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Although the power conversion efficiency (PCE) of perovskite solar cells (PSCs) has improved greatly in
recent years, the challenges of efficiency and stability still need to be overcome before these solar cells
can be used in commercial applications. Here, a weak acid buffer, hydroxyethyl piperazine ethane sulfonic
acid (HEPES), is used to passivate the interface of an SnO, electron transport layer (ETL) and a photoactive
layer in n-i-p solar cells. The device efficiency based on a SnO,/HEPES ETL reaches 20.22%, which is 9.7%
higher than that of the control (18.43%), and the device stability is also significantly improved. The
improvement in the device performance is mainly due to the introduction of the HEPES interface layer to
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adjust the interface energy level, which also improves the crystallinity of the perovskite film and reduces
the interface defects. Electrochemical impedance spectroscopy and transient photovoltage/photocurrent
results show that the HEPES-modified PSCs have lower charge transfer resistance, weaker leakage current
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Introduction

Over the past two decades, organic-inorganic hybrid perovs-
kite solar cells (PSCs) have become one of the research hot-
spots in the field of photovoltaics, because of their simple
preparation process and high efficiency. In the short period of
more than 10 years, the power conversion efficiency (PCE) of
PSCs has rapidly been improved from 3.8% to 25.6% (certified
25.5%)."% The high efficiency of solar cells is mainly due to
the excellent photoelectric properties, of the perovskite photo-
active materials (such as CH3;NH;3PbX;, X = I, Br, Cl), such as
strong absorption coefficient,>* high carrier mobility,” long
carrier lifetime,® and tunable direct band gaps.””® However,
although the efficiency has been significantly improved, the
serious hysteresis and poor stability of PSCs limit their further
commercial applications.

As the electron transport material in n-i-p PSCs, the SnO,
ETL has the advantages of high electron mobility, high light
transmittance, and it can be prepared at a low temperature
because of the large band gap.” " However, due to the mis-
match of energy levels and the existence of defects,">™** the
efficiency of charge extraction at the SnO,/perovskite interface
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intensity and improved interfacial charge separation and transport.

is low, and the carrier recombination is serious, which leads to
low efficiency and poor stability of the device. In order to solve
these problems, researchers have proposed some ETL modifi-
cation methods: (1) by doping the metal ions, the ETL can
better match the energy level of the perovskite materials and
also improve the conductivity of the ETL,'>'® and previous
studies have shown that the MgO doped SnO, film is uniform
and dense, which can effectively improve the carrier mobi-
lity;'” (2) by adding an interface modification layer, the surface
defect state is passivated to improve the carriers’ transport and
separation at the interface.”'®'® Fullerene and its derivatives
have a good electron extraction ability, and their energy levels
match well with those of perovskite. It is reported that fuller-
ene modified SnO, shows good electron transfer and negli-
gible charge recombination.”?”>*> These studies improve the
device performance by reducing the ETL surface defects or
improving the energy level alignment. The ETL and perovskite
active layer are the key components of perovskite solar cells.
The development of an interface modification layer can not
only improve the performance of ETL, but it can also have a
positive impact on perovskite crystallization, which will be very
helpful for improving the overall performance of the device.
Here, a multifunctional molecule is introduced: hydroxy-
ethylpiperazine ethane sulfonic acid (HEPES), with a sulfonic
group and a hydroxyethyl group, on the surface of the SnO,
ETL to passivate the SnO, surface defects, improve the inter-
face environment of the SnO,/perovskite, optimize the crystal-
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lization process of the perovskite, and to improve the quality
of the perovskite films. Compared with SnO, ETL, the HEPES
modified SnO, film is less rough and is a better match with
the perovskite energy level. Compared with the control, the
perovskite deposited on SnO,/HEPES substrate has large and
dense grains and a more effective carrier extraction. The
efficiency of the SnO,/HEPES based solar cell reaches 20.22%,
with a significantly reduced hysteresis, and the long-term
stability is also improved.

