202)
plane to that from the (060) plane becomes larger in thermally annealed (50 °C—135 °C) samples. This indicates that the Pb-I layer tends to grow
perpendicular to the surface of the substrate. In particular, the ratio has reached 8.2, which is larger compared with the ratio of 2.7 for the randomly
oriented powder sample, for the sample prepared on SnO, substrates. Such (202) oriented films seem to contribute to improvements in the energy-
conversion-efficiency of tandem-type solar cells utilizing the 2D perovskite thin films as an active layer of the top cell.

© 2023 The Japan Society of Applied Physics

1. Introduction

Organic—inorganic hybrid perovskite such as CH;NH;Pbl; is
one of the promising materials for next-generation solar cell
materials.' The highest energy-conversion-efficiency solar
cells utilizing perovskite materials as an active layer that has
been reached is 25.7% and will be improved furthermore.
However, dissolution and degradation of the materials by
moisture and oxygen are the most serious problems®” for
realizing solar cells with longer lifetimes.

Quasi two-dimensional (2D) perovskites have attracted
much attention as one of the candidates for alternative solar
cell materials.*>” The material has better hydrophobicity
compared with that of CH3;NH;Pbl; due to the existence of
alkyl chains such as CH3(CH,);— and thus is more stable
against moisture. One of the helpful utilizations of the 2D
perovskite materials is passivation of the surface of three-
dimensional perovskite such as CH;NH3Pblj;. '®) On the other
hand, 2D perovskite has also been applied to the active layers
of solar cells."”? For example, Ruddlesden—Popper 2D
(CH3(CH,)3;NH3),(CH3NH3),,_1Pb,I5,,; films have been
tried to apply to an active layer due to having the bandgap
energies ranged from 1.7eV to 2.3eV by modifying the
number of Pb-I layers n (n = 1 ~ 4),1922

It is known that the inorganic Pb-I layer grows perpendi-
cular to the surface of the substrate for the film of n > 3. This
orientation of the Pb-I layer is useful for the active layer in
solar cells because photoexcited carriers transport in such
layers to the direction of the thickness.'*® For n < 2
materials, however, the layer is known to grow parallel to the
surface of the substrate.'® In this case, organic cation spacers
between the layers inhibit the carrier transport in solar
cells.'”*% Thus, orientation control”®~> of the Pb—I layer
in 2D perovskites for n < 2 seems to be important for the
application of these materials to solar cells. Furthermore, the
bandgap energy is known to be larger (2.3 eV for n = 1 and
2.1eV forn = 2).'9) Thus, these materials can be used as an
active layer for the top cell of tandem-type solar cells.

It has been reported by some authors that the orientation of
the Pb-I layer can be controlled by modifying some
preparation conditions of the film, for example, the kind of
solvent,” rotation speed***> and isomeric reagents.’®
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Among them, there are some papers for the orientation control
of the layer for the n = 1 material. ”*%> However, there are few
papers trying the orientation control of the Pb-I layers for the
n = 2 material (CH3(CH,);NH;3),(CH3NH;)Pb,l;. Hereafter,
CH;(CH,);NH; and CH3;NH; are abbreviated as BA and MA,
respectively. That is, (CH;(CH,);NH;3),(CH3NH;3)Pb,l; s
expressed as (BA)>(MA)Pb,I;.

In this study, therefore, we have tried to prepare
(BA),(MA)Pb,I; thin films having the perpendicular orienta-
tion of the Pb-I layers to the substrate only by thermal
annealing after spin coating of reagent solution. To the
authors’ knowledge, this study is the first to do this.

