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HIGHLIGHTS
e The TTC layer was efficiently deposited at the grain boundary of the perovskite, which passivated the grain surface and grain bound-
ary, thereby decreasing the interfacial recombination of the perovskite solar cells.

e The hydrophobic small molecule TTC on the perovskite films forms a water-resistant layer that protects the perovskite from water

damage.

ABSTRACT The advancement of perovskite solar cells (PVSCs)

technology toward commercialized promotion needs high efficiency p

and optimum stability. By introducing a small molecular material such

as tetratetracontane (TTC, CH;(CH,),,CHj;) at the fullerene (Cgp)/

perovskite interface of planar p-i-n PVSCs, we significantly reduced ot

the interfacial traps, thereby suppressing electron recombination and

facilitating electron extraction. Consequently, an improved efficiency

of 20.05% was achieved with a high fill factor of 79.4%, which is one of T
|

T
the best performances for small molecular-modified PVSCs. Moreover, ‘ §
= \

the hydrophobic TTC successfully protects the perovskite film from

(]
N
water damage. As a result, we realized a better long-term stability that w
maintains 87% of the initial efficiency after continuous exposure for /
200 h in air.

KEYWORDS Perovskite solar cells; Surface passivation; Charge transport; Surface defect

1 Introduction perovskite solar cells (PVSCs) possess the potential to be

highly scalable and manufactured by low-cost solution
Organic lead halide perovskite materials such as methylam-  routes [5-7]. Today, the certificated efficiency of PVSCs
monium lead iodide (CH;NH;Pbl;) have been revitalizing  has already reached 24.2%, rivaling their contemporary
worldwide photovoltaic research due to the superb photo-  inorganic counterparts [8]. However, the PVSCs still suf-
electric properties [1-4]. More encouragingly, the hybrid  fer from instability, especially when exposed to moisture.
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Therefore, their sensitivity against moisture needs to be
rationally addressed before they can be considered as com-
mercially viable [9].

The decomposition of perovskite in humid ambience is
mainly ascribed to the hydrolysis of CH;NH;Pbl;. The com-
bination of H,O and CH;NH;Pbl; forms Pbl, and CH;NH;],
and the latter further degrades into the HI and CH;NH, [10].
Pbl, dissolves out of the perovskite, resulting in a porous
structure that in turn accelerates H,O and O, absorption,
HI reacts with O, to form I, and H,O, which can further
drive the degradation process and decrease device efficiency
[11-13].Therefore, to overcome the moisture instabilities,
numerous strategies have been proposed, such as additive
promoted crystallization [14], mixed-dimensional perovs-
kite preparation [15], modification of the electron/hole trans-
port layer [16, 17], and device encapsulation [18]. Recently,
many groups have succeeded in utilizing the interface engi-
neering strategy to minimize the influence of moisture and
improve the stability. Likewise, many interfacial materials
have been investigated (Table S1), including metal oxides
[19], polymers [20-23], and carbon-based materials [24].
These hydrophobic interfaces can not only substantially limit
the permeation of atmospheric moisture but also enhance the
device performance in terms of decreasing surface recombi-
nation, tuning band energy offsets, and optimizing interfacial
contact [25]. Among these, small organic molecules have
attracted interest for their easy synthesis, purification, and
reproducible property [26, 27]. A slight chemical modifi-
cation of the molecules’ structure enables further fine-tun-
ing of the interfacial properties according to the research
requirements [28]. Additionally, organic molecules can be
deposited by solution processing and vacuum evaporation,
making this a scalable technique in future [29]. Considering
the above advantages, interface strategy of small molecule
is essential to enhance the performance and stability of the
PVSCs.

In this work, we developed an organic small molecule
tetratetracontane (TTC, CH;3(CH,),,CHj;) as an interlayer
for planar p-i-n PVSCs. Based on the device structure of
ITO/poly(triarylamine)(PTAA):2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F,-TCNQ)/CH;NH;Pbl;/TTC/
fullerene(Cg,)/BCP/Ag, we achieved a high power con-
version efficiency (PCE) of 20.05% with a high fill factor
(FF) of 79.4%, compared with that of 17.38% achieved by
the control device. The TTC passivation layer reduces the
defects at the perovskite surface, which suppresses electron

© The authors

recombination and facilitates electron extraction. Moreover,
the hydrophobic TTC can function as a water-resistant layer
and protect the device from water damage, leading to highly
stable perovskite devices.