Results and discussion

Fig. 1a shows the molecular structure model of HEPES, which
contains a hydroxyl (-OH), two nitrogen atoms (N) and a sulfo-
nic group (-HSOj). The abundant functional groups make
HEPES a candidate material for SnO, surface passivation. On
the one hand, -OH can react with the surface groups (such as
carboxyl) of SnO,, thus blocking the polar groups of SnO,.
Fig. S1 (ESIf) shows the Fourier-transform infrared (FTIR)
spectrum of fresh SnO, film after plasma treatment, and it can
be seen from the FTIR results that there are absorption peaks
in the range of 1580-1644 cm™' and at 1731 cm™', which
belong to the absorption peaks of the carboxyl group.>® On the
other hand, the ~-HSO; and N atoms form Lewis adducts with
negative/positive charge trap states, which passivate the
defects on the surface of the perovskite. Density functional
theory (DFT) was used to determine the surface electrostatic
potential of HEPES. As shown in Fig. 1b, the -HSO; and -OH
groups are located in the negative and positive electrostatic
potential regions, respectively, and these can participate in the
coordination or bonding of uncoordinated Pb*>" or halogen
defects in the perovskite. It can be seen from the electrostatic
potential distribution diagram of the HEPES molecule that
-HSO; is located in the blue region, that is, it belongs to the
electron-deficient group. Electron-deficient groups are easy to
interact with electron-rich groups. From the DFT calculation, it
was further determined that the most easily formed defect in
perovskite is the lead iodine substitutions defect (Pby), and its
formation energy is 0.43 eV. The formation energies of the Pb
vacancy defects and I vacancy defects are 7.27 and 36.24 eV,
respectively. Pb; defects could easily form and contains many
electrons, which act as a lewis acid to coordinate with the
existed ~-HSO;. The interaction between Pb; and ~-HSO; is beni-
ficial to promote the formation of large grains with small
defects.**
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Fig. 1 (a) Molecular model of HEPES. (b) Electrostatic potential profile
of HEPES.
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The FTIR spectroscopy was performed to determine the
binding between SnO, and HEPES. As shown in Fig. S2 (ESIT),
the FTIR spectra for HEPES have a strong peak at 3386 cm™,
which is the characteristic peak of the O-H bond. In Fig. 2a,
the peak at 1672 cm™" is assigned to the stretching vibration
of the C=0 bond. When the SnO, combines with HEPES, the
peak value of C=O shifts to a lower wavenumber of
1664 cm™ ', which indicates that the SnO, mainly interacts
with the -OH on HEPES. This confirmed that HEPES was
chemically anchored on the SnO, surface. In order to further
understand the difference of the optical properties between
the ETL films before and after passivation, the optical trans-
mission spectra of the two films were measured, as shown in
Fig. 2b. According to reports in the literature, SnO, nanocrys-
talline thin films prepared at low temperature have good trans-
mittance due to their excellent anti-reflection ability.”®
Interestingly, in the visible region (400-800 nm), both SnO,
and SnO,/HEPES films show good light transmittance.
Because the HEPES passivation layer is very thin, the light
transmittance of the film does not decrease after the introduc-
tion of HEPES, which is conducive to photons reaching the
perovskite layer. The water contact angles of SnO, and SnO,/
HEPES films were determined. The results of this are shown in
Fig. 2c and d, and the contact angle of the SnO, film is 14.6°
(the average contact angle is 13.56°, see Fig. S3, ESIT).
Whereas, the contact angle of the SnO, substrate coated by
HEPES is 11.9° (average is 10.68°), and the hydrophilicity is
stronger. Because HEPES has good hydrophilicity, the interface
modification with HEPES can cause the perovskite precursor
and ETL substrate to infiltrate well, which is beneficial for
reducing the Gibbs free energy of the perovskite crystallization
and improving the quality of perovskite crystallization.'*>®

