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(Jsc) is almost at its Shockley–Queisser 
(SQ) limit.[3–5] In addition, multi-junction 
perovskite cells, which promise to break 
the single-junction SQ limit, require an 
efficient wide-bandgap top cell that can 
sustain a high voltage output.[6,7]

Voc is determined by the dark recombi-
nation current density, related to the non-
radiative recombination of carriers in real 
devices.[8] With sufficient carrier diffusion 
lengths in perovskite bulk,[9] non-radiative 
recombination takes place primarily at the 
carrier transport layer (CTL) and perovskite 
interface.[4,10,11] High surface trap states 
at these heterointerfaces, therefore, con-
tribute to Voc loss. For instance, though 
NiOx has been demonstrated to be a stable 
inorganic replacement for organic hole-
transport layers (HTL), the Voc values in 
these devices are lower than that in their 
organic counterparts.[12–14] The inorganic 
CTL/perovskite interface is prone to defects 
that function as non-radiative recombina-
tion centers[15–17] or as extraction barriers.[18]

The top perovskite/carrier transport layer interface has been 
modified by post-treatment to boost Voc.[3,19,20] Organic species 
including Lewis acids–bases[21–23] and large cations,[3,20,24,25] thin 
inorganic layers, such as LiF,[10] Al2O3,[26] and lead oxysalts[27] 
improve the perovskite/CTL contact. A 2D/3D hybrid structure 
facilitates carrier extraction[28–30] and increases open-circuit 
voltage.[31–34] In contrast, passivation is less established at the 
buried interface between the perovskite and CTL. Treating the 
substrate surface prior to perovskite deposition is a widely prac-
ticed strategy. Graphene,[35,36] perovskite,[31,37,38] and quantum 
dot[39] interlayers, along with amorphous metal oxide coat-
ings,[40] are used to enhance band alignment; while organic 
molecules and polymers suppress interfacial non-radiative 
recombination.[24,41–43] However, this introduces additional fab-
rication steps, and the passivating layer can be washed away 
in subsequent spin-coating processes. Although excessive PbI2 
introduced to the buried interface via stoichiometric control 
provides an intrinsic route to improve the interface,[44] unre-
acted PbI2 negatively impacts device operation stability.[45] It is 
therefore of interest to find a more effective means to passivate 
the buried interface.

The open-circuit voltage (Voc) of perovskite solar cells is limited by non-
radiative recombination at perovskite/carrier transport layer (CTL) interfaces. 
2D perovskite post-treatments offer a means to passivate the top interface; 
whereas, accessing and passivating the buried interface underneath the 
perovskite film requires new material synthesis strategies. It is posited that 
perovskite ink containing species that bind strongly to substrates can spon-
taneously form a passivating layer with the bottom CTL. The concept using 
organic spacer cations with rich NH2 groups is implemented, where readily 
available hydrogens have large binding affinity to under-coordinated oxygens 
on the metal oxide substrate surface, inducing preferential crystallization of a 
thin 2D layer at the buried interface. The passivation effect of this 2D layer is 
examined using steady-state and time-resolved photoluminescence spectro-
scopy: the 2D interlayer suppresses non-radiative recombination at the buried 
perovskite/CTL interface, leading to a 72% reduction in surface recombina-
tion velocity. This strategy enables a 65 mV increase in Voc for NiOx based 
p–i–n devices, and a 100 mV increase in Voc for SnO2-based n–i–p devices. 
Inverted solar cells with 20.1% power conversion efficiency (PCE) for 1.70 eV 
and 22.9% PCE for 1.55 eV bandgap perovskites are demonstrated.

