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ABSTRACT

Hydrophobic and long-chain molecule oleylamine is used to modify the spiro-OMeTAD matrix, which is then adopted for the hole-transport
layer in perovskite solar cells. It is observed that after moderate doping, the power conversion efficiency of the devices increases from 17.82
(61.47)% to 20.68 (60.77)%, with the optimized efficiency of 21.57% (AM 1.5G, 100 mW/cm2). The improved efficiency is ascribed to the
favored charge extraction and retarded charge recombination, as reflected by transient photovoltage/photocurrent curves and impedance spec-
troscopy measurement. In addition, the grazing incidence photoluminescence spectrum reveals that oleylamine doping causes a blue shift of the
luminescence peak of the surface layer of the halide perovskite film, while the Mott�Schottky study observes 100mV increment in the built-in
potential, both of which indicate possible defect passivation behavior on the perovskite. Moreover, an accelerated damp test observes that mois-
ture resistance of the device is also upgraded, which is due to the improved hydrophobicity of the spiro-OMeTAD matrix.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0092110

Over the past decade, fast development has been witnessed in the
organic–inorganic halide perovskite solar cells (PSCs), leading to the
certified power conversion efficiency (PCE) of 25.7%,1 compared to
pioneered 3.81% in 2009.2 Such performance is quite appealing for
mass applications, though balance between “efficiency-cost-stability”
or the so-called Golden triangles should be well dealt with.3,4 As long
as the top electrode is concerned, two kinds of PSCs have been widely
studied: those based on metal- or on carbon-electrode. Usually,
carbon-electrode based devices are known by the “hole-conductor-
free” feature.5,6 They have shown excellent stability due to the pristine
inert nature and penetration resistance against moisture and oxygen
(H2O/O2) of the carbon-electrode, though the efficiency is relatively
low due to poor interface between the electrode and photo-active
layer.7,8 Anyhow, adding one more layer of hole-conductor (or hole-
transport layer, HTL in short) to the interface is seen as helpful for
power conversion.9,10 As for metal-electrode devices, they have shown

the highest efficiencies due to suitable energy band alignment, though
suffer from stability problems that arise from corrosion of the top elec-
trode by the organic–inorganic halide perovskite material,11–14 and the
H2O/O2 penetration through the top electrode.15–20 In fact, such pene-
tration could easily happen in thin-film devices. To reduce the cost,
the top metal film is usually 0.1lm in thickness; in addition, the
charge-transport layer beneath the top electrode is also�0.1lm. Such
a feature could hardly prevent the H2O/O2 penetration. What is more,
sometimes poor film quality is observed for the charge-transport layer
under the top electrode. For example, for the famous 2,20,7,70-tetrakis
[N, N-di (4-methoxyphenyl) amino]-9,90-spiro-bifluorene (spiro-
OMeTAD), which is known as an ideal HTL material due to the
matching of valence band energy between it and the halide perovskite
and high carrier mobility (10�3–10�4 cm2/V s).21 However, it usually
comes out with a porous structure, as revealed by Qi and coworkers. 22

This accelerates the H2O/O2 penetration and, thus, the decomposition
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of the active layer. To solve this problem, the film quality of this HTL
layer must be improved. For example, adding a PMMA polymer was
found to improve the continuity and the compactness of the HTL matrix
and, hence, the device stability, due to the improved barrier for “H2O/
O2/Ag”.

23,24 In addition, Han et al. inserted a chlorinated grapheneoxide
(Cl-GO) layer into the interface between “perovskite/PTAA”, also
reduced the decomposition risk.25 Consequently, the high quality HTL is
a necessity to upgrade both efficiency and stability of PSCs. Honestly,
halide perovskite is very sensitive to moisture. Carbon-electrode devices
usually own high moisture resistance due the usage of lm-thick carbon
film on top. Similarly, the moisture resistance of metal-electrode devices
should also be upgraded, possibly by increasing the compactness and
hydrophobicity of layers on top of the active layer. 23

Amine group (-NH2) containing molecule, a molecule, such as
oleylamine (OA),26 hexylamine (HA),27 dodecylamine hydroiodide
(DAHI),28 and bilateral alkylamine (BAA),29 has been imported to
passivate defects in a perovskite film due to the possible interaction
between them. Due to the hydrophobicity owned by these molecules,
moisture resistance of devices was usually improved. Among these
molecules, OA weighs the highest due to the longest carbon chain it
has. Such a feature would be of interest when considering the merit in
film formation. As such, here in this work, following previous PMMA
doping, OA is added to the spiro-OMeTAD based HTL matrix. As
will be seen later, OA modification not only improves the moisture
resistance, but also upgrades the device efficiency.

