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Abstract:

The performance of three-dimensional (3D) organic-inorganic halide perovskite solar cells (PSCs)
can be enhanced by surface treatment with 2D layered perovskites that have efficient charge
transport. We maximized hole transport across the layers of a metastable Dion-Jacobson (DJ) 2D
perovskite that tuned the orientational arrangements of asymmetric bulky organic molecules. The
reduced energy barrier for hole transport increased out-of-plane transport rates by a factor of 4 to
5, and the power conversion efficiency (PCE) for the n=1 2D PSC was 4.9%. With the metastable
DJ 2D surface layer, the PCE of three common 3D PSCs was enhanced by ~12-16% and could
reach ~24.7%. For a triple-cation-mixed-halide PSC, 90% of the initial PCE was retained after
1000-h of 1-sun operation at ~40°C in No2.

One-Sentence Summary:

Metastable Dion-Jacobson 2D perovskite surface layer based on asymmetric bulky organic
molecules reduced the energy barrier for hole transport, leading to highly efficient and stable

perovskite solar cells.
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Main Text:

Perovskite solar cells (PSCs) are a promising photovoltaic (PV) technology and certified
power conversion efficiencies (PCEs) as high as 25.5% have been reported (1). Despite this high
performance, device stability hinders their commercialization. Efforts to improve device stability
include defect passivation, contact layer modification, and encapsulation (2-5). The use of two-
dimensional (2D) perovskite as the interfacial modification layer has great potential for addressing
surface defects, in particular to improve the stability and efficiency of PSCs (6-8). The
Ruddlesden-Popper (RP) 2D layered perovskites that are based on bulky cations, such as
phenethylammonium (PEA*) or butylammonium (BA*), have been widely applied to the surface
of 3D perovskite thin films to decrease defect densities and enhance device stability (8-11). Such
bulky organic cations often self-assemble into a barrier layer that protects against surface water
adsorption or ingress. However, bulky-cation-based 2D structures often exhibit anisotropic and
poor charge transport across the organic layer and are susceptible to charge-extraction barrier

formation that inhibits efficient device operation (12-14).

We show a rational design strategy to maximize the out-of-plane hole transport based on a
metastable Dion-Jacobson (DJ) 2D perovskite surface layer with a reduced transport energy barrier
by using asymmetric bulky organic molecules, leading to highly efficient and stable perovskite
solar cells. Our general design strategy to maximize the out-of-plane charge transport in 2D
perovskites is illustrated in Fig. 1. Because the free electrons and holes are localized in the
conduction band minimum (CBM) and valence band maximum (VBM) of the [Pbls] planes,
respectively, and due to the long distance between two adjacent [Pble] planes, the out-of-plane
charge transport must traverse the bulky cationic organic layers. Thus, it is mainly limited by two
factors: (i) the low carrier mobility within the organic layer; and (ii) the energy barrier between
the [Pble] planes and the bulky organic cations. To mitigate the first limit, DJ 2D structures based
on a short and single layer of divalent organoammonium cations (15-18) are generally more
preferable than the RP 2D structures based on double layers of monovalent organoammonium
cations (19). To mitigate the second limiting factor, the band offsets between the [Pbls] planes and

the bulky cationic organic layers need to be optimized.
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Figure 1. Design concept. (A) Hlustration of band offsets between [Pble] planes and bulky organic
cations with a weaker and stronger degree of H-bonding. For clarity, the inorganic framework
orbital diagram is omitted in the middle of the panel. (B) Two possible arrangements of asymmetric
DMePDA?* cations and the sole arrangement of symmetric BDA?* cations. (C) HSE+vdW
calculated total DOSs of the organic cations in BDAPbls, DMePDAPbIs-1 (with orientation-1 in
(B)), and DMePDAPbIs-2 (with orientation-2 in (B)). The VBMs were set to 0.0 eV.

The coupling (interaction) between [Pbls] planes and the organic cations is through
hydrogen bonding, and the change in the bonding strength can affect the band offsets (20). For a
weaker hydrogen bonding configuration, the bonding states of the bulky organic layers are
normally at higher energy position which brings them nearer the VBM of the [Pblg] planes (Fig.
1A). This effect leads to a smaller band offset or barrier for hole transport between the [Pbls]
inorganic planes and organic cations. Because of the spin-orbital coupling of Pb 6p orbitals, the
antibonding states of the organic layers are much higher than the CBM of the [Pbls] planes. Thus,
a DJ structure with weaker hydrogen bonding should improve hole transport. Yet, a weaker

hydrogen bonding (or H-bonding) configuration generally means a less stable structure. Thus, a
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metastable DJ 2D structure with short cationic organic layers could in principle facilitate out-of-

plane hole transport.