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were used to further characterize the
surface morphology of the substrate before and after passiva-
tion. The results are shown in Fig. 3. The SEM images show
that the SnO, nanocrystals are densely arranged and comple-
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Fig. 2 (a) Fourier transform infrared spectra, (b) UV-Vis transmittance
spectra of SnO, and SnO,/HEPES films. Water contact angles of SnO, (c)
and SnO,/HEPES (d) substrates.
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Fig. 3 Top-view scanning electron microscopy images of SnO, layers
without (a), and with (b) HEPES. Atomic force microscopy images of
SnO, without (c and e), and with (d and f) HEPES.

tely covered the ITO surface (Fig. 3a). Due to the thin passiva-
tion layer of HEPES, there is almost no obvious effect on the
morphology of the substrate after covering the SnO, surface
(Fig. 3b). The 2D and 3D AFM images (Fig. 3c-f) show that the
surface roughness of the SnO,/HEPES film is 1.23 nm, which
is lower than the 1.57 nm on a bare SnO, substrate. This result
shows that HEPES is beneficial to the growth of the perovskite
crystal.”’

The perovskite thin films were prepared on SnO, and SnO,/
HEPES ETL using a one-step anti-solvent method. The mor-
phology of the perovskite films was studied by FE-SEM. In
Fig. 4a and b, the perovskite crystal on the SnO,/HEPES sub-
strate is more uniform and denser than that on the SnO, sub-
strate, and the grain size is also increased. The statistical
results of the grain size are shown in Fig. S4 (ESIt). The
average size of perovskite crystal on SnO,/HEPES substrate
reached 310 nm, which is higher than the 190 nm on the
control. The effect of the substrate on the crystal structure of
perovskite was determined by X-ray diffraction (XRD). As
shown in Fig. 4c, the XRD patterns of perovskite films on SnO,
and SnO,/HEPES substrates show peaks of 14.1° (110), 28.4°
(220) and 31.9° (310), which can be indexed as a methyl-
ammonium lead triiodide (MAPbI;)tetragonal crystal

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 The SEM images of the perovskite film deposited on SnO, (a),
and on SnO,/HEPES (b) substrate. (c) The XRD, and (d) UV-Vis patterns
for perovskite films on different substrates.

structure.”®*® Compared with the crystal deposited on the

SnO, substrate, the crystal grown on the SnO,/HEPES substrate
has a higher crystal strength and a smaller full width at half
maximum (FWHM) (Fig. S5, ESIT), which indicates that the
crystallinity of MAPbI; on SnO,/HEPES is better. The UV-Vis
absorption spectrum of the perovskite film is shown in
Fig. 4d. The results show that the perovskite films with an
SnO,/HEPES underlayer have a higher absorption in the visible
range, which is mainly due to the better crystallinity and
smoother surface.’® Subsequently, the electron-only devices
with a structure of ITO/ETL/perovskite/PCBM/Ag (Fig. 5a) was
adopted for space-charge-limited current (SCLC) measure-
ments to test the defect density of the MAPDbI; films deposited
on different ETL substrates.>® The J-V curves tested in the
dark state are shown in Fig. 5b and c, which includes the
ohmic region (linear current-voltage response) at a low bias
voltage range and a trap-filling limited region as the current
increased significantly. Eqn (1) is used to calculate the trap
density (N,):**?

2VrrLELE
N, = TFL2r 0
qL

(1)

where L, €y, €, and g represent the MAPDbI; thickness, vacuum
permittivity, dielectric constant of MAPbI; and electron
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Fig. 5 (a) A schematic diagram of electron-only devices with a struc-
ture of ITO/ETL/perovskite/PCBM/Ag. (b) and (c) Space-charge-limited
current versus voltage of SnO, and SnO,/HEPES based devices,
respectively.
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charge, respectively. The values of N, calculated from the curve
of Sn0, and SnO,/HEPES samples are 2.77 x 10'* em™, and
2.49 x 10" em™, respectively. The results show that the
HEPES surface modification is helpful for improving the
quality of perovskite films and reducing the perovskite defects,
which is consistent with the XRD and SEM measurements.

