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ABSTRACT: Reduced-dimensional (RD) perovskite solar cells (PSCs) are 24
emerging as highly attractive alternatives to three-dimensional (3D) PSCs due 920,,
. . . . - - 20+ 17.91% 79,
to their dramatically improved environmental stability and photostability. o
Diamine-based RD perovskites with a single organic amine interlayer possess 16- 15.10% e,
orderly inorganic sheets and a smaller insulation area, indicating great potential » BDA + BA 1
9o

in combining high efficiency and long-term stability. Here, we report an efficient
and stable RD PSC based on 1,4-butanediamine (BDA). We found that the
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BDA-based RD perovskite exhibits improved crystallinity, reduced trap-state ¢4 - 99991.:| 9479999 ].°
densities, and enhanced charge mobility compared to those of butylamine (BA)- D> 042200402000 GlN
based RD (BA-RD) perovskite. A high power conversion efficiency of 17.91% | — p—r " }
was achieved with negligible hysteresis. Moreover, the device showed improved 00 02 04 06 08 10 1.2
stability compared to those of BA-RD and 3D films and devices. The findings Voltage (V)
may inspire new developments in introducing organic diamine for efficient and
stable RD PSCs.
rganic—inorganic hybrid halide perovskite solar cells of 2D perovskite can be attributed to the hydrophobic nature
(PSCs) have attracted intensive attention due to their of the bulkier cations. The introduction of an organic
unprecedented development in power conversion efficiency ammonium cation allows 2D perovskites to exhibit greatly
(PCE) exceeding 24.2% in just a few years." However, the suppressed ion migration,” a large formation energy,” and
typical three-dimensional (3D) perovskites (e.g., ultralow self-doping."’
CH;NH,Pbl;) usually suffer from poor stability under The special bulkier organic amine employed in RD
humidity, heat, light, and oxygen.z Reduced-dimensional perovskites have a strong influence on the overall proper-
(RD) organometal halide perovskites have been shown to ties,"' ~'® which can be classified on the basis of differently
potentially combine high efficiency and long-term stability due structured RD perovskites:”’lg (a) monoamine, e.g, PEA"
to the perovskite dimension being reduced from a 3D phase to and BA,*® (b) diamine, e.g, 1,4-butanediamine (BDA) and
a two-dimensional (2D) phase.3 The small organic cations 1,3-propanediamine (PDA);ZO_ZZ and (c) guanidine (GA)-23
(e.g, MA*, FA*, and Cs*) in the 3D structure were partly The RD perovskites are dominated by monoamine, commonly
substituted by the bulkier organic ammonium cations, e.g,, 2- being Ruddlesden—Popper (RP) phases with the a structural
phenylethylammonium (PEA*)** and n-butylammonium formula of (R-NHj;),(MA), ,Pb,X;,,;, where pairs of
(BA*),"” and the 3D perovskite structure was then tailored interdigitated interlayer (R-NH;)* are between inorganic
into a 2D layered structure due to the presence of bulkier
cations, where an inorganic layer of a corner-sharing PbX*~ Received: March 15, 2019
octahedral sheet was sandwiched by bulkier organic Accepted: April 22, 2019
ammonium cations.” The increase in the long-term stability Published: April 22, 2019
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Figure 1. RD perovskite structure and optoelectronics. (a) Schematic representation of BDA-RD and BA-RD perovskites. (b) Absorption spectra
of BDA-RD, BA-RD, and 3D perovskites. (c) PL spectra of BDA-RD, BA-RD, and 3D perovskites.

sheets.”” The less implemented diamine is the Dion—Jacobson
(DJ) phase with a structural formula of (NH;-R-NH;)-
(MA),_Pb,X;,.; and require only one (NH;-R-NH;)*" per
formula unit.'">*** Then, GA was reported to prepare an
alternating cation in the interlayer space (ACI) phase of
(GA)(MA),Pb,1,,,,." "** Moreover, guanidinium bromide can
reduce the extent of perovskite nonradiative recombination,
achieving a high V. of 1.21 V in a p-i-n device.”

