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Boosting perovskite nanomorphology and charge
transport properties via a functional D—nt-A
organic layer at the absorber/hole transporter

*a

and Polycarpos Falaras ‘&

The photovoltaic efficiency and stability challenges encountered in perovskite solar cells (PSCs) were
addressed by an innovative interface engineering approach involving the utilization of the organic
chromophore (E)-3-(5-(4-(bis(2',4'-dibutoxy-[1,1'-biphenyl]-4-yl)lamino)phenyl)thiophen-2-yl)-2-cya-
noacrylic acid (D35) as an interlayer between the perovskite absorber and the hole transporter (HTM) of
mesoporous PSCs. The organic D—n-A interlayer primarily improves the perovskite's crystallinity and
creates a smoother perovskite/HTM interface, while reducing the grain boundary defects and inducing an
energy level alignment with the adjacent layers. Champion power conversion efficiencies (PCE) as high as
18.5% were obtained, clearly outperforming the reference devices. Interestingly, the D35-based solar cells
present superior stability since they preserved 83% of their initial efficiency after 37 days of storage under
dark and open circuit (OC) conditions. The obtained results consolidate the multifunctional role of
organic D—-n-A molecules as perovskite interface modifiers towards performance enhancement and
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Introduction

Perovskites are in the forefront of the research towards the
introduction of novel, solution-processed materials in photo-
voltaic (PV) applications. Within only a few years,' solar cells
based on perovskite absorbers presented a rapid development,
reaching a 25.2% power conversion efficiency (PCE)" and creat-
ing great expectations for a cheap and versatile energy source,
a good alternative to the silicon-based PV technology. Despite
high efficiencies, the stability challenge remains unsolved,>”
thus various strategies have been proposed to enhance the per-
formance of perovskite solar cells (PSCs), including dimen-
sionality optimization,® ' interface engineering''*® and util-
ization of fully inorganic perovskite absorbers.'”” Moreover, a
comprehensive understanding of the physicochemical pro-
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cedures occurring during perovskite formation and PSC oper-
ation is still lagging. Poor stability of the absorber is an
additional issue, often related to the existence of ionic
defects,'®'® such as undercoordinated lead cations,>® which
are present at the grain boundaries®' of the perovskite film
surface and can act as charge recombination and moisture/
oxygen penetration sites. This happens because most of the
solution-processed devices are fabricated using polycrystalline
perovskite thin films treated under low-temperature con-
ditions. This creates dense defect traps (~10'® em™) at the
grain boundaries and the film surface of polycrystalline perovs-
kites, several orders of magnitude higher than single crys-
tals.>> Therefore, fine-tuning and full control of the crystal
growth procedure are necessary, especially for large-scale
implementation of highly efficient and robust devices.

In this context, organic molecules with carbonyl or other
active groups®** have drawn attention for the effective modifi-
cation of the perovskite absorbers due to their facile processa-
bility and appropriate electronic properties. Feng et al.>® pro-
posed the utilization of an Eu-porphyrin complex creating 2D
perovskite platelets within the grain boundaries, while Zhao
et al.*® incorporated a near IR organic molecule to modulate
the photoresponse of the device. Additional approaches
include the insertion of organic molecules with rich carboxyl
groups towards efficient passivation,>”*® or the use of different
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functional compounds offering a multi-passivation effect®
while other efforts focused on the synergistic effect of metal-
lated porphyrins®® and phthalocyanines®** in the operation
of PSCs.