A rational strategy to induce the desired metastable H-bonding motifs in DJ 2D structures
is to use asymmetric diammonium cations in lieu of symmetric straight chain divalent cations. For
example, both N,N-dimethyl-1,3-propane diammonium (DMePDA?*) and 1,4-butane
diammonium (BDA?*) form DJ 2D structures with short interlayer distances (19). Whereas BDA?*
is symmetric and features two terminal primary ammonium ions on the butyl (C4) chain,
DMePDA?* is asymmetric with a primary ammonium on one end and a dimethyl-substituted
tertiary ammonium on the other end of the propyl (C3) chain. The “head or tail” H-bonding options
for the DMePDA?* molecules are asymmetric, giving rise to different possible relative orientations
of the adjacent molecules, and the different H-bonding interactions possible within the [Pble]
planes could lead to both stable and metastable energy polymorphs of the 2D structure (see Fig.
1B). The alternating relative head-to-tail alignment of adjacent DMePDA?* cations (most stable
orientation configuration) provides a larger compensation for overall structural relaxation than
other orientation arrangements. In contrast, the symmetric BDA?* molecule has only one possible

orientation configuration (Fig. 1B) and cannot form metastable polymorphs.

We further examined single-crystal 2D DJ structures from BDAI2 and DMePDAI2 and
conducted first-principle calculations to verify our design strategy. We found that 1,3-propane
diammonium diiodine (PDAI2)—which is often assumed the shortest diamine (15, 21) to form DJ
2D perovskites—templated Pb-1 to a non-perovskite structure (empirical formula:
[PDAPDI4]1se[PDAI2]) (Figure S1 and Table S1). Thus, BDA?* represents the shortest linear-alkyl-
chain diamine that forms an iodide-based 2D DJ structure (BDAPDI4; Figure S2A and Table S2).
Interestingly, C3-based DMePDAI2 with two methyl groups attached to one side of PDA can form
2D DJ structures with two polymorphs, which we refer to as DMePDAPbI4-1 (Figure S2B and
Table S3) and DMePDAPDI4-2 (Figure S2C; (22)), respectively.

We grew the DMePDAPDbIs-1 single crystal, based on the most stable DMePDA?*
orientation alignment, from a concentrated hydroiodic acid solution using a slow-crystallization
process as adapted from our previous report (23) and is consistent with a previous theoretical
predication (24). In contrast, the DMePDAPbIs-2 single crystal, based on a metastable

orientational alignment, was formed from either a fast cooling (22) or antisolvent quenching during
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single-crystal growth (25), both of which represent a fast-crystallization process. In comparison to
DMePDAPDIs-1, DMePDAPbDIs-2 had an emission wavelength that was ~25-nm red-shifted,
which is consistent with the corresponding absorption data (Figure S3). The average interlayer
distances were comparable among these 2D structures (~10.10 to 10.39 A), with that of BDAPDI4
being the shortest. The corresponding hydrogen-bonding configurations for these three single-

crystal structures (Figures S4, S5, and S6) were consistent with the analysis in Fig. 1B.

Our design strategy was confirmed by density functional theory (DFT) calculation. The
effect of organic molecules was calculated by using the screened hybrid functional and van der
Waals (vdW) interaction (HSE+vdW) (26, 27). The DMePDAPbIs-2 structure was indeed less
stable than the DMePDAPDI4-1 structure. The energy level differences of the organic cations in
BDAPDI4, DMePDAPbDIs-1, and DMePDAPDI4-2 could be seen in the total density of states
(DOSs) of the organic cations (the sum of states of C, N, and H atoms, Fig. 1C). The total DOS of
BDA?* cations in BDAPbI4 was lower in energy (farther from VBM) than that of DMePDA?
cations in DMePDAPDIs-1, which in turn was lower in energy compared with the total DOS of
DMePDA?* cations in DMePDAPbIs-2. Thus, we expected the out-of-plane hole transport to
improve from BDAPDI4 to DMePDAPDIs-2.
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Figure 2. 2D thin film structure, transport, and device characteristics. (A) X-ray diffraction
(XRD) patterns of a solution grown DMePDAPDI4 thin film and the powder XRD patterns
(measured and calculated) from DMePDAPbI4-1 and DMePDAPbIs-2 single-crystal structures. X-
ray source: Cu Ka radiation. Peaks labeled with “*” are from the fluorine tin oxide (FTO)
substrates. (B) Energy profile along the transition path between DMePDAPDbI4s-1 and
DMePDAPDI4-2. (C) TRMC comparison of out-of-plane charge transport across the layers of n=1
2D perovskites. (D) J-V characteristics of PSCs based on n=1 2D perovskite thin films using a
device stack of glass/FTO/compact-TiO2/2D-perovskite/2,2',7,7'-Tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD)/Au.