2. Experimental methods

(BA)>(MA)Pb,I; thin films were prepared by a spin coating
method. Lead iodide (Pbl,), normal butylamine hydroiodide
(n-C4H;NHI) and methylamine hydroiodide (CHsNHI) were
used as reagents unless otherwise stated and N, N-dimethyl-
formamide (C;H,NO: DMF) was employed as a solvent.
Note that iso butylamine hydroiodide (iso-C4H; \NHI)*® was
also employed as a reagent. The solutions with concentra-
tions from 0.3 M to 1.5 M were stirred at 80 °C for 30 min
and then naturally cooled to RT. The concentration of the
solution was defined, for example for the case of 1 M, as the
ratio Pbl, : C4H;;NHI : CHsNHI = 1 mmol : 1 mmol :
0.5 mmol to 1 ml of DMFE.*”

Quartz glasses with dimensions of 2cm X 2cm and a
thickness of 0.5mm were employed as substrates. For
implementing 2D perovskite (BA),(MA)Pb,l; films in solar
cells, it seems to be important to investigate the trend of the
crystalline orientation of the material deposited on functional
materials, that is, the electron transport material (an n-type
semiconductor). It is known that SnO, is one of the candidates
for the electron transport material in perovskite solar cells.”"
In this study, commercially available type-VU by AGC Inc.
was tentatively employed as a SnO, substrate. The thickness of
the substrate was 0.9 mm and the dimension was fixed at
2cm x 2cm. For the cleaning of these substrates, they were
immersed in an organic solvent (Semico Clean 56) for 10 min
and then ultrasonically treated in ethanol for 10 min. Further,
these substrates were irradiated with ultraviolet light for
I5min and were heated to 115 °C in advance before

© 2023 The Japan Society of Applied Physics
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deposition of the film. Then, 100 ml of the solution was
dropped onto a substrate and spin-coated at 6000 rpm for 30 s.
After the spin coating, the samples were immediately annealed
for 5 min on a hot plate in air. The annealing temperature was
varied from RT to 150 °C. All these processes were performed
in air with a humidity less than 35%.

The thickness of deposited films was estimated by
observations of cross-sectional views of the film using a
scanning electron microscope (Hitachi S-4800). It is found
that the thickness ranges from 0.1 pm to 0.6 pm for almost all
the films. Except for those films, the thickness is found to
range from 1.1 um to 1.8 um prepared by spin coating the
solution with concentrations of 1.0 M and 1.5 M on the SnO,
substrate and annealed at 50 °C or higher.

The X-ray diffraction (XRD) patterns of the sample were
measured (Rigaku SmartLab) by 6-26 method using the
CuKa line for analyzing the structure and orientation of the
film. The acceleration voltage and current for the Cu target
were fixed at 45 kV and 200 mA, respectively. The resolution
of the diffraction angle was set at 0.01°. The measurement
was performed from 26 = 2° to 26 = 40° with a scan speed of
3° min "',

Figure 1 shows a schematic illustration of the crystal
structure for (BA)>(MA)Pb,I; and its (020) planes'*>? for an
example of (0k0) planes. When diffraction peaks from (0k0)
planes are preferentially observed, the Pb-I layer grows
parallel to the surface of the substrate as shown in this
figure.'”>? On the other hand, the diffraction peak from a
(h0l) plane, which is perpendicular to (0k0) planes because
this material possesses an orthorhombic system,'*”" be-
comes larger when the Pb-I layer tends to grow perpendi-
cular to the surface of the substrate. Thus, we evaluated the
orientation degree of the (202) plane (not shown in Fig. 1) in
this 2D perovskite thin film by defining the intensity ratio » as

r= Jeoy (1)
loeo)

in which /502, and g0, indicate integral intensities of the
diffraction peak from the (202) plane (260 = 28.3°) and (060)
plane (20 = 13.5°),'"3? respectively. Note that the intensity
of the diffraction peak from the (060) plane is the largest in
(0k0) planes for our XRD data so this peak seems to be
appropriate for a reference to the peak from the (202) plane
for evaluating the intensity ratio r. Also, note that the size of
the crystalline grain was estimated from Scherrer’s formula
using full width at half maximum of diffraction peaks.