Herein, we introduced a donor-n-acceptor (D-n-A)'* organic
compound as an efficient interlayer that successfully passi-
vates the surface trap states of a triple-cation perovskite layer
while simultaneously acts as an effective charge carrier trans-
porting the interlayer between the perovskite absorber and
2,2',7,7"-tetrakis[N,N-di(4-methoxyphenylJamino]-9,9'-spirobi-
fluorene (Spiro-MeOTAD), HTM. In general, donor-n-acceptor
compounds possess intramolecular charge transfer (ICT) pro-
perties.*> Moreover, the passivation effect is supposed to
increase with the polarity of the D-1-A molecule. So, a strong
electron-donating unit on the donor part would increase the
electron density on the acceptor group and make it much
more electron-rich.*® Such dipolar electron density distri-
bution delivers improved conditions for coordination with the
under-coordinated Pb>" defects. This is the case for the
D35 D-m-A compound,'? bearing a strong electron-donating
amino center and a cyano group with extremely high electron
attracting ability. Thus, a small amount of (E)-3-(5-(4-(bis(2’,4'-
dibutoxy-[1,1"-biphenyl]-4-yl)Jamino)phenyl)thiophen-2-yl)-2-
cyanoacrylic acid (D35), a triphenylamine (TPA)-based D-n-A
molecule, was dissolved in chlorobenzene in different concen-
trations and was spin coated upon (FA/MA/Cs) Pbl;_,Br, films.
The donor, n-spacer, and acceptor parts are triphenylamine,
thiophene, and cyanoacrylic acid, respectively. The multi-
cation perovskite polycrystal ((FA/MA/Cs) Pbl;_,Br,) layers
below the D35 interlayer showed high crystallinity and
upgraded light absorbance, while the corresponding perovs-
kite/hole transporter interface was smoothened. In addition,
the energy bands of the employed materials were aligned
appropriately towards the facilitation of charge carrier extrac-
tion and transfer. Moreover, the films containing the organic
chromophore showed reduced trap density due to the coordi-
nation of Pb*>" with the carboxylic group of D35. As a result, we
obtained devices with improved power conversion efficiency by
22%, in comparison to the reference ones. In addition, the
modified devices presented superior stability, preserving 83%
of their initial PCE after 37 days of storage under dark and
ambient (RH = 25%) conditions, owing to the hydrophobic
nature of D35.

Results and discussion

At first, various preliminary experiments were performed in
perovskite PV devices, using the dye molecule both as an addi-
tive during the perovskite film’s anti-solvent treatment®> and
as an individual interlayer on top of the perovskite absorber.
The results in the form of power conversion efficiencies are
presented in Table S1.t The D-n-A compound (D35) was dis-
solved in chlorobenzene, while different concentrations were
tested before choosing the optimum one, which is 107> M.
Experiments were also performed using formamidinium
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bromide as an extra passivation layer.*® As a result, the pres-
ence of D35 (Fig. 1a) is beneficial in every case, though the
most promising results were obtained when using it as a func-
tional layer on top of the perovskite absorber, without any
further modification and with pure chlorobenzene as the anti-
solvent material. The details on the exact device fabrication
procedure are given in the Experimental section. To optimize
the deposition conditions of the D35 layer, additional experi-
ments were performed by varying the concentration (six
different values between 10~° M and 10~* M) of D35 in chloro-
benzene. The results presented in the revised Fig. S11 confirm
the successful optimization and directly indicate the effect of
the functional D-n-A organic layer on the device performance.
Therefore, we obtained the highest efficiency using a D35 solu-
tion of 10™> M. In this case, the roughness analysis gives an
estimation of the corresponding thickness of about 5 nm.
Fig. S21 shows the absorption spectrum of D35 dissolved in
chlorobenzene. D35 shows a broad absorption peak at 445 nm
(ref. 37) attributed to the HOMO to LUMO transition, while
the peak at 323 nm corresponds to the HOMO-1 to LUMO
transition.>®

It is reported”® that the carboxylate group in a D-n-A mole-
cular structure (inset in Fig. S21) demonstrates high electron
density, which favors interaction with the under-coordinated
Pb>* cations. To visualize the electron density distribution,
electrostatic potential (ESP) analysis was performed, calculated
from the density functional theory (DFT) method. As shown in
Fig. 1b, the electron scarce area mainly distributes around the
electron-donor part, associated with the butyl chains of the tri-
phenylamines. On the other hand, the electron-rich cya-
noacrylic acid group presents a high electron density which
favors the coordination with the under-coordinated Pb**
cations, as shown in Fig. 1c. In order to clarify the interaction
of the organic molecule with the Pb*>" cations, Fourier-trans-
form infrared spectroscopy (FTIR) measurements were per-
formed in D35 with and without Pbl,.