To date, however, the most commonly used organic amines
for RD perovskites are a flexible alkyl chain and a simple
aromatic monoamine. For example, in recent years, a hot-
casting method increased the efficiency of the BA-based RD
PSCs to 12.5% with n 4.7 Then, employing 2-
thiophenemethylammonium (ThMA) RD PSCs, the efficiency
was improved to 15.42% with n < 6 by MACI-assisted
crystallization.”® As the number of inorganic sheet layers
increased, Quan et al. reported a BA-based RD perovskite PSC
PCE of 15.36% with n = 60,” and Yang et al. further improved
the efficiency of quasi-2D (or RD) PSCs with mixed-
dimensional components employing 3-bromobenzylammo-
nium (3BBA) to 18.20%.”” In fact, less frequently applied
diamine-based RD perovskites have not only a rich configura-
tional stereochemistry with the inorganic sheets being able to
stack in an orderly arrangement but also enhanced stability due
to a single (NH;-R-NH,)?* layer of elimination of the van der
Waals gap in an organic spacer' "*****” and a short interlayer
distance. Therefore, RD perovskites with an organic
diammonium cation have great potential in combining high
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efficiency and long-term stability.”" Recently, a series of
diamine-based RD PSCs have been reported, containing 3-
(aminomethyl)piperidinium (3AMP) or 4-(aminomethyl)-
piperidinium (4AMP) cations for RD PSCs with n = 4, with
a PCE of 7.32%;" 1,4-phenylenedimethanammonium
(PDMA) as a spacer group for FA-based RD perovskite solar
cells gave an efficiency of 7.11% with n = 4.”* PDA-based RD
PSCs yield a PCE of 13.0% with n = 4,”' and this PSC
efficiency was further improved to 13.3% with n = 4 showing
ultrahigh stability.”> However, compared to the monoamine-
based RD PSCs, the diamine-based series regretfully showed
poor efficiency.

Here, we demonstrate that 1,4-butanediamine iodide
(BDAL,)-based RD PSCs can exhibit a competitive PCE and
stability compared to those of reported monoamine-based RD
PSCs. The single-layer BDA, inducing a shorter inorganic sheet
distance and orderly inorganic sheets, enabled the RD
perovskite films to exhibit a high charge mobility, a low trap
density, and a near single-crystalline crystal. The best-
performing RD PSC exhibited a PCE of 17.91% with negligible
hysteresis. The PSCs also exhibited excellent stability with an
84% initial PCE tested in ambient air without any
encapsulation. Note that the RD perovskite films were
prepared by a simple one-step method in ambient air
irrespective of the humidity (20—80%). This prominent result
is sufficient for the compound to compete with current
champion RD PSCs using BA and PEA organic monoamine.
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Figure 2. Characterizations of RD perovskites. (a) XRD diffraction patterns of BDA-RD and BA-RD perovskites. (b) TRPL spectra for bare BDA-
RD and BA-RD perovskites. (c) SEM image for BDA-RD. (d) SEM image for BA-RD.

This work may open an avenue for organic diamine application
in RD perovskites for highly efficient and stable PSCs.

The RD perovskite precursor solutions are synthesized by
introducing BAI/BDAI,, MACI, and Pbl, according to
structural formula BDAMA,_,Pb,X;,,; (n 5)/
(BA),MA,_,Pb,X;,,, (n = S) (see the experimental section
for details). The most common BA-based RD (BA-RD)
perovskite consists of two layers of interacting BA, while the
BDA-based RD (BDA-RD) perovskite comprises only a single
BDA interlayer between the inorganic sheets (Figure 1a)."”'®
The feature of a single organic interlayer spacer in BDA-RD
perovskite predominantly determines a series of prominent