Rapid perovskite film growth conditions from standard solution deposition also led to the
formation of the metastable DMePDAPbI4-2 structure. Figure 2A shows the XRD patterns of the
DMePDAPDI4 thin film prepared by spin coating. The powder XRD pattern measured from
DMePDAPDIs-1 and DMePDAPDIs-2 single-crystal samples, along with the calculated powder
XRD patterns are shown for comparison, revealed the differences of XRD patterns between these
two single crystals. The XRD pattern of the thin-film sample matched that of the DMePDAPDI4-2

7
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



structure. Note that a metastable polymorph does not mean it is unstable under synthetic or ambient
conditions. The phase transformation between polymorphs requires 180° rotation of the alkyl chain,
which is highly energetically unfavorable (Fig. 2B) (Figures S7 and S8). A wide range of thin-film
growth conditions from solution all formed DMePDAPbIs-2 thin films (Figure S9).

To test our hypothesis that the reduced energy barrier from the asymmetric bulky organic
cation layer could facilitate charge transport between inorganic [Pble] sheets, we conducted time-
resolved microwave conductivity (TRMC) measurements along the out-of-plane direction (28).
Figure 2C compares the normalized TRMC results between several n=1 2D perovskite thin films
calibrated by their corresponding internal quantum yield of charges measured in devices. The out-
of-plane transport for DMePDAPbI4 (or more specifically DMePDAPDI4-2) is about a factor of 4
to 5 faster than that of BDAPDI4 despite the slightly longer interlayer distance. Space-charge-
limited current (SCLC) measurements further verified that the DMePDAPbI4-2 structure had faster
out-of-plane hole transport than the DMePDAPbIs-1 structure (Figure S10). These results
confirmed the role of reducing the energy barrier for improving out-of-plane charge transport. Note
that the out-of-plane transport for the two 2D DJ structures (DMePDAPbIls and BDAPDI4) was
faster than those of the two 2D RP structures (BA2Pbls and PEA2Pbl4). These TRMC results were
consistent with the current density-voltage (J-V) results of PSCs based on the corresponding n=1
2D structures (Fig. 2D and Table S4). The DMePDAPDbI4-based PSC reached a PCE of 4.90%
(forward scan) and 4.33% (reverse scan), which is among the highest obtained thus far for any n=1

2D lead-iodide-based PSCs (6); the corresponding EQE spectrum is shown in Figure S11.
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Figure 3. Surface layer treatment. (A) Comparison of grazing incident XRD (GIXRD) patterns
of thin films of DMePDAPbI4 and perovskites without (control PVK) and with DMePDAI surface
treatment (PVK/DMePDAI?). The inset shows the zoom-in view of the GIXRD pattern from 7° to
10°. The peak labeled with “*” is from the FTO substrate. X-ray source: Cu Ko radiation. (B to E)

Comparison of the XPS spectra of N1s and C1s for the control (B and C) and the DMePDAI2-
modified (D and E) perovskite thin film.

The use of 2D systems to passivate defects and enhance performance has recently been
used in many poly-crystalline PV technologies (29). We validated the impact of this metastable
design motif with the use of DMePDAPDI4 as a surface layer to improve the quality of 3D
perovskite absorbers. We spin coated the corresponding bulky organic halide salt in isopropanol
(IPA) solution on top of a 3D perovskite absorber layer (6). Specifically, the DMePDAI2/IPA
solution was coated atop (FAPbI3)o.ss(MAPDI2Br)o.1(CsPblz)o.0s (or FA0.8sMA0.1Cso0.05sPbl2.9Bro.1)
followed by annealing, where FA is formamidinium and MA is methylammonium. The thin-film
XRD results suggested that the DMePDAPDIs-2 structure formed, as evidenced by the
characteristic low-angle diffraction peak at ~8.5° for DMePDAPbIs-2, rather than ~8.7° for
DMePDAPbIs-1 (Fig. 3A).