2 Experimental Section
2.1 Materials and Sample Preparation

Pbl,, methylammonium iodide (MAI), and PTAA were pur-
chased from Xi’an Polymer Light Technology Corp. N,N-
Dimethylformamide (DMF) (99.8%), dimethyl sulfoxide
(DMSO) (99.8%), and F,-TCNQ were received from Sigma-
Aldrich. C¢, and BCP were purchased from American Dye
Source Inc. All materials mentioned above were used as
received without further purification.

2.2 PTAA Precursor Preparation

The PTAA solution was prepared by dissolving PTAA in
toluene (Sigma-Aldrich) with a concentration of 2 mg mL™!
and stirred overnight.

2.3 Perovskite Precursor Preparation

The perovskite precursor solution was prepared via mixing
462 mg of MAI 159 mg of Pbl,, and 78 pL of DMSO (a
molar ratio of 1:1:1) powder in 600 pL of anhydrous DMF.
The solution was stirred overnight at room temperature and
filtered with 0.22 pm PVDF filters before device fabrication.

2.4 Fabrication of Perovskite Solar Cells

The configuration of the fabricated devices was ITO/
PTAA:F,TCNQ/CH;NH;PbL,/TTA/C4/BCP/Ag. ITO (15 O
sq~!) glass substrates were cleaned sequentially with deter-
gent, deionized water, acetone, and isopropanol followed by
drying with N, stream and UV-ozone treatment for 10 min.
The PTAA:F,-TCNQ hole transport layers were formed by
spin coating onto the cleaned ITO substrates at 4000 rpm for
30 s and annealed on the hot plate at 100 °C for 15 min in air.
Then, the perovskite precursor solution was spin-coated onto
the top of the prepared substrates at 4000 rpm for 30 s and
annealed at 100 °C for 10 min. After the CH;NH;PbI; film

https://doi.org/10.1007/s40820-019-0282-0
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was formed and cooled to room temperature, TTA layers
of different thicknesses were deposited by thermal evapora-
tion on the top of the perovskite. Afterward, 25 nm Cg, and
6 nm BCP were sequentially deposited by thermal evapora-
tion under a vacuum of 5x 10~ Pa. Finally, a Ag electrode
of 100 nm thickness was evaporated through a shadow mask.
The device area was defined as 4 mm? for each solar cell
discussed in this work, and all of the above processes were
executed completely in air at room temperature.

2.5 Device Characterization

The device photocurrent was recorded using a Keithley 2400
Source Meter unit under AM1.5 illumination condition at an
intensity of 100 mW cm™2 in air. The illumination intensity
of the light source was accurately calibrated with a standard
Si solar cell. The incident photon-to-electron conversion effi-
ciency (IPCE) was measured using a Newport Oriel IPCE
measurement kit. The light intensity was calibrated using
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a single-crystal Si photovoltaic cell. The scanning electron
microscopy (SEM) images were taken on a ZEISS Sigma
field-emission scanning electron microscopy (FE-SEM).
The X-ray diffraction (XRD) patterns were recorded on a
Rigaku Ultima IV diffractometer using Cu Ka radiation. The
UV-Vis absorption spectra were measured using a UV-1700
spectrometer.

3 Results and Discussion

Figure la shows the device structure used in this study,
where the TTC tunneling junction locates at the Ag elec-
trode side. The cross-sectional image analyzed by FE-SEM
is displayed in Fig. 1b, in which all functional layers can be
clearly distinguished. Hybrid perovskite was deposited using
the anti-solvent method. PTAA doped by 1.0 wt% F,-TCNQ
was used as a hole-transporting layer because the non-wet-
ting surface enables the perovskite to be large grain size
[30]. The perovskite precursor solution, which contained
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Fig. 1 a Device structure used in this study. b Cross-sectional SEM image of the full device, including a TTC interlayer (scale bar: 100 nm). ¢
XRD spectra of the pristine and perovskite films with TTC, Cy,, and TTC/Cg, layer. d UV—Vis spectra of the perovskite films with different pas-

sivation layers
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159 mg of CH;NH;I and 462 mg of Pbl, in anhydrous DMF/
DMSO (600 pL/78 pL) solution, was then grown on PTAA
[31]. TTC is inserted between the perovskite and the Cg
electron collecting layer as the passivation material. The
doped PTAA and the perovskite were deposited by spin coat-
ing, while the TTC and C layer was evaporated along with
the top contact consisting of 6 nm BCP and 100 nm Ag. It
is noteworthy that no additional process was conducted for
the TTC layer.