1. Introduction

Low cost and facile fabrication have enabled rapid increases 
in the power conversion efficiency (PCE) in single-junction 
metal halide perovskite solar cells (PSCs).[1,2] Further advances 
in PCE of PSCs will rely on the improvement of open-circuit 
voltage (Voc) and fill factor (FF), as the short circuit current 
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In this work, we sought to use perovskite precursors mixed 
with large organic cations for the spontaneous formation of 
a 2D passivation layer at the buried interface. A comparison 
between different spacer cations including n-butylammonium 
(BA), ethylammonium (EA), dimethylammonium (DMA), 
and guanidinium (GUA) reveals that large binding affinity of 
cations to substrates plays a key role in the successful imple-
mentation of the concept. We find that EA and DMA are not 
able to form a 2D phase while the 2D BA phase does not form 
at the perovskite/CTL interface. Only a GUA-containing pre-
cursor forms a 2D GUA2PbI4 phase at the buried interface, 
which is attributed to its symmetric structure and abundance 
of NH2 groups. The preferential crystallization of GUA2PbI4 
at the bottom interface is induced by the NiOx substrate: readily 
available hydrogens from amino groups in GUA bind strongly 
to undercoordinated oxygens in the NiOx, serving as nuclei 
for GUA2PbI4 growth. This interaction passivates the other-
wise Ni deficient NiOx surface.[12] As a result, the formation of 
2D GUA2PbI4 suppresses non-radiative recombination at the 
perovskite/NiOx interface, leading to a 65 mV enhancement of 
Voc. We demonstrate a Voc of 1.23 V, the highest among inverted 
devices using NiOx as HTL; and a PCE of 20.1% using a per-
ovskite-silicon tandem compatible 1.70 eV bandgap perovskite. 
Furthermore, the same strategy applied to 1.55  eV bandgap 
perovskite yields a champion PCE of 22.9%.

2. Results and Discussion

Here we used a previously reported 1.70  eV dimethylammo-
nium-formamidinium-cesium (CsFADMA) triple cation perov-
skite composition as a baseline (control).[46] Its bandgap value 
is particularly attractive for perovskite/silicon tandem solar 
cell applications.[7] For precursors mixed with different cations, 
we replaced DMA with an equal molar ratio of EA, BA, and 
GUA. X-ray diffraction (XRD) patterns (Figure  1A) show no 
low dimensional phase formation in EA- and DMA-containing 
films, which is likely due to their relatively small cation size. On 
the contrary, 2D perovskite phases are clearly present in both 

BA and GUA films. Two peaks at 9° and 13.5° from BA films 
agree with the simulated pattern of the 2D BA2MAPb2I7 phase 
(MA = methylammonium).[47] Since no MA was used to fabri-
cate these films, we conclude that the 2D phase in BA films 
is BA2FAxCs(1−x)Pb2I7.[48] Emerging peaks at 11.6° and 13.05° in 
GUA films can be indexed into the 2D GUA2PbI4 phase.[49,50] 
NiOx is reported to react with perovskite precursors producing 
PbI2−xBrx, which acts as a hole extraction barrier, significantly 
limiting Voc.[18] In contrast, we note that none of our samples 
deposited on NiOx substrates exhibit detectable PbI2−xBrx at 
12.7°, suggesting that our NiOx/perovskite interface is quali-
tatively different from the recent work. Differences in NiOx 
synthetic procedures and different perovskite precursor compo-
sitions may account for this difference.

We then sought to understand whether the 2D phases are 
present on interfaces and probed using a combination of 
absorptance and reflectance spectroscopy. We reasoned that if 
there is a 2D interlayer on either the top or bottom perovskite 
surface, the optical response of the perovskite film would be 
perturbed by the added dielectric function of the 2D phase. To 
obtain accurate absorption spectra, samples were mounted in 
an integrating sphere. Monochromated light was incident on 
one side of the film stack (glass/CTL/perovskite). The reflec-
tance and absorptance spectra of BA and GUA films were sub-
tracted from those of the control to yield differential reflectance 
and absorptance spectra.