Substrate

Fig. 1. (Color online) A schematic illustration of the crystal structure of
(BA)>,(MA)Pb,I;'” (020) planes is indicated as a guide for the eyes. Species
constructing the material are also indicated.
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3. Results and discussion

3.1. X-ray diffraction patterns of 2D perovskite
(BA)>(MA)PDb,I films

Figure 2 shows XRD patterns of deposited (BA),(MA)Pb,l;
films on quartz glass substrates with solution concentrations
of (a) 0.3 M, (b) 1.0M and (c) 1.5M for various annealing
temperatures as indicated in the figure. It is found that the
diffraction peaks from (0k0) planes of (BA),(MA)Pb,l; are
observed for all data. It is also found that little diffraction
peaks from the (202) plane at 26 = 28.3° are observed for
samples annealed at RT. This indicates that the Pb—I layer in
(BA)>,(MA)Pb,I; films annealed at RT after spin coating of
the solution grows parallel to the surface of the substrate,
which is the same result as that in Ref. 13. For such films, the
intensity ratios r are less than 1 (see Fig. 4).

On the other hand, the diffraction peaks from the (202)
plane can be observed for samples annealed at 50 °C or
higher after spin coating of the solution. The ratio  becomes
roughly in the range 1-2 in some films annealed at 50 °C or
higher after spin coating of the solution with the concentra-
tion of 1.0 M [see Fig. 2 (b)] and a film annealed at 100 °C
with the concentration of 1.5 M [see Fig. 2 (c)]. In such films,
the Pb-I layer slightly tends to grow perpendicular to the
surface of the substrate.

Figure 3 shows XRD patterns of (BA),(MA)Pb,I; films on
SnO, substrates with solution concentrations of (a) 0.3 M, (b)
1.0M and (c) 1.5M for various annealing temperatures as
indicated in the figure. It is found that the diffraction peaks
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Fig. 2. (Color online) XRD patterns of (BA),(MA)Pb,I; films deposited

on quartz glasses annealed at various temperatures after the spin coating of
the solution with concentrations of (a) 0.3 M, (b) 1.0 M and (c) 1.5 M. The
plane indices and annealing temperatures are also indicated.
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Fig. 3. (Color online) XRD patterns of (BA),(MA)Pb,I; films deposited

on SnO; substrates annealed at various temperatures after the spin coating of
the solution with concentrations of (a) 0.3 M, (b) 1.0 M and (c) 1.5 M. The
plane indices and annealing temperatures are also indicated.

from (0k0) planes of (BA),(MA)Pb,l; are observed for all
data and that little diffraction peaks from the (202) plane at
260 = 28.3° are observed for samples annealed at RT. This
indicates that the Pb-I layer in (BA),(MA)Pb,l; films
annealed at RT after spin coating of the solution grows
parallel to the surface of the substrate and the intensity ratios
r = Iyl os0)y are less than 1 (see Fig. 4). These results are
almost the same'® as those for films deposited on quartz
glass substrates shown in Fig. 2.

However, the diffraction peaks from the (202) plane can be
observed for all samples annealed after spin coating of the
solution. Further, the ratio r becomes larger than 3 for almost
all the samples except for one annealed at 135 °C after spin
coating of the solution with a concentration of 0.3 M (see
Fig. 4). Note that the ratio r for randomly oriented powder is
2.7°” (see a dashed line in Fig. 4). Accordingly, we can
conclude that the film has preferentially (202) oriented on
SnO,. In other words, the Pb-I layer on SnO, is oriented
perpendicular to the surface of the substrate in thermally
annealed (BA)>,(MA)Pb,I; films.

It is noted that the grain size of the film seems to be
independent of the annealing temperature. That is, the grain
sizes for (060) and (202) planes are roughly 50 £ 10 nm and
60 + 10 nm, respectively.