We also checked the 2D structures on top of three other common perovskite compositions
of Cso.0sFA0.95Pbl3, (FAPDI3)0.9s(MAPDbBTr3)0.05, and FAPbIs (Figure S12). For these compositions,
the characteristics peaks at (002), (004), and (006) matched well to DMePDAPbIs-2, which were
absent in the DMePDAPDIs-1 spectrum. Finally, the low-angle diffraction peak associated with
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the 2D structure from the thin-film XRD results were further confirmed by grazing-incidence
wide-angle x-ray scattering (GIWAXS) measurements (Figure S13). In terms of 2D surface layer
topology and coverage, the scanning electron microscopy (SEM) measurements indicated that the
treatment induced formation of a thin surface layer with small apparent grain sizes (Figures S14
and S15). The conductive-atomic force microscopy (C-AFM) measurements show that the current
of the treated film is much more uniform and lower than the control film, which is consistent with

the formation of a capping layer over the 3D perovskite layer (Figure S16).

To gain more insight into how the DMePDAI2 modification affects the optoelectronic
properties in perovskite films, we conducted steady-state photoluminescence (PL), time-resolved
photoluminescence (TRPL), and TRMC studies on these samples. The DMePDAI: treatment led
to enhanced PL intensity (Figure S17), longer TRPL lifetime (Figure S18 and Table S5), and
improved TRMC mobility and lifetime (Figure S19) that were consistent with the improved
surface properties (8, 30). In addition, the ultraviolet photoelectron spectroscopy (UPS)
measurements showed that the 2D surface treatment improved the energetics for hole transport

from the 3D perovskite to the 2D surface layer (Figure S20).

The impact of the DMePDAI. treatment on the perovskite surface chemistry was
investigated by x-ray photoelectron spectroscopy (XPS). Normalized core levels from key
elements identified on the sample surface are included in Figures S21 and S22. The spectral shapes
of most core levels showed minimal change between the two samples, indicating similar bonding
environments, but surface treatment caused change in the C 1s and N 1s core levels. We fit the
core levels (Figure 3, B to E) using constrained fitting procedures (summarized in Tables S6 and
S7). The control sample had a N 1s region whose relative peak areas were dominated by a C=NH2*
(FA) peak (~401 eV) with a small shoulder to higher binding energy (~403 eV) that corresponded
to C-NHs (MA). The DMePDAI2 treatment increased the area of the C-NHs peak and also led to
two additional peaks at lower binding energy consistent with C-NHz (~400 eV) and the tertiary
amine in DMePDAI2 (~398 eV). Concomitant with these changes, redistribution occurred in the
features in the C 1s spectra comprising of four main peaks that are consistent with primarily C-
C/C-H (~285 eV), N-CHs (~287 eV), HC(NH2)2 (~289 eV), and C-O/C=0 bonds (~290 eV). The
surface treatment decreased the concentration of HC(NH2)2 bonds from FA on the surface while
simultaneously increased the amount of N-CH3s and C-C/C-H bonds. In addition, XPS revealed

that surface treatment increased the amount of halide on the surface, from about 2.6 halide-to-lead
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ratio for the control to 3.1 for the DMePDAI2-treated film. Collectively, these results suggest that
both organic and halide components of the additive incorporated into the top surface of the treated
films. Undercoordinated lead can cause donor defects on the surface, resulting in downward band
bending and increased recombination centers (31), so the increase in the halide-to-lead ratio
associated with the formation of 2D interfacial component upon surface treatment was consistent
with a less defective surface.
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Figure 4. Device characteristics. (A to C) J-V characteristics of PSCs based on different
perovskite compositions: (A) FAo.ssMA01Cso.0s5Pbl29Broa; (B) FAo097MAo.0sPbl2.91Bro.os; (C)
MAPDIs. The insets are stabilized power outputs (SPOs) of the corresponding devices. (D)
Operation 1SOS-L-1 stability (maximum power point tracking, in Nz, continuous one-sun
illumination at ~40°C) of unencapsulated PSC based on FA0.ssMA0.1Cso.0sPbl2.9Bro.1. The initial
PCE was 20.5% for the control and 23.1% for the DMePDAI-treated device.