Fig. 1d shows a strong quenching of the stretching
vibrational mode at 1685 cm ™" of C=0 in the carboxylic group
of D35, which indicates the interaction of lead and the dye
through the carboxylic group.”> Moreover, the absorbance of
the D35 solution was measured with and without Pbl,. The
UV-vis spectrum of the D35-Pbl, complex (Fig. S3t) presents a
clear red shift (from 420 nm to 450 nm) of the main absorp-
tion peak, which clearly reveals an interaction between the dye
and lead cations. In conclusion, such an effect refers*® to the
strong coordinated reaction of D35 with Pb*" that affects the
C=0 bond of cyanoacrylic acid, partially breaks the
n-conjugated system and disturbs the intramolecular charge
transfer absorption band of the D-n-A molecule.*”

In Fig. 2a, the absorbance of perovskite layers with and
without D35 on top, grown upon FTO/TiO, substrates, is pre-
sented. The curves showed that the presence of the organic
compound increases the absorbance of (FA/MA/Cs) Pbl;_,Br,,
specifically in the region below 650 nm. Since D35 absorbs
below 510 nm, as shown in Fig. S2, we may attribute the
increase in absorption partially to the presence of D35 and pri-

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Chemical structure of D35 (a); calculated ESP profiles of D35 (b); schematic illustration of the passivation process of D35 molecules for the
under-coordinated Pb?* cations (c); Fourier-transform infrared spectroscopy (FTIR) measurements in D35 with and without Pbl, (d).
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Fig. 2 UV-vis absorption spectra (a) and XRPD patterns (b) of mixed perovskite films with and without D35 treatment. Symbols “*", “0" and "#" rep-

resent the perovskite, FTO and TiO, peaks, respectively.

marily to the improved perovskite film quality, namely,
compact and large perovskite grains.

The structural quality of the perovskites was examined and
verified by X-ray powder diffraction (XRPD) analysis (Fig. 2b),
which confirmed the presence of the main reflections from
the (FA/MA/Cs) Pbl;_,Br, perovskite (at 20 = 13.5, 19.4, and
27.8°), titania (at 260 = 26°) and FTO (at 26 = 24°) layers.**™*?
The trace of the two patterns is similar; however, in the pres-
ence of D35, stronger perovskite diffraction peaks are grown, a

This journal is © The Royal Society of Chemistry 2020

fact associated with perovskite’s improved crystallinity. On the
other hand, full width half maximum (FWHM) analysis
showed no difference (0.24° for the 001 peak for both
samples). FWHM is associated with the size of crystallites via
Scherrer’s equation. However, this is a mean value estimation,
thus the size will be precisely estimated by scanning electron
microscopy (SEM) analysis. A more careful observation
(Fig. S47) shows that the peak position presents a slight shift
(from 13.50° to 13.55°) upon D35 molecule interaction. This
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shift can be associated with the relative geometrical position
of the sample; however, the interaction of D35 with the perovs-
kite lattice cannot be excluded.*® However, even in the latter
case, permeation into the perovskite crystal induces neither a
phase transition nor forms any 2D structures on the surface of
the perovskite films.'® Moreover, Fig. S5 shows the diffuse
reflectance spectra transformed in Kubelka-Munk units,
according to the following equation:**

rry =18 )

where R is the reflectance and Av is the photon energy. [F(R) x
hv] is plotted as a function of energy (eV). By extrapolating the
curves, the band gap energies have been estimated at 1.62 eV
for both D35-containing and reference samples, indicating
that the optical bandgap of the mixed perovskite is not altered
in the presence of the organic compound.

Afterwards, the surface of the perovskite films was exam-
ined via contact angle measurements and microscopy tech-
niques. At first, the wettability of the chromophore interlayer
was evaluated by the contact angle measurements presented in
the ESI (Fig. S6t). As shown, in the presence of D35, the
contact angle increases from 62.63° for the reference to 89.98°
for the modified film. This result verifies the beneficial role
(effect) of the hydrophobic character of D35, stemming from
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the presence of the butoxy groups that act as an insulating
hydrophobic shield, protecting the perovskite absorber.**