Glass-incident differential absorptance spectra of GUA films 
show a drop at ≈455  nm (Figure  1B). It is clear from the dif-
ferential reflectance spectra that the reduced blue absorption 
is caused by increased reflectance at the same wavelength. 
While perovskite bulk absorbs strongly in 400–500 nm region, 
reflection is an interface phenomenon caused by the refractive 
index mismatch of layers in a dielectric film stack. As a result, 
interface reflection occurs before bulk absorption and changes 
in reflectance indicate modifications at the interface. Consid-
ering the absorption peak of a GUA2PbI4 thin film at ≈455 nm 
(Figure S1A, Supporting Information), the reflectance increase 
is caused by a strong dielectric function modulation around the 
absorption wavelength,[51,52] confirmed by a ≈30% variation of 
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Figure 1. Formation of 2D perovskite phases with different organic cations. A) XRD patterns of DMA-, GUA-, BA-, EA-containing films deposited on 
NiOx substrate and simulated patterns for GUA2PbI4 and BA2MAPb2I7. B) Glass-incident differential absorptance and reflectance spectra of BA and 
GUA films.
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refractive indexes measured by ellipsometry (Figure S1B, Sup-
porting Information). On the contrary, we observe no particular 
feature around the bandgap of the 2D BA phase at ≈580 nm,[54] 
despite a sharp change in its refractive index.[53] We, therefore, 
conclude that the 2D GUA phase preferentially crystalizes at 
the perovskite/CTL interface, while the 2D BA phase is most 
likely embedded in the bulk.[48]

To investigate preferential crystallization, we turn our 
focus to GUA films, with two GUA concentrations (GUA0.05 
for 5 mol % GUA and GUA0.1 for 10 mol % GUA). Figure 2A 
shows similar differential spectra for both GUA concentra-
tions when probed from the glass side. However, when light 
is incident from the perovskite film side, only the GUA0.1 film 
shows a significant drop in the differential absorption spectrum 
(Figure  2B). We then used angle-dependent grazing-incidence 
wide-angle X-ray scattering (GIWAXS) to acquire structural 
information regarding the location of 2D GUA. At an incidence 
angle of 0.3°, the X-ray detection depth reaches the bottom 

surface, confirmed by the appearance of the 2.16 A−1 ITO peak 
(Figure 2C,E), which is absent in the surface-sensitive GIWAXS 
pattern with a 0.1° incident angle (Figure 2D,F). In addition to 
the ITO peak, we observe scattering from 2D GUA at 0.83 and 
0.93 A−1 for both GUA0.05 and GUA0.1 films in the 0.3° images. 
In contrast, the GUA2PbI4 peak in the GUA0.05 film is barely 
visible in the 0.1° scattering pattern. These findings suggest 
that the 2D GUA phase does precipitate on both interfaces, 
but only becomes apparent on the top surface at higher GUA 
concentrations.[54]

Perovskite film formation has previously been seen to 
depend on the interplay between the perovskite precursors and 
the underlying substrate.[31,43,54–56] Here we reasoned that the 
interaction between perovskite constituents and NiOx could play 
an important role in inducing preferential crystallization of 2D 
GUA at the buried interface. As the treated samples and control 
samples only differ in their organic cations, their binding with 
NiOx is key to understanding the crystallization process. The 
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Figure 2. Preferential crystallization of 2D GUA2PbI4 at the perovskite/CTL interface. A) Glass-incident and B) film-incident differential absorptance 
and reflectance spectra of GUA films deposited on NiOx/glass substrate. GIWAXS patterns and their circular average curves of GUA films deposited 
on NiOx/ITO substrate with X-ray incident angle of C,E) 0.3° and D,F) 0.1°.
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highly symmetric structure of GUA and its NH2 functional 
groups allow it to readily form hydrogen bonds with oxygen in 
the NiOx lattice. We illustrate this process in Figure 3A. For the 
GUA0.05 composition, GUA molecules precipitate on the NiOx 
surface and therefore form a GUA-rich region. These anchored 
GUA molecules subsequently crystalize into a thin GUA2PbI4 
layer on the substrate during annealing. When the exposed 
preferential oxygen binding sites are saturated, excess GUA 
molecules randomly distribute throughout film, especially at 
higher GUA concentration (GUA0.1). They may attach to the 
grain boundaries of 3D phase to produce 2D/3D structures[57] 
or incorporate into perovskite lattice to form mixed-cation 
perovskite alloy.[58,59]