photoelectric properties. ' The single organic interlayer has
less disorder, which induces an orderly arrangement of
inorganic sheets. In contrast, a double organic cation interlayer
interacting with the van der Waals gap exerts a flexible stack,
which induces an disorderly arrangement of inorganic sheets
(red square in Figure 1a).'"”* In addition, a single BDA
interlayer significantly possesses an insulation area smaller than
that of the double BA interlayer in RD perovskite.'"*' The
distances from the adjacent 21 to the connecting organic amine
are calculated to be 4.18 and 7.27 A for BDA-RD and BA-RD
perovskites, respectively.”””*' These features of BDA-RD will
produce effective charge transport and a high-quality crystal.
To analyze the two structures of n (the number of inorganic
octahedron layers) distribution, the optical characteristics of
BDA-RD and BA-RD were first investigated by ultraviolet
visible (UV—vis) (Figure 1b) and photoluminescence (PL)
spectra (Figure 1c). As the UV—vis and PL data show in panels
b and ¢ of Figure 1, respectively, the spectra of BDA-RD and
BA-RD appeared to be similar, which pointed to a similar n-
distribution feature in each system. Furthermore, as opposed
to the 3D form, we can observe a broad and misty absorption
edge near 500 nm, which is similar to that of BDA-2D and BA-
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2D (n = 1). The result might be due to the small number
formation of the 2D structure; we speculate such a low-n
structure may contain n = 1 or n = 2 components.s’zml’32 A
low-n region will be beneficial for ambient stability considering
the dense distribution of hydrophobic alkyl chains.” Notably,
the preparation of a 3D perovskite film is fully consistent with
that of RD perovskite. In the range of 750—800 nm, the blue-
shifted sharp absorption edge with respect to the 3D form
confirmed formation of a quasi-2D (or more 3D) structure,
which demonstrated a large number of high-n structures were
formed, which may contain n = 10—40 components.”** Due to
the smaller insulation area, the structure of the BDA-RD high-n
region will tend to “more 3D” structure, which will contribute
to better charge transfer performance in a high-n region of
BDA-RD.”""** The results reflect the fact that our RD
perovskite structure consists of a high-n structure doping low-n
component (Figure 1a). Similarly, the PL spectra of BDA-RD
and BA-RD appeared to exhibit a clear blue-shift of ~10 nm
with respect to 3D PL (Figure 1c). No small wavelength
emission peak in the PL spectrum can be explained by fast
energy transfer from a doping low-n region to a high-n region,
inducing the emergence of a large absorption peak.”>™**

We investigated the crystallinity of the BDA-RD and BA-RD
perovskite films using X-ray diffraction (XRD) (Figure 2a).
Two dominant planes were observed at diffraction angles of
14.11° and 28.44°, representing the (111) and (202)
crystallographic planes, respectively, which indicate that both
RD perovskite films possess favorable crystallinity and an
oriented crystal structure.”***” However, compared to BA-RD,
BDA-RD has a dramatically stronger diffraction peak intensity
and more pure diffraction peaks of (111) and (202), which
suggest that the crystallinity of BDA-RD is superior to that of
BA-RD.'”*’ The large enhancement of XRD intensity can be
attributed to a regular inorganic sheet stacking in BDA-RD
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J. Phys. Chem. Lett. 2019, 10, 2349—2356


http://dx.doi.org/10.1021/acs.jpclett.9b00750

The Journal of Physical Chemistry Letters
b

/nm’’

q,/nm

d Electron Transport Layer e Electron Transport Layer f Electron Transport Layer

Nooe. 5o @M - 55000 dN 020004
¢ \r\;\' $ 8 WWV’? F e eT e e

Do \wf‘& ' y{;{ - 990¢|: |99 ,hu,ﬁvy\?
\? V dlﬁrfncww

Figure 3. GIWAXS images and charge transport diagrams. (a) GIWAXS map for 3D perovskite, prepared by the same approach as RD perovskites.
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perovskite (Figure 1a). Time-resolved PL (TRPL) was used to bulkier organic amine effectively hinders the growth within the
study the kinetics of excitons and free carriers in BDA-RD and planar PbX¢" and MA', indicating that vertically oriented
BA-RD perovskite films (Figure 2b).”"?® The sample is bare crystal growth is easier after the introduction of an organic
RD perovskite deposited on a quartz substrate. The TRPL amine.’ In the GIWAXS patterns for BDA-RD and BA-RD, the
profiles were fitted to the exponential decay, by which we diffraction spots representing the (111) and (202) planes of
estimated carrier average lifetimes of BDA-RD and BA-RD of the orthorhombic structure of BDA-RD were stronger than
57.80 and 29.94 ns, respectively.””*” The enhanced lifetime of those of BA-RD, which is highly consistent with the XRD
BDA-RD suggested a reduced level of nonradiative recombi- pattern (Figure 2a), affirming a single BDA interlayer
nation associated with a lower defect density, which will contributes to a more orderly crystal arrangement. It is
facilitate effective carrier tr;insport.21’26’39_41 We further worth noting that at g < 10 nm™' of BDA-RD and BA-RD, we
studied the impact of monoamine BA and diamine BDA on can observe (020) and (040) planes representing the n = 2