Subsequently, scanning electron microscopy (SEM) was
used to thoroughly examine the effect of the D35 treatment on
the perovskite morphology. Fig. 3 shows the perovskite layers
with (b and d) and without (a and ¢) D35 in two different mag-
nifications. The presence of D35 affects the morphology of the
perovskite, since the modified films exhibit a smoother
surface morphology than the reference one, while the dye
seems to polish the surface of the crystals and reduce the area
of the grain boundaries. Since the grain boundaries are con-
sidered to act as charge recombination sites, their repression
entails improved charge transport and collection at the inter-
face of the perovskite film, leading possibly to higher FF
value.*

The grain size distribution was estimated by the statistical
analysis shown in Fig. S7,t where the size distribution of a
representative (N = 100) number of perovskite grains from each
sample is presented. The results summarized in Table S2F
show that in the case of the modified film the mean size of the
crystals is slightly larger compared to the reference (254 nm
versus 240 nm). The topology of the films was also examined
via atomic force microscopy (AFM) analysis (Fig. 4), which con-
firmed more homogeneous features with a significant decrease
in the surface roughness of the modified perovskite layer
(RMS = 15.9 nm) compared to the reference one (RMS =

X15,000 WD 6.0mm

OkV X50000 WD60mm 100nm

Fig. 3 SEM images of perovskite films without (a and c) and with D35 treatment (b and d) under different magnifications.
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Fig. 4 AFM images of perovskite films without (a) and with D35 treatment (b).

21.2 nm). Moreover, Fig. S87 shows the depth histograms of
the top surface topography with colored scales for the prepared
perovskite films, which indicate a significant decrease of the
height of surface features (30-120 nm with max: 73.5 nm for
reference to 20-90 nm with max: 50.04 nm for the D35 PSC).

A decrease in roughness in the case of perovskite films fol-
lowing D35-modification can be attributed to hydrophobic
molecules coordinating the perovskite via carboxylic acid
binding groups and thus further controlling its crystalliza-
tion.”® Indeed, the obtained results clearly indicate that the
presence of D35 atop of the perovskite layer affects the (FA/MA/
Cs) Pbl;_,Br,/Spiro-MeOTAD interface, leading to a more
homogeneous and smoother absorber. Such perovskite
films of higher quality and crystallinity are expected to
affect the values of current density and fill factor parameters,
thus improving the performance of the corresponding PSC
devices.

In order to investigate the optoelectronic properties of the
employed materials, ultraviolet photoemission spectroscopy
(UPS) measurements were performed in samples with and
without the D35 chromophore modification. The results are
shown in Fig. 5a along with an illustration of the measured
and calculated energy bands (Fig. 5b) of the relevant materials.

The energy band gaps were calculated using the data
obtained by UV-Vis spectroscopy. The energy level diagram of
D35 typically shows the highest occupied molecular orbital
(HOMO) level of 5.50 eV and a bandgap of 2.43 eV.** The
valence band maxima of (FA/MA/Cs) Pbl;_,Br, and (FA/MA/Cs)
Pbl;_,Br,/D35 are located at 5.9 eV and 5.3 €V, respectively.
This result claims that the presence of D35 affects the position
of the energy bands in a way that favors the self-driven charge
separation to the hole transporter by reducing the energy
barrier, thus facilitates hole transport to the silver electrode
via the hole transporting layer. In Fig. 5c, a cross-section SEM
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Fig. 5 UPS spectra taken from the surface of (i) ITO/TiO,/perovskite, (i) ITO/TiO,/perovskite/D35, and (iii) ITO/TiO,/perovskite/D35/Spiro-MeOTAD
samples. Secondary electron cutoff region and valence band region are depicted (a); the energy level diagram of the materials employed in the PSCs
(b). A SEM cross-sectional image of a TiO,/perovskite/D35/Spiro-MeOTAD device (c).
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image is presented, depicting the successive layers of a D35-
containing device, built on FTO glass. D35 is not identified
while the thickness of the layers is the same in the reference
sample also (the corresponding SEM image is not presented).
As estimated, the thickness of the (FA/MA/Cs)Pbl;_,Br, layer is
550 nm, while the thickness of the Spiro-MeOTAD layer and
the titania layer is 165 nm and 390 nm, respectively.