We calculated, using density functional theory (DFT), the 
binding energy of each A-site cation in this study with the three 

major facets of our NiOx nanoparticles (Figure S2, Supporting 
Information). GUA has the largest average binding energy with 
NiOx surfaces, owing to its readily available NH2 for hydrogen 
bonding (Figure 3C). DMA has a lower average binding energy 
with NiOx, despite more H atoms in its structure. We note that 
the H atoms in the DMA molecule are less prone to bond with 
oxygen, as CH bonds have a less polar character than the 
NH bonds in GUA. In addition, rather than bonding CH to 
oxygen sites, the DMA tends to turn CH bonds away from the 
NiOx surface, exposing its only NH2 functional group to the 
substrate (Figure S3, Supporting Information). It is therefore a 
kinetically slower process and the more symmetric structure of 
GUA facilitates its precipitation onto the NiOx surface.

To test this hypothesis, we spin-coated perovskite films 
onto a poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) 

Adv. Mater. 2021, 2103394

Figure 3. Mechanism of substrate-induced preferential crystallization of GUA2PbI4. A,B) Structural model and corresponding schematics of crystalliza-
tion process for films with different GUA concentrations on NiOx (A) and PTAA (B) substrate. C) The average binding energy of different cations with 
NiOx (100), (110), and (111) surface by DFT (error bars represent standard deviations of average binding energies of different facets). D,E) TOF-SIMS 
depth profiling of 5% GUA (D) and 10% GUA (E) films deposited on NiOx and PTAA substrates. GUA/FA ratios are plotted to the right axis.
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substrate. Its inert and hydrophobic surface minimizes the 
interaction with perovskite precursors.[60] GUA molecules 
in this case are unlikely to preferentially accumulate on the 
PTAA surface, and therefore are expected to mix within the 
bulk perovskite (Figure 3B), as evidenced by the time-of-flight 
secondary ion mass spectrometry (TOF-SIMS) depth profiling 
discussed in the next section. In addition, these GUA mole-
cules exist, at least in part, as GUA2PbI4 as confirmed by XRD 
(Figure S4, Supporting Information). Glass-incident differential 
absorptance (reflectance) spectra show no drop (increase) in 
absorption (reflection) at ≈455  nm, indicating no preferential 
growth of a 2D GUA phase at the PTAA/perovskite interface 
(Figure S5A, Supporting Information). However, the differen-
tial optical spectra generated using the film-incident geometry 
show similar behavior to films deposited on the NiOx substrate, 
suggesting that the 2D GUA phase still precipitates at the top 
surface at higher GUA concentrations (Figure S5B, Supporting 
Information).

Each ionic species in this study has a unique mass to 
charge ratio and therefore can be explicitly identified in ToF-
SIMS. We obtained chemical profiles as a function of posi-
tion throughout the film thickness (Figure  3D,E). The rise 
in intensity of Ni or C signals the emergence of the buried 
interface of films deposited on NiOx and PTAA.[61] While FA 
profiles are independent of substrate type, vertical distribu-
tions of guanidinium exhibit a stark difference in GUA0.05 
films grown on these two substrates. Specifically, GUA con-
centration increases sharply by 15% at the bottom surface on 
NiOx, but decreases steadily by 13% on PTAA (Figure  3D). 
The distribution of cations in GUA0.1 films is less affected 
by the choice of substrate: we observed a flattening of GUA 
profile on both substrates, suggesting the mixing of 2D/3D 
structure,[57] or cation alloying[62] within the bulk (Figure 3E). 
We note that the PL of treated films is slightly red-shifted than 
the control (Figure  4B), which is consistent with the GUA 
alloying interpretation.[63] Nonetheless, the NiOx interface 
still has a greater GUA concentration than the PTAA inter-
face, in agreement with the preferential adsorption model. 
These findings are also supported by depth-dependent X-ray 
photoelectron spectroscopy spectra (Figure S6, Supporting  
Information).