Steady state photoluminescence (PL) and time-resolved
photoluminescence (TRPL) were measured to investigate the
effect of the HEPES interface layer on the charge extraction
and electron transport behavior. As shown in Fig. 6a, the PL
intensity of the perovskite film grown on SnO,/HEPES sub-
strate is significantly weaker than that grown on bare SnO,,
which indicated that MAPDbI; film grown on SnO,/HEPES sub-
strate exhibits more effective PL quenching than that on the
SnO, substrate. The rapid quenching of the PL indicates that
the interface layer of HEPES makes the carrier transport
between perovskite and ETL more efficient. Fig. 6b shows the
TRPL spectra of perovskite films on SnO, and SnO,/HEPES
substrates. The bi-exponential function eqn (2) is used to fit
the PL decay curves.”** The fitting parameters are summar-
ized in Table S1 (ESI}).

1(t) = 4y exp(f é) 4y exp(fi) Ay )

T2

where A, is a constant, A; and 4, represent the PL decay ampli-
tudes, 7 is a decay time constant. The fast decay lifetime ()
and the slow decay lifetime (z,) indicate the PL quenching at
charge transfer on the ETL/perovskite interface, and the radia-
tive recombination of trapped charges within the perovskite
layers, respectively."**® It was found that perovskite films de-
posited on SnO,/HEPES have a shorter, fast decay time (z; =
7.86 ns) than that deposited on SnO, (r; = 11.93 ns), which
indicates the fast charge extraction and reduced charge recom-
bination for the HEPES treated samples. Meanwhile a longer,
slow decay is observed for the SnO,/HEPES/perovskite (z, =
46.12 ns), which demonstrates that the trap density in perovs-
kite is reduced, and thus, the quality of the perovskite films is
improved. This is consistent with the SEM and PL results. It is
worth noting that the morphology and crystallinity results
have proved that the introduction of HEPES can improve the
crystallinity of the perovskite crystals and reduce the defects in
the perovskite films. Thus, the accumulation of interfacial
photoelectrons is reduced.
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Fig. 6 Photoluminescence spectra (a), and time-resolved photo-
luminescence curves (b) of perovskite film based on different ETLs.
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Perovskite solar cells with the structure ITO/ETL/MAPbI;/
Spiro-OMeTDA/Ag were prepared using SnO, and SnO,/HEPES
as electron transport layers. The device structure and energy
level arrangement of each functional layer as shown in Fig. 7a
and b. The SEM image of the cross section of the cell is shown
in Fig. 7c, the thickness of the perovskite active layer is about
550 nm. The photovoltaic performance of the cells was
measured under one standard simulated sunlight (AM1.5,
100 mW cm™?). Fig. 7d shows the J-V curves of the control and
HEPES modified cells. The detailed parameters are listed in
Table S2 (ESIt). The PCE of the control reached 18.43% with
an open circuit voltage (Voc) of 1.06 V, a short circuit current
density (Jsc) of 22.57 mA ecm ™2, and a fill factor (FF) of 76.69%.
While ¢ and PCE increased to 23.59 mA cm™2 and 20.22%,
respectively, for HEPES modified best device. Fig. 7e shows the
incident-photon-to-current-efficiency (IPCE) curve of mono-
chromatic light incidence. The integrated current of the
HEPES modified cells increased from 21.69 to 23.01 mA cm™>.
This shows the superiority of the charge injection and collec-
tion of the HEPES modified devices. In order to further study
the effect of the HEPES interface layer on the performance of
the solar cell, the -V curves of the cell in the dark were
measured. As shown in Fig. S6 (ESIT), the dark current density
of the HEPES modified device is lower than that of the control
device, which indicates that the current leakage phenomenon
is effectively suppressed after the interface modification. This
is consistent with the measurement results of the steady-state
PL and TRPL. It further shows that the surface modification
layer of HEPES obviously reduced the charge recombination.
Next the electrochemical impedance spectroscopy (EIS) of the
operational SnO, and SnO,/HEPES based perovskite solar cells
were measured under dark conditions and the Nyquist plots
(bias = 0.8 V) are shown in Fig. 7f. For the two devices, we
applied an equivalent circuit model to fit the series resistance
(Rs) and recombination resistance (R,..) and the fitting para-
meters are summarized in Table S3 (ESIt), and the equivalent
circuit model is shown in the inset of Fig. 7f. Based on the
fitting results, the R, was found to decrease from 43 Q (for the
SnO,-based device) to 32 Q (for the SnO,/HEPES device),
which is consistent with the improved electron extraction at
the cathode interface. The R increases from 733 Q (for the
SnO,-based device) to 1053 Q (for the SnO,/HEPES device),
indicating the effectively suppressed carrier recombination in
the perovskite solar cells with the inserted HEPES layer.