the morphology of films using scanning electron microscopy component, which affirms our RD perovskite structure consists
(SEM). An expected finding is that, as shown in panels c and d of a high-n structure doping low-n component.”” °In general,

of Figure 2, the BA-RD film presents severe dips on the grains; G.IWAXS pattern  diffraction spots correspond to XRD
in contrast, the BDA-RD film has almost no dips on the grains diffraction peaks. However, we cannot observe XRD diffraction

with sizes ranging from 100 to 1000 nm. To confirm the p.eaks Of_ (020? and (040) (Figure 2a), which is due to much
morphology of the two films, we show larger-area SEM images hlgher 1nten§1ty (111) and (202) Peaks. Therefore, the
of BDA-RD and BA-RD in Figure SI1. As one can clearly see, ordinate y-axis of the XRD pattern is on a log scale; the
BDA-RD is more compact and shows a no dip surface picture is shown in Figure S2. As expected, the obvious (020)

morphology over a wide range, confirming the enhance d and (040) diffraction peaks can be found in both RD
crystallinity, which is consistent with the XRD results.”® The perovskite XRD patterns, which is consistent with GIWAXS

. data.
iiense ﬁltml avmd; t},le Ci’}? tacft be;w:en tfhe }}11(,)1; andf electron To further assess the trap density and charge carrier mobility
;::isczgr _ayen laying the foundahion for high-performance of RD-BDA and RD-BA perovskite, we measured the dark

current—voltage —V) response of the electron-only and
To further investigate the RD perovskite structure and ge Jo=V) resp 7

) ) ] hole-only devices. As shown in Figure S3, the J,—V curve of
growth orientation with respect to the substrate, we performed the blue and orange region indicates the Ohmic response of a
grazing incidence wide-angle X-ray scattering (GIWAXS) trap-filling process. The electron and hole trap-state densities
analysis. The GIWAXS of 3D perovskite was also prepared were calculated by the trap-filled limit voltage using the
for comparison. As one can clearly see in Figure 3a, the 3D film equation®’
exhibited stronger intensity diffraction rings along certain
extended arc segments, indicating a random crystal orienta- N = 2e0€, VgL

tion.””*** On the contrary, the sharp and discrete Bragg spots t qL*

along the same rings in both RD perovskites can be observed

in panels b and ¢ of Flgure 3, which demonstrated an ordered where Vg, is the onset voltage of the trap-filled limit region, €,

crystal orientation. 72645 The phenomenon suggests that the is the relative dielectric constant (&, = 25), &, is the vacuum
2352 DOI: 10.1021/acs.jpclett.9b00750
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Figure 4. Device structure and performance measured under 100 mW cm™> AM1.5G illumination of BDA-RD and BA-RD PSCs. (a) Device
structure. (b) J—V characteristics of the best device. (c) Histogram of PCEs of 48 measured devices, fitted with a Gaussian distribution (black line).
(d) J-V curves of BDA-RD and BA-RD PSCs under different scanning directions. (e) EQEs of the best BDA-RD and BA-RD devices. (f)
Stabilized current density and power output of BDA-RD and BA-RD PSCs.

permittivity, L is the thickness of RD perovskite films, and q is
the elemental charge. As shown in Figure S3, the BDA-RD film
demonstrated electron and hole trap densities higher than
those of the BA-RD film. The result is mainly attributed to
improved crystallinity and no pinhole surface of the BDA-RD
film with a regular inorganic sheet arrangement. The traps are
actually the nonradiative recombination centers, which lead to
deterioration of the resulting photovoltaic performance.
Therefore, the low-trap density film is indispensable for the
further enhancement of the performance of RD PSCs. In the
trap-free space charge limit current (SCLC) regime (green
region in Figure S3), the electron and hole mobilities can be
estimated via the Mott—Gurney law:*’