Table 1. PV parameters of PSCs based on control and DMePDAI2-modified perovskite thin films
using different perovskite compositions.
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Device Scan Jsc Voc FF PCE SPO

(mAlcm?) (V) (%) (%)

FA085MA01Cso.05Pbl29Bro1  Forward — 24.35 1.111 0.773 20.9 20.4
Reverse  24.32 1.099 0.764 20.4

FAo0.8sMA0.1Cso0sPbl29Broa  Forward — 24.97 1.167 0.822 24.0 23.7
/DMePDAL Reverse  24.93 1.167 0.814 23.7

FA0.97MA0.03Pbl2.91Bro.09 Forward  25.21 1.103 0.791 22.0 21.7
Reverse  25.15 1.108 0.781 21.8

FA0.97MA0.03Pbl2.91Bro.0g Forward  25.25 1.158 0.843 24.7 24.3
/DMePDAL Reverse  25.26 1.158 0.839 245

MAPDI3 Forward  23.09 1.090 0.742 18.7 18.2
Reverse  23.09 1.080 0.729  18.2

MAPDI3/DMePDAI2 Forward  23.19 1.131 0.797 20.9 20.8
Reverse  23.19 1.132 0.794 20.8

We investigated the impact of DMePDAI2 surface treatment on the PV performance by
fabricating PSCs using the standard n-i-p device architecture, glass/FTO/electron transport layer
(ETL)/perovskite/hole transport layer (HTL)/Au, where ETL is TiO2 or SnO2, and HTL is spiro-
OMeTAD, with more details in the experimental section (23). Typical cross-section SEM images
of devices are shown in Figure S23. Figure 4A compares the J-V curves of the PSCs based on
triple-cation-mixed-halide FA0.8sMA0.1Cso0.0sPbl2.9Bro.1 without and with DMePDAI: treatment
under simulated 100-mW/cm? AM1.5G illumination (Table 1). With the surface treatment, the
device PCE increased from about 20.9% to 24.0% from forward scan and from 20.4% to 23.7%
from reverse scan. The PCE improvement is also consistent with a better perovskite/HTL junction
based on the cross-sectional Kelvin probe force microscopy (KPFM) measurements (Figure S24)
(32). Note that the optimum concentration for DMePDAI2-surface treatment was found at 0.5
mg/mL (Figure S25).

In addition to the FAMACs-based perovskite composition, we also examined the impact
of DMePDAIl2 surface treatment on PSCs based on double-cation-mixed-halide
(FA0.97MAo.03Pbl2.91Bro.09) and single-cation-single-halide (MAPbI3), using ETL of SnO2 and TiO,
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respectively, and found PCE improvements for both compositions (Fig. 4, B and C). Noteworthy
for PSCs based on FA0.97MA0.03Pbl2.91Bro.09, the PCE was improved from 22.0% to 24.7% from
forward scan and from 21.8% to 24.5% from reverse scan, with Jsc > 25 mA/cm?, which is in
agreement with the EQE spectrum (Figure S26). For all three perovskite compositions, the
stabilized power outputs (SPOs) for PSCs based on the control and DMePDAI2-modified
perovskite thin films matched well with the J-V measurements (insets of Figure 4, A to C, and
Table 1). The PCE improvement for all three perovskite compositions was reproducible based on
the statistical comparison (Figure S27). The devices with this treatment also exhibited higher PCE
than devices based on other surface treatments with similar length of bulky organic salts for either
RP or DJ 2D perovskites (Figure S28).

Finally, we checked the operation stability of unencapsulated FA0.ssMAo.1CS0.0sPbl2.9Bro.1-
based PSCs using maximum power point (MPP) tracking at ~40°C in N2, following the 1ISOS-L-1
stability protocol (33). The DMePDAI2-modified PSC (Fig. 4D) showed only 10% relative
efficiency drop after 1000 h continuous operation whereas the PCE of the control device decreased
by ~43%. The stability improvement with DMePDA\I surface treatment was also observed when
the devices were tested at high moisture (>85% relative humidity) or high temperature (85°C)
conditions (Figures S29 and S30). These results suggest that the DMePDAI2-modification to form
a 2D DJ phase surface layer is a general way to improve PSC performance. Our use of the
metastable 2D DJ structure through hydrogen bonding tuning based on asymmetric bulky organic
molecules represents a promising chemical design element for perovskite interfacial engineering

to enhance PSC efficiency and stability.
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