As shown in the inset of Fig. 1(a), PSCs with the device structure of
FTO/SnO2/perovskite/spiro-OMeTAD@OA/Ag are prepared, following

the method described before.23 According to experiment, the chemical
formula of perovskite could be noted as “FAxMA(1�x)Pb(IyBr1-y)3,” or
noted by PVSK in the following description. Typical procedures, infor-
mation of materials and reagents, and the characterization methods are
all included in the supplementary material. Noting that, OA (C18H37N)
holds molecule chain of 18 carbon atoms with an amide group (�NH2)
at the end, which is shown in the inset of Fig. 1(a). To study the effect
brought by OA, certain volume of OA was added to the spiro-OMeTAD
solution matrix, or 0 (reference), 15, 30, 50, and 80ll, respectively.
Concentration of spiro-OMeTAD and other additives are kept the same.
Adding OA in the spiro-OMeTAD basing HTL matrix could bring two
aspects of merits on PSCs or power conversion and moisture resistance.
For detailed comparison, statics are carried out on the performance
parameters. Typical current density–voltage curves are shown in Fig.
1(a), indicating that OA doping could upgrade the performance parame-
ters, like open-circuit voltage (VOC), short-circuit current density (JSC),
fill factor (FF), and power conversion efficiency (PCE). These parameters
are shown in Figs. 1(b), 1(c), 1(e), and 1(f), respectively. As for VOC, it
rises from 0.97 (60.03) V (reference devices) to 1.06 (60.02)V (30ll
OA added), while FF increases from 73.66 (63.62) % to 78.83
(61.18)%. Increment of 9.28% and 7.01% was resolved for VOC and FF,
respectively. Moreover, JSC changes slightly, increasing from 24.53
(60.52) to 24.69 (6 0.44) mA/cm2. Due to the contribution of VOC and
FF, PCE raises from 17.82 (61.47)% (reference devices) to 20.68
(60.77)% (30ll OA added), increasing by 16.05%. Noting that, Fig. 1(a)
shows two typical JV curves from reference device (0ll OA added) and
modified device (30ll). The corresponding performance parameters

FIG. 1. (a) Typical current densiy–voltage (JV) curves of control device (marked by “0”) and optimized device (marked by “30,” impling the spiro-OMeTAD matrix is doped by
30 ll OA). The JV curves are measured at simulated illumination (AM 1.5G, 100 mW/cm2), and “FS/RS” represents forward/reverse scans, respectively. The effect of OA dop-
ing on the performance parameters: (b) VOC, (c) JSC, (e) FF, and (f) PCE. (d) Typical external quantum efficiency curves and integrated JSC of control/optimized devices. Inset
of (a) shows cross-sectional SEM image of a typical device.
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(reverse scan or “RS” mode) are 1.07 V (VOC), 76.92%(FF),
25.3mA/cm2 (JSC), and 20.8% (PCE) for the OA-modified device
(30 ll), compared to 1.03 V(VOC), 74.38% (FF), 24.23mA/cm2 (JSC),
and 18.5% (PCE) for reference device. External quantum effificiency
(EQE) is tested, and JSC is integrated according to illumination spec-
trum (AM1.5G, 100mW/cm2). The result is shown in Fig. 1(d),
indicating 24.6 and 23.12mA/cm2, corresponding to 97.2% and
95.4% of the reference and OA-modified devices, respectively. EQE
curves and corresponding JV curves of modified devices (with other
volumes) are shown in Figs. S1(a) and S1(b), respectively. A cham-
pion efficiency of 21.57% is achieved, with corresponding JV curve
as shown in Fig. S2. In addition, statistics on hysteresis index is per-
formed, as shown in Fig. S3. As expected, relatively low hysteresis
index is obtained for OA-modified devices, especially for the case of
30ll.