D 313
where V}, and Jp, are the applied voltage and applied current,
respectively. The calculation results show that BDA-RD
perovskite possesses more balanced and higher electron and
hole mobilities of 1.14 X 1073 and 1.67 X 1073 cm? V™! 57}
respectively, compared to those of BA-RD (1.21 X 107 and
141 X 1076 cm® V7! 57!, respectively). The effective charge
transfer of BDA-RD perovskite is due to not only improved
crystallinity and better film quality but also a shortened organic
amine layer distance, which reduces the negative impact of
insulation on charge transfer.”** To better understand the
effect of a shortened insulation distance on charge transfer, we
simulate the charge transport diagrams of 3D, BA-RD, and
BDA-RD in panels c—e of Figure 3, respectively. As shown in
Figure 3c, although the lateral charge transfer of the 3D
perovskite is not impeded by the insulating interlayer, the
disordered crystal orientation hinders vertical charge transport.
Note that oriented RD perovskites present effective vertical
charge transport channels but hindered lateral charge transport
by the insulted area. However, the smaller insulation area of
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BDA-RD has a smaller barrier on the lateral charge transport,
and we can consider that BDA-RD perovskite is similar to 3D
perovskite with a vertical crystal orientation, which will
contribute to faster and more efficient charge transport.
Having found evidence of RD perovskite thin films with
excellent crystallinity and photophysical properties, we move
on to fabricate plane heterojunction solar cells with poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PE-
DOT:PSS) and [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) as charge extraction layers. The specific device
structure can be seen in Figure 4a. Current density and voltage
(J-V) curves of the optimized BDA-RD and BA-RD devices
are shown in Figure 4b, in which the highest PCE of a BDA-
RD device reached 17.91% with a V. of 1.09 V, a ], of 22.25
mA cm™?, and a fill factor (FF) of 73.65%, while a PCE of
15.10% with a V,_ of 1.04 V, a J,. of 18.46 mA cm™2, and a FF
of 78.67% was achieved with the BA-RD device. Compared to
those of previously reported diamine-based RD perovskite
PSCs (Table S1), we achieved the highest PCE. This can be
attributed to the improved crystallinity and efficient charge
transport of BDA-RD perovskite. The external quantum
efficiency (EQE) is compared in Figure 4e, matched well
with absorption spectra. The integrated current from the EQE
spectrum yielded net current densities of 21.03 and 17.28 mA
cm™? of BDA-RD and BA-RD, respectively, in good agreement
with the J,. obtained from devices. In addition, the PCEs of
both RD PSCs were also consistent with that acquired from
the steady-state power output measurements by controlling the
voltage at the maximum power point shown in Figure 4f. For
comparison, our devices achieved V. values higher than those
of usual PEDOT:PSS-based devices, such as the V_ of 1.01 eV
reported for BA-based devices (n = 4) with a parallel device
structure,” attributed to the lower level of nonradiative
recombination in films.”® This illustrates that BDA-RD
perovskites show a promising improvement in V. and could

DOI: 10.1021/acs.jpclett.9b00750
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be allowed to have great potential as the top cell in a tandem
solar cell.*” Moreover, our results indicate that high-perform-
ance BDA-RD PSCs can be repeatedly fabricated using a
simple and effective annealing-assisted solution process
(AASP) method, which keeps a constant substrate temperature
during the solution processing. The basic steps for preparing
perovskite films are schematically described in Figure S4. Note
that the device performance is strongly associated with the
substrate temperature (Figure SS and Table S2), the annealing
temperature (Figure S6 and Table S3), and the precursor
concentration (Figure S7 and Table $4).>° The PCE
distribution of the devices using BDA-RD and BA-RD
perovskite is compared in Figure 4c, and the V,,, J,, and FF
distributions of both devices are shown in Figure S8, which
demonstrate excellent reproducibility with an average PCE of
>16% for BDA-RD and >14% for BA-RD. Interestingly, the
efficiencies of both RD PSCs are even higher than that of 3D
PSC with the same preparation methods (Figure S9), which
might be due to oriented crystal growth effectively facilitating
the extraction of charge in the transport layer.