We carried out XRD of the four perovskite/organic com-
binations (Fig. 1¢), including the pristine perovskite, perovs-
kite/TTC, perovskite/Cg, and perovskite/TTC/Cy,, to show
the phase of TTC on the surface. We found that the position
of the diffraction peaks for the perovskite with TTC, C,, and
TTC/Cg, is almost as same as the pristine perovskite. The
similar half-widths of all the perovskites suggest that organic
combinations have little impact on the crystal size. Interest-
ingly, we observed a significant decrease in the intensity of
the diffraction peak for TTC/Cg,-coated perovskite, which
might be a result of the improved coverage of the perovs-
kite surface [32]. The UV—Vis spectra of these perovskite
films (Fig. 1d) were collected to explore the role of TTC on
light absorption. Compared to the pristine perovskite, we
observed a similar absorbance behavior of the films con-
taining the various passivation layers. The thickness of the
normal perovskite film is 450 nm, as estimated from the
cross-sectional SEM (Fig. 1b). The passivation layer with
a negligible thickness affords a very little effect on light
harvesting.

We infer that the TTC coating fills the vacancies on the
surface and the grain boundary of the perovskite, result-
ing in the passivation effect on the surface defects and
decreased charge recombination. To verify this hypothesis,
we recorded the top-view SEM images and atomic force
microscopy (AFM) images of the normal, TTC, C,, and
TTC/Cq, coated perovskite. From the SEM results (Fig. 2),
it is observed that both C4, and TTC can be deposited at the
grain surface/boundary and fill the defects of the films. The
decreased root mean square (RMS) from 6.57 nm (perovs-
kite) to 6.45 (TTC/perovskite), 3.03 (Cgy/perovskite), and
2.60 nm (Cg/TTC/perovskite) indicates the reduced the
surface roughness and improved coverage of the perovskite
surface, which agrees well with the XRD results. Moreo-
ver, the AFM image of the perovskite/TTC/Cg, film shows
a more uniform and flat surface, indicating that TTC/Cy, is

© The authors

deposited at the grain boundary and reduces the height dif-
ference between the grain surface and grain boundary [23].

Furthermore, we evaluated the quality of these films by
surveying the charge dynamics using time-resolved photolu-
minescence (TRPL). Figure 2e shows representative TRPL
traces of the perovskite films without and with the respec-
tive passivation layer. The pristine perovskite exhibits a long
fluorescent lifetime and a long-lived tail with a fast-decay
lifetime (z,) of 3.7 ns and slow-decay lifetime (z,) of 37.7 ns.
The long lifetime reflects the high quality of the perovskite
film. The TRPL lifetime vastly reduces after capping the
top surface of the perovskite with Cg, (7; of 1.7 ns, 7, of
33.6 ns), which is attributed to the fast electron transfer from
the perovskite to the fullerene layer because of the matched
energy offset [33]. However, the TRPL lifetime of the TTC-
coated perovskite is almost the same as the original per-
ovskite, which indicates that electrons cannot transfer from
the perovskite to TTC because of the insulativity of TTC.
(TTC-only has no effect.) Interestingly, inserting the TTC
interlayer into the perovskite and Cg increases the PL life-
times. The perovskite/TTC/Cy, films decay to background
level on timescales longer (z; of 3.1 ns, 7, of 36.2 ns) than
those of the perovskite/Cy, samples, although still faster
than the pristine perovskite films. To understand the rea-
son for the increased PL lifetimes, we further measured
the steady-state PL of all samples. As shown in Fig. 2f, the
pristine perovskite shows a strong PL intensity with a peak
centered at 774 nm. The perovskite passivated by C¢, has a
decreased PL intensity with a slightly blueshifted peak to
771 nm, which is attributed to the passivated trap states on
the surface and/or along the grain boundaries of the perovs-
kite. As expected, the steady-state PL of the TTC passivation
sample exhibits a weaker PL intensity. The result shows that
the alkyl chain axes of TTC can fill the interface states such
as defect states or metal-induced gap states and passivate
perovskite film [34].