The improved device performance is ascribed to the retarded car-
rier recombination and the enhanced charge extraction. Transient
photovoltage/photocurrent (TPV/TPC) decay curves are performed
on the devices. Typical curves are shown in Fig. S4, while the lifetime
(s) and charge transition time (td) are fitted from the TPV/TPC decay
curves, respectively. All of these four parameters are presented in Figs.
2(a) and 2(b). It could be seen that lifetime (s) is 12.94 (61.5) ls for
reference devices, while nearly doubled to 23.03 (63.5)ls when 30ll
OA was added in the HTL, showing that the recombination is effi-
ciently reduced.30 As for charge transition time (td), it is 3.54(61.4)ls
for reference devices, while drops slowly to 1.54 (60.3)ls where 30ll
OA is added, showing that the extraction is slightly acceletrated.31

Comparing to the performnace parameters shown in Fig. 1 could see

that VOC evolves in parallel with s, while JSC moves in contrast
(slightly) to td. Honestly, such phenomenon was observed several
times in previous studies, indicating close relationship between these
parameters.23,30–33 In more, it could also be seen that the FF in Fig.
1(e) also moves in parallel with VOC. Thus, the retarded recombina-
tion might also contribute to the elevated FF. 23,34,35 Impedance spec-
tra (IS) show similar results. Typical Nyquist plots are shown in Fig.
S5, charge recombination resistance (Rrec) and charge transfer resis-
tance (Rct) are picked from simulation on these plots, and the results
are shown in Figs. 2(d) and 2(e). Rrec is 0.48 (60.25)� 107X for refer-
ence devices, increasing to 6.83 (61.37)� 107X for 30ll-OA doped
devices. While for Rct, it is 3.11 (60.75)� 104X for reference devices,
being reduced to 1.31 (60.27)� 104X for 30ll-OA modified devices.
In addition, comparison between Figs. 2(a) and 2(d), Figs. 2(b) and
2(e) could find similar trends among each pair, showing close relation-
ship between TPV/TPC and IS studies.23 As a result, the improvement
is ascribed to retarded recombination, and the accelerated charge
extraction. The retarded recombination is due to the passivation on
interfacial defects. Mott�Schottky study [Fig. 2(c)] observes that OA
modification brings larger built-in potential (Vbi). For example, it is
0.87V for the reference device, while rising to 0.97V after 30ll OA is
added. Grazing photoluminascence (PL) is used to judge the possible
passivation behaivor. As shown in inset of Fig. 2(f), the incident laser
is guided to the surface of pervoskite with a small angle (�10�), by
which PL information on the surface layer could be clearly distin-
guished. It can be been that, bare FA basing perovskite film shows PL
peak at 804nm, it shifts negatively to 800 nm after the perovskite film
is modified by thin layer of PMMA, to 798nm after the perovskite

FIG. 2. Effect of OA modification on: (a) lifetime (s), (b) transition time (td), (c) Mott�Schottky testing curves, (d) recombination resistance (Rre), and (e) charge transfer resis-
tance (Rct) of PSCs. (f) Grazing photoluminescence study on semi-devices. Luminescence spectra of perovskite (from the top) and perovskite modified with PMMA and
PMMA/OA are shown in (f), along with the detecting schematic figure.
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film was modified by both PMMA and OA. For comparison, the effect
of OA modification on PL of perovskite is also performed. As shown
in Fig. S6(a), negative shift is also observed. Indeed, similar phenome-
non was previously reported by Shao et al. in 2014.36 The negative
shift is due to the reduced defects that lying in the bandgap, as shown
schematically in Fig. 3(b). The passivation behavior is due to the inter-
action between PMMA, OA molecule, and the PVSK crystallite, as will
be discussed later. To further confirm the passivation behaivor, effect
of annealing time on the PL shift is studied. As is shown in Fig. S6(b),
with annealing time increasing from 5 to 30min, PL peak moves from
797.2 to 796nm. Also, when the laser was guided from the bottom
side of the perovskite, the longer luminescence wavelength (800nm)
was observed, compared to 797.2 nm when the laser was guided from
the top. These results show that passivation has been achieved on the
top surface perovskite layer.

The interaction is examined by x-ray photoelectron spectrum
(XPS). As shown in Fig. 3(a), before modification, the binding energy
of Pb 4f is 139.32 eV in the pristine PVSK film. After being modified
by PMMA, it moves negatively to 138.66 eV, while moves positively to
139.67 eV after modified by OA. In fact, the negative shift is similar to
studies, where PMMA was used to modify the quasi-2D Ruddlesden–
Popper (RP) perovskite,37 or PMMA contained 3D star-polymer was
adopted to modify FA basing PVSK.38 Both of the two works pointed
out the possbile coordination behavior between C¼O group and the
Pb (atom or ion). As such, the negative shift might relate to the such
interaction. While for the positive shift in the case of OA, it is similar
to that observed in the literature,26 showing possible interaction
between the -NH2 group and Pb. Due to the possible interaction
between PMMA/OA and perovskite, passivation could be harvested,
which reduces the defect due to the dangling bond [as shown in
Fig. 3(c)] and also retards interfacial recombination and favors the
charge transfer. However, more studies are needed to show the cause
of the opposite direction shift by these two materials.