Furthermore, the influence of the donor-r-acceptor com-
pound in the operation of perovskite solar cells was estimated,
thus devices with the following structure were fabricated: FTO/
TiO,/perovskite/Spiro-MeOTAD/Au denoted as ‘Reference PSC’
and FTO/TiO,/perovskite/D35/Spiro-MeOTAD/Au denoted as
‘PSC with D35’. Fig. 6a shows the J-V curves of the champion
devices for each batch and Table 1 summarizes the corres-
ponding photovoltaic characteristics.

From these results, it is obvious that D35 improves the per-
formance of the devices and specifically the values of current
density and fill factor. Therefore, the maximum efficiency
(18.57%) was improved by 8.45% in relation to the reference
device. The presence of D35 apparently increased the mean
photocurrent which reached a champion value of 24.60 mA
cm ™2, while the fill factor was clearly improved from 0.67 for
the reference to 0.72 for the best modified PSC. The improved
Jsc may be attributed to the higher crystallinity of the D35-con-
taining PSC that leads to increased light harvesting capability
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of the absorber. Moreover, it implies the existence of improved
charge separation and extraction. The fill factor was also
improved in the presence of D35, a fact attributed to the
improvement of the corresponding interfaces and suppression
of the charge recombination process. In addition, the mean
Voe value was also increased, a fact associated with D35’s passi-
vation effect along with perovskite’s energy band upshifting
and lowering of Wy from 4.3 eV to 3.9 eV (Fig. 5a, left part).
Finally, a statistical analysis of their photovoltaic performance
was performed over 40 devices (Fig. S9) of each batch, corro-
borating the superiority of the D35-modified devices.

In order to control the quality of the prepared PSCs, the
steady-state PCE (Fig. 6b) was calculated by measuring the
cells under 1 sun illumination conditions and constant bias
equal to the voltage of the maximum power point (Vypp). The
Vmpp values for the D35-containing and the reference device
are 0.85 V and 0.83 V, respectively. A PCE value of 18.45% was
stabilized for the modified solar cell after 330 s of irradiation,
which is well consistent with the value taken from the J-V
measurements, indicating the robustness of the cells. On the
other hand, the stabilized power output for the reference
device showed a gradual decline and the corresponding stabil-
ized PCE was lower (15.29%) than the one obtained from J-V
measurements. In addition, internal photo-to-current (IPCE)
spectra were recorded for the devices with and without
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Fig. 6 The J-V curves of the best performing cells with and without D35 (a); the steady-state power conversion efficiency outputs under 1 sun illu-
mination for reference and modified PSCs (b); the IPCE spectra and integration currents of the corresponding PSCs (c); the Nyquist plots obtained
via EIS measurements, under 1 sun illumination and under Vpp bias. Fitting of data is performed using the equivalent electrical circuit in the inset

(d).
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Table 1 Photovoltaic parameters for the champion solar cells prepared. Values inside the brackets represent mean values and standard deviations.
Voc: open-circuit voltage, Js.: short-circuit current density, FF: fill factor, PCE: power conversion efficiency, and SPCE: stabilized PCE. All data were

taken under reverse scan at 50 mV s™*

Sample Jse (MA cm™) Voe (V) FF PCE (%) SPCE (%)
Reference PSC 23.57 (22.73 £ 1.55) 1.08 (1.00 + 0.07) 0.67 (0.62 + 0.07) 17.12 (14.24 + 1.40) 15.29
PSC with D35 24.60 (23.75 + 1.20) 1.05 (1.03 + 0.06) 0.72 (0.65 + 0.04) 18.57 (15.87 + 1.52) 18.45

D35 modification, as shown in Fig. 6c. The enhancement of
the IPCE in the case of the D35-modified cell is consistent
with the corresponding enhancement in the UV spectra.
Indeed, the contribution of D35 in the collected photocurrent
is important especially below 600 nm, implying that D35 has a
strong effect on the charge extraction efficiency of PSCs. The
integrated current densities corresponding to Jsc were also cal-
culated to be 23.67 mA cm > and 22.89 mA cm > for the
devices with and without D35, respectively, values are in rela-
tive agreement with those obtained from the j-V curves.
Furthermore, the effect of the D35 interface layer on the
charge transfer and recombination procedures was estimated
by electrochemical impedance spectroscopy (EIS) measure-
ments, carried out in PSCs with and without D35. The experi-
ments were carried out under dark and light conditions (1 sun
illumination), while the devices were biased at the Vypp values.
The corresponding plots are shown in Fig. 6d and Fig. S10,f
whereas the extracted parameters are summarized in Table 2.