In the following discussion, we compared the photovol-
taic performance of the perovskite devices without and with
different thicknesses of TTC layers. All the fabrication and
measurement processes were conducted in dehumidified
atmosphere. The photovoltaic parameters were collected
under simulated solar illumination (AM 1.5, 100 mW
cm™2) and are listed in Table 1. The control device based
on Cg, delivered an open-circuit voltage (V) of 1.051V, a
short-circuit current density (J,) of 21.93 mA cm™2, a FF
of 75.21%, and a PCE of 17.34%, which represent a typical

https://doi.org/10.1007/s40820-019-0282-0



Nano-Micro Lett. (2019) 11:50

Page 50f9 50

(e) 10°
ﬁ Time/ns - - . -
- Per Per/Cq, Per/TTC/Cg, Per/TTC
- ; 1 37 17 31 37
5 HEH 2 3717 336 36.2 37.7
C [
g it
£ T 3
21071 8
a
i’
1 e
50 100 150 200 250
Time (ns)

‘Grain. boundéty \

No obvious boundary

U]
—@— Perovskite ;
@ Perovskite/TTC
@ Perovskite/Cgg [ c
2| —®Perovskite/TTCICgg 18
2
2
= ITo
|
o
1 1
700 750 800 850

Wavelength (nm)

Fig. 2 Top-view SEM and AFM images of a the normal perovskite and the perovskite with b TTC, ¢ C, and d TTC/Cy (scale bar: 100 nm). e

TRPL and f PL spectra of corresponding films on ITO substrate

performance of fullerene passivated devices. The perfor-
mance of the device with TTC thickness of 0.5 nm resembles

Table 1 Average performance parameters of perovskite devices with
different thicknesses of TTC tunneling layers

TTC (nm) V. (V)  J.(mAcm™2)  FF(%)  PCE (%)
0 1.051 21.933 75.21 17.336
0.5 1.052 22.031 76.37 17.707
1 1.069 22274 77.33 18.419
2 1.094 23.075 79.41 20.053
3 1.040 20.698 74.82 16.104

SHANGHAI JIAO TONG UNIVERSITY PRESS

the control device, which might be ascribed to the fact that
the TTC film is barely continuous. When the TTC thickness
was increased beyond 1 nm, the device performance was sig-
nificantly increased. The best devices were made with a TTC
thickness of 2 nm. The device exhibits a slightly higher V.
of 1.084 V, a higher J,. of 23.07 mA cm™2, and an increased
FF of 79.41%, yielding a champion PCE of 20.05%. The
device performance was severely reduced when the TTC
thickness was increased beyond 3 nm because the electrons
failed to tunnel. For comparison, the current density—volt-
age (J-V) curves of the control and optimized TTC-inserted

@ Springer
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devices are shown in Fig. 3a, and the efficiency histogram
was summarized from a batch of 32 devices for each type.
As shown in Fig. 3b, both types showed relatively narrow
PCE distribution, and the majority lied between 15.5-17.5
and 18.5-20.5%, respectively. Figure 3c displays the exter-
nal quantum efficiency (EQE) responses of the control and
device with TTC layer. An enhanced response appeared
for the TTC-modified devices at a wavelength range of
350-800 nm. The calculated current densities from the inte-
gration of the EQE spectra are 20.99 and 22.01 mA cm2,
respectively. These results agree well with the values
obtained from the solar simulator [35].

It is also worth mentioning that the devices with TTC
exhibit a negligible hysteresis compared to the Cgy-only
devices, which suggests that the TTC passivation layer

(@&

(b) 15

can block the ion migration channel at the grain bound-
ary; moreover, ion migration at grain boundaries plays a
dominant role in the photocurrent hysteresis. The absence
of photocurrent hysteresis is confirmed by altering the
photocurrent scanning direction (Fig. 3d, e). Besides, we
also performed the steady-state photocurrent measure-
ment at the maximum power output point. The control
device shows a photocurrent of 20.3 mA c¢cm~2 and a PCE
of 17.2%. The modified device indicates a photocurrent
of 22.0 mA cm™2 and a PCE of 20.0% (Fig. 3f), which is
consistent with the J—V results [36].