We used time-resolved photoluminescence (TRPL) spec-
troscopy to explore the effect of the GUA2PbI4 layer on carrier 
recombination dynamics at the NiOx/perovskite interface. We 
note that PL decays of perovskite films on a charge transport 
layer are affected by two processes—charge extraction and 
increased non-radiative recombination losses. We fitted decay 
curves by biexponential functions to obtain two decay com-
ponents. As pointed out previously,[10] the fast decay is due to 
carrier extraction into the transport layer, and the slow decay 
represents bulk lifetime subjected to additional non-radiative 
interface recombination.[10] Therefore, we refer to the slower 
time components as the lifetimes that our discussion is based 
on. With proper top surface passivation by trioctylphosphine 
oxide (TOPO), carrier lifetimes are only limited by non-radia-
tive recombination at the bottom interface[63] (Figure S7, Sup-
porting Information). Lifetimes of perovskites deposited on 
NiOx are 10–20 times shorter than they are on glass (Table S1, 
Supporting Information), confirming a significant contribution 
of NiOx/perovskite interface to non-radiative recombination. In 
this case, both GUA0.05 and GUA0.1 film on NiOx have more 
than doubled lifetime than the control sample (Figure 4A), sig-
nifying the passivation effect of 2D GUA.

TRPL results are corroborated with steady-state PL meas-
urement at open circuit, during which the quasi-Fermi level 
splitting is maintained throughout the experiment and the 
quenching due to charge extraction is negligible.[64] There-
fore, the greater quenched steady PL intensity of control film 
when it is in contact with NiOx is due to the more severe inter-
face non-radiative recombination, compared to GUA samples 
(Figure 4B). We further calculated the SRV of the NiOx/perov-
skite interface by fitting PL lifetimes as a function of film thick-
ness[63] (Figure  4C). SRV decreases by ≈4 × from 411  ± 56 to  
114 ± 10 cm s−1 at the NiOx/GUA0.05 interface, indicating passiva-
tion by the GUA2PbI4 at the buried interface. We note that bulk 
passivation (e.g., by 2D/3D structure within bulk perovskite 
films[57]) is also at play, but the effect is minor (12% longer bulk 
lifetime) compared to the interface passivation (72% reduction 
in SRV).

The passivation of the perovskite/CTL interface using 
spontaneously formed GUA2PbI4 leads to an increased Voc of 
65 meV (Table 1) for inverted structure solar cells using a NiOx 
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Figure 4. Passivation effect of GUA2PbI4 layer. A) TRPL decays of TOPO-passivated films deposited on NiOx. B) Steady-state PL spectra of TOPO-
passivated films deposited on glass and NiOx substrates. C) Extracted SRV of films deposited on glass and NiOx substrates.
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HTL. Figure  5B shows an external quantum efficiency (EQE) 
drop at ≈455 nm with increasing GUA concentration, a result 
of reduced absorption in the bulk film (Figure S8, Supporting 
Information) due in part to reflection and primarily parasitic 
absorption of the GUA2PbI4 phase. High GUA concentration 
leads to reduced Jsc and FF as a result of the parasitic absorp-
tion and the insulating nature of wide bandgap 2D layers. 5% 
GUA balances Voc and Jsc and results in a champion PCE of 
20.1% and a stabilized power output of 19.6% (Figure  5A). 
The 1.23 V  Voc is the highest among devices using NiOx as 
HTL (Table S2, Supporting Information). We evaluated the 
stability of unencapsulated devices using room temperature 
1-sun maximum power point (MPP) tracking and shelf lifetime 
testing. Device stability increases with 5% GUA concentration 
(Figure 5C), benefiting from the stable 2D/3D structure.[31] We 
note that PCE deteriorates faster with higher GUA concentra-
tion, possibly due to the gradual formation of less stable, higher 
n-value 2D species.[65,66]