To show the improved moisture resistance of devices by OA dop-
ing, accelerated aging test was performed by putting devices in an
oven, where the relative humidity (RH) could be controlled. As shown
in Fig. 4, the devices are treated in RH of 50%, 60%, 70%, 80%, and
85% each for 1 h, and then, the PCE is tested. It can be seen that when
there is no OA added, 1 of the 7 starting devices happened to break
down after being treated at RH of 60% for 1 h. When 15ll OA is
added, the first breakdown comes out to the treatment at RH of 70%
for 1 h. Then, after more OA is added, the breakdown comes later to

RH of 80%. After being treated by RH of 85% for 1 h, 6 of the 7 devices
are damaged by moisture in the reference case (no OA added), while
only 2 are damaged when 80ll OA is added. The breakdown could
also be reflected by the optical images that listed in Fig. S7. Clearly,
slower decline is seen when HTL is modified by OA. Thus, OA addi-
tion elevates the moisture resistance of PSCs. X-ray diffraction (XRD)
study is performed on the devices after the accelerated aging test. As
shown in Figs. 5(f) and 5(g), the breakdown of devices is accompanied
by the decomposition of the perovskite film. After aging test, more
PbI2 and yellow phased perovskite are obtained for reference devices.
In more, AgI is observed [Fig. 5(h)] due to the reaction between top
Ag electrode and the by-product of perovskite decomposition.23,39,40

Moreover, storage stability was also recorded, as shown in Fig. S8. One
can see that OAmodification also improves the storage stability.

To learn more about the effect of OA in above observations,
atom force microscopy (AFM) and wettability test were performed on
the HTL, as shown in Figs. 5(a)–5(e). It can be seen that OA

FIG. 3. (a) X-ray Photoelectron Spectroscopy (XPS) of the perovskite film that is modified by PMMA or OA. (b) Schematic diagram of PL after defect passivation. (c)
Schematic for the passivation behavior of PMMA/OA on perovskite.

FIG. 4. Accelerated aging test in damp environment. Devices are treated in differ-
ent moisture environment for 1 h, and then, power conversion efficiency is evalu-
ated. The relative humidity of 50%, 60%, 70%, 80%, and 85% is chosen.
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modification reduces surface roughness of the HTL, which favors the
contact between HTL and beneath perovskite film, and hence, the
defects passivation, which benefits device efficiency. On the other
hand, OA modification increases the contact angle between water and
HTL, showing that more hydrophobic surface is obtained, which helps
to raise the moisture resistance. In addition, scanning electron micro-
scope was used to judge the surface morphological properties. As
shown in Fig. S9, many pin-holes are seen in bare spiro-OMeTAD
films,41,42 which is similar to that reported before. After being modi-
fied by PMMA or OA, less pin-holes are observed. As such, PMMA/
OA doping is helpful for the film formation process.

In conclusion, due to the interaction between the OA molecule
and the perovskite crystallites, passivation behavior is observed, which
improves interfacial charge transfer and retards charge recombination
and, hence, the power conversion efficiency. Meanwhile, due to the
hydrophobicity of OA molecules, doping spiro-OMeTAD based HTL
with OA also enhances the moisture resistance of the PSCs. As such,
OA could help to prepare a high quality HTL, which is favorable for
both efficiency and stability.

See the supplementary material for information about the prepa-
ration procedures, materials and reagents, and the characterization
methods, EQE, and typical current density–voltage curves correspond-
ing to EQE (Fig. S1), typical JV curves (Fig. S2), statistics on hysteresis
index (Fig. S3), typical TPV/TPC curves (Fig. S4), Nyquist plots (Fig.
S5), effect of OA modification, annealing and incident direction of
laser on PL spectrum of perovskite (Fig. S6), optical images of PSCs
(Fig. S7) after accelerated aging test, long-term stability test of PSCs
(Fig. S8), and FE-SEM top surface images of the spiro-OMeTAD HTL
coated on perovskite film where the HTL is modified by PMMA, OA,
or both (Fig. S9).
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