Moreover, as presented in Figure 4d, both RD PSCs
exhibited negligible hysteresis light ]—V curves with different
scanning directions, indicating that the efficiencies measured
for our RD PSCs with stable -V curves are reliable. One
possible reason is the fullerene PCBMs interact with mobile
ions in perovskite to form a fullerene halide radical,>* which
can stabilize electrostatic properties, reducing the electric field-
induced anion migration and thus resulting in no hyste-
resis.””*> The possible contribution of the good interfaces
between the perovskite films and charge-transporting layers
(i.e., PEDOT:PSS and PCBM) cannot be ruled out in light of
our recent report on hysteresis-free devices based on the same
charge-transporting layers of PEDOT:PSS and PCBM.
Another important reason may be the suppressed ion
migration and self-doping in RD perovskite films.

Another favorable advantage of BDA-RD perovskites is the
great stability compared to those of BA-RD and 3D
perovskites. We simultaneously investigated the long-term
stability of BDA-RD, BA-RD, and 3D films, all of which were
exposed under ambient conditions with a relative humidity of
~60%. As shown in Figure S10, no Pbl, peak was observed in
the BDA-RD perovskite film after 127 days, while the 3D and
BA-RD films exhibited strong and weak PbI, peaks,
respectively, after ~110 days. It should be noted that 3D
weak Pbl, peaks appeared after only 35 days, which is
attributed to RD perovskites being more stable to humidity
than 3D perovskites, due to dense hydrophobic alkyl chains in
the low-n region of RD perovskite avoiding direct contact with
water in air. Another significant decomposition feature is the
increased (202) shoulder peak intensity of BA-RD perovskite
after 115 days, while this shoulder peak of BDA-RD perovskite
is almost unchanged after 254 days (Figure S10). We also
tested the long-term stability of BDA-RD, BA-RD, and 3D
PSCs in ambient air without any encapsulation (Figure S11).
The BDA-RD device retained 84% of its original PCE after
1182 h, while the device with BA-RD and 3D perovskites gave
levels of their initial PCE of 73% after 1176 h and 39% after
1008 h. Figure S12 shows the normalized PCE, V, J,, and FF
as a function of testing time under continuous 1 sun
illumination. After constant illumination for 298 h, the BDA-
RD PSC retained 90% of its original PCE, while BA-RD PSC
gave 73% of its initial PCE. For BDA-RD PSC, there is a
significant degradation in V. or J,, while all parameters (V,,,
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Joo and FF) for BA-RD appeared to decrease significantly. This
result indicates that BDA-RD PSC has not only better
humidity stability than BA-RD PSC but also better continuous
illumination stability. The stability decreased in the following
order: BDA-RD > BA-RD > 3D perovskite. The low-n region
of RD perovskite, including high-density organic amine, can
effectively resist water in air and suppress ion migration, which
induce improved stability for RD perovskite compared to that
of 3D perovskite. Moreover, the fact that the BDA-RD
perovskite films and corresponding solar cells were more stable
than the BA-RD perovskite can be attributed to the following.
(1) There is an unstable van der Waals gap between BA in BA-
RD perovskite, while no such gap exists in BDA-RD
perovskites. (2) BDA-RD perovskite exhibited improved
crystallinity, inducing the more compact and stable crystal
structure. (3) BDA-RD perovskite has a density of defect states
lower than that of BA-RD perovskite and is less likely to be in
contact with ambient air.

In summary, we demonstrated a highly efficient RD PSC
with a single organic amine interlayer by employing BDA as
the bulkier organic cation. The high-quality films of BDA-RD
perovskite with improved crystallinity and low trap density can
be obtained by a simple one-step method in ambient air
irrespective of the humidity (20—80%). The fabricated BDA-
RD perovskites remarkably improve crystallinity, reduce trap
density, and facilitate charge transport. The excellent
crystallinity and charge transfer performance yield significant
enhancements in PCE from 15.10% (BA-RD) to 17.91%
(BDA-RD) as well as markedly improved stability. The merits
of high efficiency and great stability, together with the solution
processability and fabrication in ambient air irrespective of
humidity, promote the application of organic diamine in RD
perovskites for real products.
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