Figure 4 summarizes the intensity ratio r defined as Eq. (1)
in 2D perovskite (BA),(MA)Pb,I; thin films deposited on
glass (open circles) and SnO, substrates (closed circles) as a
function of annealing temperature. It is found that the
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Fig. 4. (Color online) The intensity ratio r of the (BA),(MA)Pb,I; films

deposited on quartz glasses (closed symbols) and SnO, substrates (open
symbols) as a function of the annealed temperature. Blue circles, red triangles
and green squares indicate data for the film prepared using the solution with

concentrations 0.3 M, 1.0 M and 1.5 M, respectively. The ratio r = 2.7 for

randomly oriented powder'® is also indicated by a dashed line.

intensity ratio r becomes larger when the sample is thermally
annealed after spin coating compared with those of samples
kept at RT. Such a trend is observed for all samples prepared
from each concentration of the solution. It is also found that
the ratio r is larger for samples deposited on SnO, compared
with those on quartz glass. In the former substrate, the ratio r
reaches to 8.2 for a film annealed at 135 °C after spin coating
of the solution with a concentration of 1.5M [see also
Fig. 3(c)]. Note that the ratio r roughly tends to decrease
for higher annealing temperatures for all samples, especially
at 150 °C.

It seems to be worth mentioning here that we have also
tried to prepare (202) oriented (BA),(MA)Pb,I; films using
iso-C4H,;NHI*® as one of the reagents. It has been reported
that (BA),(MA);Pby,l,3, which corresponds to n = 4 material
for the (BA),(MA),_,Pb,l5, 1 group, can be deposited as
(202) orientation.”® That is, iso-C4H;;NHI may play arole in
the Pb-I layer growing perpendicular to the surface of the
substrate. However, in this study, no (202) preferential
orientation film was observed (not shown) for
(BA),(MA)Pb,I; films under almost the same deposition
conditions described in the Sect. 2.

3.2. Crystalline orientation of (BA)>(MA)Pb.l; films

We have found in this study that Pb—I layers, which act as a
current pass for electronic devices'® such as solar cells, in
(BA),(MA)Pb,I; films can be oriented perpendicular to the
surface of the substrate only by thermal annealing of the spin-
coated reagent solution. We think that the interaction
between the surface of the substrate and the 2D Pb-I slabs of
(BA),(MA)Pb,I; in the solution seems to be larger for the
surface of the slab but not for the edge. Thus, the Pb-I layer
originally tends to grow parallel to the surface of the
substrate. Such films would essentially exhibit (0k0) orienta-
tion as shown in our data for films annealed at RT. On the
other hand, the energy of the Pb—I 2D slabs would be higher

© 2023 The Japan Society of Applied Physics
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than that at RT when the solution just spin-coated is 7)
thermally annealed. Consequently, the slab of the Pb-I layer
becomes unstable and thus tends to have a perpendicular ®
component to the surface of the substrate. 9)
For thermally annealed films, the intensity ratio r [Eq. (1)]
becomes larger for films deposited on SnO, substrates (r > 3)  10)
compared with those on quartz glass substrates (r < 2) as 1)
shown in Fig. 4. We guess epitaxial-like growth of 12
(BA)>,(MA)Pb,I; slab occurs at the surface of microcrystal-  13)
line SnO, substrate. 14
4. Conclusions 19)
We have tried to prepare 2D perovskite (BA),(MA)Pb,I,
films having (202) orientation for applying this material to 16)
solar cells. We have demonstrated that (BA),(MA)Pb,I; films 17)
having (202) orientation can be prepared only by thermal 18)
annealing of the film at 50 °C-150 °C just after the spin
coating of the solution. The intensity ratio r reached an 8.2 19)
maximum. This material has a wide bandgap energy of 5
2.1eV so that such perpendicularly oriented 2D perovskite  21)
films could be utilized as an active layer of top cells in
tandem-type solar cells. Further experiments and 22)
simulations**>* are needed to elucidate the mechanism of 23)
the crystalline orientation of 2D perovskite films.
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