To investigate the general nature of this spontaneous passi-
vation strategy, we further compared two variations: a different 
perovskite composition – 1.55  eV bandgap in p–i–n structure 
(Figure S9, Supporting Information) and a different device 
structure – 1.7  eV bandgap in n–i–p structure using SnO2 

substrate (Figure S10, Supporting Information). Films with 
GUA exhibited improved Voc and similar dips in their EQE 
spectra at ≈455 nm in both cases, implying the formation of 2D 
GUA perovskite at the buried interface. An average increase in 
Voc of 100 mV in resultant n–i–p devices and a champion PCE 
of 22.9% for p–i–n devices indicate the wider applicability of 
this passivation strategy.

3. Conclusions

This work demonstrates a facile method to produce effective 
2D perovskite passivation at the buried perovskite/CTL inter-
face. We show that large organic cations can be used to spon-
taneously form a 2D buffer layer at the buried interface. The 
crystallization dynamics are highly dependent on the interac-
tion between the surface chemistry of the CTL substrate and 
the components in the perovskite precursor. Strong binding of 
cations to the substrate induces a preferential crystallization of 
the 2D perovskite phase, which can function as a passivating 
layer, leading to higher Voc in the resulting solar cells. We note 
that previous reports of improved Voc using GUA as addi-
tives may have taken the focus off of the interface passivation 
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Table 1. Statistics of 1.7 eV device performance.

PCE [%] Voc [mV] Jsc [mA·cm−2] FF [%] HIa) [%]

Control 18.1 ± 0.5 1155 ± 8 19.9 ± 0.5 78.9 ± 1.4 1.2 ± 1.2

Champion 18.7 1149 20.2 80.5 0.8

3% GUA 18.3 ± 0.3 1171 ± 12 20.0 ± 0.2 78.1 ± 1.2 0.8 ± 0.9

Champion 18.5 1176 20.1 78.3 0.4

5% GUA 19.8 ± 0.2 1220 ± 5 19.7 ± 0.3 82.6 ± 1.5 0.2 ± 0.4

Champion 20.1 1226 20.1 81.6 0.5

7% GUA 18.3 ± 0.7 1209 ± 7 19.0 ± 0.5 79.7 ± 2.4 0.9 ± 0.6

Champion 19.2 1213 19.2 82.2 0.6

10% GUA 17.6 ± 0.3 1197 ± 9 18.7 ± 0.1 77.7 ± 2.9 0.6 ± 0.6

Champion 18.1 1199 18.8 80.4 2.7

a)Hysteresis index (HI) = PCE PCE
PCE
RS FS

RS

− .

Figure 5. Photovoltaic device performance of different perovskites. A) Current density–voltage curves (solid line: reverse scan; dash line: forward scan) 
and B) EQE spectra of perovskite devices containing 0, 5, and 10% GUA. C) MPP stability tracking of unencapsulated devices under 1-sun condition 
in N2-filled environment. Inset shows shelf lifetimes of devices stored in the dark glovebox.
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effect, concentrating instead on bulk effects such as cation 
alloying[58,62] and grain boundary passivation.[57]

This represents a promising new route towards improving 
device performance for PSCs using metal oxide CTLs, as we 
expect other metal-oxide/2D-cation combinations to produce 
similar results. The design of perovskite/CTL interfaces that 
provide effective binding sites for passivating 2D cations is 
worthy of further exploration. At the same time, one needs to 
balance the competing effect of surface passivation (improving 
Voc) and the parasitic absorption of the 2D phase (reducing Jsc) 
to achieve the optimized PCE.

As PCEs move closer towards theoretical limits, passivation 
of the buried interface is likely to become more pertinent. This 
work provides valuable insight into the mechanism of buried 
interface passivation and will assist with future development of 
PSCs by dual-interface engineering.
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