In the Nyquist plots (obtained under illumination -
Fig. 6d), we denote the appearance of two arcs which are
associated with charge transfer (the low-frequency semicircle) and
charge  recombination (the  high-frequency  semicircle)
processes.””® The obtained parameters summarized in Table 2
show that the series (Rs) and charge transfer (R.,) resistances are
reduced in the presence of D35, while recombination resistance
(Rrec) Of the D35-containing PSC is significantly higher than that of
the reference solar cell. The higher R,.. manifests a lower recombi-
nation rate, while under dark conditions the results (Table 2 and
Fig. S107) also confirm that all resistive parameters (Rg, Ryec, and
R.,) are improved in the presence of D35, affirming its beneficial
effect to the device performance.

It has been demonstrated that the introduction of semicon-
ducting molecules contributes to the efficient charge separ-
ation and extraction along perovskite grain boundaries.”” In
this context, the incorporation of the D-n-A D35 organic com-
pound should enhance the charge extraction across the photo-
excited perovskite layer and thus eventually decrease the possi-
bility of recombination. Steady-state and time-correlated single

Table 2 Ohmic resistance values obtained from the EIS analysis of
PSCs based on the D35 interlayer, in comparison to reference devices

Sample R (Ohm) R., (Ohm) Ryec (Ohm)
Dark PSC with D35 154.2 8322 4.3x10°

Reference PSC 281.8 9663 7.5 x10°
Light PSC with D35 17.9 85.1 5980

Reference PSC 22.5 122.4 561

This journal is © The Royal Society of Chemistry 2020

photon counting (TCSPC) fluorescence spectroscopy studies
enabled the investigation of these electronic interactions
taking place in the different device configurations under
photoexcitation.

Initially, the FTO/TiO,/perovskite/D35 device was examined
with respect to the FTO/TiO,/perovskite employed as the refer-
ence (Fig. S1la and bf). Under photoexcitation at 482 and
650 nm, the emission intensity of the perovskite was found
quenched by 75 and 45%, respectively, suggesting that the
incorporation of the D35 dye decreases the recombination
yield in the perovskite layer, hence highlighting an increased
yield of electron-hole separation. More specifically, the transfer of
the photogenerated holes across the perovskite layer to the HOMO
level of the Pb*“-coordinated D35 molecules is expected,
accompanied by the injection of electrons from D35 to the perovs-
kite. It is known that the selected dye molecule has excellent elec-
tron injection properties, while the butoxy chains present on the
triphenylamine core probably prevent the photogenerated electrons
located on the perovskite from radiative recombination due to
their insulating character.*®*® A slight red-shift observed to the PL
maxima of the FTO/TiO,/perovskite/D35 device may represent the
electron-hole recombination process at the perovskite/D35 inter-
face. Interestingly, the 75% quenching recorded under 480 nm
excitation indicates an improved charge separation in the spectral
region where both the perovskite and the dye absorb light. This
fact is also evident at the IPCE spectra shown in Fig. 6c, where for
FTO/TiO,/perovskite/D35/Spiro-MeOTAD a broad shoulder at
around 500 nm is present, contrasting the reference ones obtained
without the organic dye.

As far as the time-resolved PL spectra recorded for the FTO/
TiO,/perovskite/D35 device are concerned (Fig. Siict), the
average emission lifetime of the photoexcited perovskite was
found to be 1.87 ns, increased by a factor of 0.4 as compared
to the 1.32 ns emission lifetime recorded for the reference
FTO/TiO,/perovskite device (Table 3). We assume a synergistic