We also illustrated the function of TTC passivation layer
on transporting electrons and blocking holes using the pro-
posed energy diagram in Fig. 3g. The C—C-C plane of
TTC can form a typical organic ultrathin insulator film,
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Fig. 3 a J-V characteristics of the devices without and with TTC. b Statistics of PCE distribution for devices without and with TTC (a batch of
32 solar cells). ¢ EQE and integrated current curves of devices without and with TTC. Current—voltage hysteresis curves of the devices d with
TTC layers and e without TTC layers. f Steady-state measurement of J,, and PCE for the devices without and with TTC layers. g Energy band
level diagram of the corresponding materials used in PVSCs. h J-V characteristics of devices without and with TTC in dark. i J-V characteris-
tics of electron-only devices without and with TTC. The structures of electron-only device are inserted
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which would adjust the band alignment of the devices. We
measured the conductivity of the ITO/PTAA:F,-TCNQ/
TTC/Cy,/BCP/Ag and ITO/PTAA:F,-TCNQ/Cy,/BCP/Ag
films via the current—voltage (I-V) curve measurement and
show this in Fig. S1. It can be seen that their conductivity
has little variation, suggesting that TTC has little impact
on the electron transport inside the devices because of
the small thickness of TTC. The photogenerated electrons
at the conduction band of the perovskite can tunnel into
the lowest unoccupied molecular orbital (LUMO) of Cyy,
because there are energy-matching unoccupied states in
Cyqp for electrons to tunnel into. On the contrary, the tun-
neling rate of the holes will be very low because there are
no unoccupied states for the holes to tunnel into. There-
fore, the TTC layer allows electron transfer from the per-
ovskite to Cg, layer by tunneling and blocks the holes,
which reduces their recombination at the interface [37].
The dark current density of the TTC-inserted device was
suppressed at negative bias (Fig. 3h), suggesting a reduced
leakage current density and an increased shunt resistance.
To further prove the effect of the electron injection effi-
ciency at the perovskite/TTC/Cyj interface, we fabricated
electron-only devices with the configuration of ITO/Cy/
perovskite TTC/Cgy/Ag and ITO/C¢y/perovskite/Cgy/Ag.
As shown in Fig. 3i, the TTC-modified device exhibits
a smaller trap-filled limited voltage, implying that lower
electron trap density occurs at the perovskite/TTC/C,
interface [38—40].

The hydrophobic small molecule on the perovskite films
could form a water-resistant layer to protect the perovskite
film from water damage. In this regard, we tested the shelf

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

stability of corresponding PVSCs at an ambient environ-
ment of 40% relative humidity in air without encapsula-
tion. As shown in Fig. 4a, it is found that the PVSCs with
TTC exhibited a better long-term stability compared with
the standard Cg,-based devices. To obtain more direct evi-
dence of the device stability, we further investigated the
contact angle of the pristine Cy,, TTC-, and Cgq/TTC-
containing perovskite films. The significant variation of
device stability resulted from different hydrophobicities
of the passivation layer (Fig. 4b—e). The TTC film shows
a very big water contact angle of 103°, so that the hydro-
phobic TTC layer can efficiently prevent the water pen-
etration into the perovskite. The angle reduces slightly to
91° after the coating of C, on TTC, which is still much
bigger than that of Cgy-only films. The improved cover-
age and hydrophobicity of the perovskite layer protect the
PVSCs from air and water, which slows the CH;NH;Pbl;
decomposition [41-43]. We also measured the evolution of
PCE over time under continuous illumination for the non-
encapsulated devices without and with TTC. As shown in
Fig. S2, both solar cells decay to about 40% of their ini-
tial efficiency within 5 h when subjected to full spectrum
sunlight, which illustrates that TTC steadily works inside
the device.

4 Conclusion
In summary, a hydrophobic small molecular TTC was dem-

onstrated as an effective interlayer for planar p-i-n PVSCs.
The insertion of TTC reduces the interface trap density and

@ Springer
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enhances the electron extraction at the perovskite/Cg, inter-
face. With the device structure of ITO/PTAA:F,TCNQ/
CH;NH,PbI,/TTC/C,,/BCP/Ag, we achieved a PCE of
20.05% with a high FF of 79.41%. Moreover, the hydro-
phobic TTC successfully protected the perovskite film from
water damage as a water-resistant layer on the perovskite
films. Thus, PVSCs with better long-term operation stability
were realized. This study provides an efficient method using
small molecular to improve the efficiency and stability of
the PVSCs.
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