Long-term stability is another key indicator to evaluate the
performance of the perovskite solar cells. The long-term stabi-
lity of perovskite solar cells stored under ambient conditions
without encapsulation is tested further. As shown in Fig. S7
(ESIf), for the normalized PCE decay versus storage time, 86%
of the initial PCE is maintained for the SnO,/HEPES based
sample after 30 d of storage in an ambient environment (T
~25 °C, RH ~50%), whereas the control device only retains
74% of the initial efficiency after one month. Considering the
improvement of film quality, in particular for the compact per-
ovskite with large grains for the SnO,/HEPES sample, the prob-
ability of water molecules diffusing into the internal region of

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 (a) Device structure of the p-i-n PSCs, (b) corresponding energy-level diagram of the structure shown in (a), (c) cross-sectional SEM image of
the device, (d) the J-V curves of the best PSCs under reverse and forward scans, (e) the IPCE spectra, and integrated J,. of the corresponding
devices, and (f) the Nyquist plot of the impedance spectroscopy of SnO, and SnO,/HEPES based perovskite solar cells measured in the dark at 0.6 V,

together with the fitting results with an equivalent circuit model (inset).

the perovskite film will be reduced. Therefore, under the same
environment (7 ~25 °C, RH ~50%), the decomposition of per-
ovskite deposited on SnO,/HEPES is minimized, and finally
the stability of the device is improved.

The transient photocurrent (TPC) decay and transient
photovoltage (TPV) decay are important means to study the
charge transfer performance of the solar cell devices. As
Fig. 8a shows, compared to the SnO,-based sample, the SnO,/
HEPES based device gave a reduced TPC response, showing
that charge extraction and transmission is more effective than
that in the control device. In Fig. 8b, the TPV response of the
SnO,/HEPES sample exhibits a longer lifetime than that of the
control solar cell, which proves that carrier recombination is
effectively suppressed in the SnO,/HEPES based device.*” The
charge transport characteristics show that HEPES effectively
passivates the ETL/perovskite interface, promotes the for-
mation of high-quality perovskite, reduces the perovskite
defect density, and promotes the carrier transport of the
device, which enhances the PCE of the PSCs.
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Fig. 8 Normalized transient photocurrent (a), and transient optical-
voltage (b) for PSCs without and with a HEPES layer.
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Conclusions

In conclusion, HEPES is used to passivate the surface of the
SnO, film. The results show that high quality perovskite thin
films with improved crystallinity are obtained on the SnO,/
HEPES substrates. In addition, HEPES can passivate SnO,
surface defects and improve the efficiency of the electron trans-
port. The results showed that the PCE of HEPES modified PSCs
was up to 20.22%. The improvement of device performance is
mainly due to the introduction of the HEPES interface layer to
adjust the interface energy level, improve the crystallinity of the
perovskite film and reduce the interface defects. The EIS and
TPV/TPC results further indicate that the HEPES modified PSCs
have a lower carrier transfer resistance, lower leakage current
density, and lower interface charge accumulation.
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