Table 3 Biexponential fitting of the perovskite's fluorescence emission
decay traces recorded via time-correlated single photon counting
(TCSPC) spectroscopy under 482 nm excitation at room temperature
probed at 750 nm (t: decay lifetime and A: relative population)

t, t, Average
Device (ns) 4, (ns) A, (ns)
TiO,/perovskite 4.2 0.27 0.256 0.73 1.32
TiO,/perovskite/D35 3.9 0.42 0.395 0.58 1.87
TiO,/perovskite/Spiro-MeOTAD 2 0.58 0.194 0.42 1.20
TiO,/perovskite/D35/Spiro- 1.85 0.37 0.215 0.63 0.83

MeOTAD
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effect, where the incorporation of D35 at Pb*" edges (a) fur-
nishes a passivation effect to the exciton traps arise from peri-
pheral crystal imperfections, and (b) retards the electron-hole
recombination due to its bulk and insulating chemical struc-
ture.”® Furthermore, we investigated the steady-state and time-
resolved fluorescence profiles for FTO/TiO,/perovskite/Spiro-
MeOTAD and FTO/TiO,/perovskite/D35/Spiro-MeOTAD devices,
in comparison to FTO/TiO,/perovskite employed as the refer-
ence. Upon photoexcitation, the emission (at two wavelengths,
i.e. 480 and 650 nm) of the perovskite layer was greatly
quenched (especially by 98% under 480 nm excitation - Fig. 7a
and b). Although no spectral shifts were evident in the PL
spectra of FTO/TiO,/perovskite/Spiro-MeOTAD, as compared to
FTO/TiO,/perovskite, =~ for =~ FTO/TiO,/perovskite/D35/Spiro-
MeOTAD a blue-shift of around 7 nm was clearly detected
under 480 nm excitation (and 2 nm under 680 nm exci-
tation). As long as the hole-transport layer of spiro-MeOTAD
accelerates the extraction of the photogenerated holes from
the perovskite layer through the perovskite/D35 interface,
recombination of electron-hole pairs mostly occurs in the
bulk domains of the perovskite layer. The blue-shifted emis-
sion maxima for the FTO/TiO,/perovskite/D35/Spiro-MeOTAD
device, located at 743 nm, illustrate enhanced charge recom-
bination from the uniform crystal domains of the perovskite,
manifesting a decrease in charge recombination events due
to surface trap states.’® Furthermore, it is also related to the
conduction and valence band edges filled by the photogene-
rated carriers, thus allowing transitions of higher energy.>
Eventually, the reference FTO/TiO,/perovskite/Spiro-MeOTAD
showed no spectral shifts since the Spiro-MeOTAD layer is
not beneficial for the surface trap state engineering of the
perovskite layer. Having in mind the earlier discussed red-
shift in the PL spectra observed for the FTO/TiO,/perovskite/
D35 devices, we conclude that the exciton recombination
maxima of the perovskite centered at 750 nm constitute a
gross emission fingerprint of the recombination events
taking place at (a) the surface trap states (around
755 nm) and (b) the bulk uniform crystal domains (around
744 nm).>°
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Next, we assessed the emission time-resolved decay of
the perovskite layer in the FTO/TiO,/perovskite/Spiro-
MeOTAD and FTO/TiO,/perovskite/D35/Spiro-MeOTAD devices
under 480 nm excitation (Fig. 7c). The average 1.87 ns fluo-
rescence lifetime of the perovskite layer, composed of two
populations of 4.2 ns (27%) and 256 ps (73%), was decreased
by the addition of the Spiro-MeOTAD layer, affording an
average lifetime of 1.2 ns, also composed of two populations of
2 ns (58%) and 194 ps (42%), in the FTO/TiO,/perovskite/
Spiro-MeOTAD device. In line with the steady-state PL spec-
troscopy findings, the incorporation of Spiro-MeOTAD
enhances the extraction of the photogenerated charges, hence
leading to an acceleration of the perovskite’s PL lifetime decay
due to the fast hole transfer process. A further decrease in the
PL lifetime was recorded for the FTO/TiO,/perovskite/D35/
Spiro-MeOTAD device, where the D35-passivated perovskite
interfaced the Spiro-MeOTAD, resulting in an average emission
lifetime of 820 ps, based on the bi-exponential fitting of the
decay trace with two components of 1.85 ns (37%) and 215 ps
(63%).

In order to shed more light on the effect of the D35 com-
pound, steady-state and time-resolved PL experiments were
performed, albeit using plain glass substrates upon which suc-
cessively perovskite, D35, and Spiro-MeOTAD layers were
coated. The FTO and TiO, layers were excluded as to isolate
the charge transport influence of the D35 interlayer. Initially,
the deeply penetrating 650 nm laser was utilized to investigate
the charge transport properties of the D35 dye in devices con-
sisting of perovskite layers coated directly in plain glass sub-
strates, by irradiating the samples from both the surface and
the glass backside (Fig. S121). In both cases, the PL emission
of the perovskite was found quenched, underscoring the good
charge transport properties of D35. Nevertheless, a broad
emission trace was recorded when irradiation was performed
from the glass side, revealing that in the absence of the TiO,
layer the perovskite is not uniformly distributed at the glass/
perovskite interface. In contrast, irradiation at the perovskite
surface side suggests a better crystal growth and morphology
as realized by the symmetric well-defined exciton recombina-
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Fig. 7 Steady-state photoluminescence spectra of FTO/TiO,/perovskite (black), FTO/TiO,/perovskite/Spiro-MeOTAD (purple) and FTO/TiO,/per-
ovskite/D35/Spiro-MeOTAD (orange) devices at room temperature upon excitation at (a) 482 nm and (b) 650 nm. (c) Time-correlated single photon
counting spectra under 482 nm excitation probed at 750 nm obtained at room temperature.
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tion peak. Also, a slightly blue-shifted emission peak was
evident in the presence of D35, suggesting the trap-state passi-
vation role of the organic molecule. Irradiating the surface
side of the glass/perovskite reference device with 482 and
650 nm, a maximum PL emission at 755 and 758 nm, respect-
ively, was detected (Fig. S13a and bt). These red-shifted bands,
as compared to those obtained in the FTO/TiO,/perovskite
device, are probably related to the slightly different mor-
phology of the perovskite layer on the glass, as compared to
the FTO/TiO, substrate. Incorporation of the D35 compound
resulted in a blue shift of 2 nm and significant quenching of
the recorded emission spectra, both under 480 and 650 nm
excitations. Moreover, the recorded PL lifetimes revealed a
faster deactivation for the perovskite layer interfacing the D35
dye (Table S37). Eventually, the coordination of the D35 dye at
the Pb>" edges via the cyanoacrylic acid anchoring group passi-
vates the crystal imperfections. Thus, in the absence of the
electron transport layer, the band edges of the perovskite are
populated with charges leading to a faster recombination of
the photogenerated excitons from the bulk.

The passivating effect of D35 was further examined by
characterizing electron-only devices in the space-charge-
limited-current (SCLC) regime.** Fig. 8 shows the I-V
response, measured for devices fabricated with the following
structure: ~ FTO/TiO,/MAFACsPbI;_,Br,/PCBMy,/Ag  corres-
ponding to the reference device and FTO/TiO,/
MAFACsPbI;_,Br,/D35/PCBMgo/Ag corresponding to the D35-
containing one. At low voltage values, the I-V plot is ohmic,
while in mid-range values the current shows a rapid non-
linear increase, characterized by the transition to the trap
filled limit (TFL) regime where all the available trap states are
filled by the injected carriers. At high voltage values (not
shown clearly due to the relative instability of the devices),
the current shows a quadratic dependence against voltage
(Child’s regime).”” As reported elsewhere,’® the ohmic to TFL
transition point (Vop) is related to the trap density (Ny),
according to the following eqn (2 ):

eNtdz
2¢e€)

VrpL =
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where e is the elementary charge, d is the thickness of the
active layer (550 nm), ¢ is the dielectric constant (e = 28.8)°”
and ¢, is the dielectric constant under vacuum. The calcu-
lated trap density (N is 3.2 x 10" ecm™ for the reference
device and 1.9 x 10" em™ for the modified one, respect-
ively. These results, confirming the PL measurements, indi-
cate that the presence of D35 reduces the perovskite trap
states.

Moreover, Fig. 8b shows the corresponding XRPD patterns
of perovskite films with and without D35 coated upon TiO,, as
prepared and after two months of storage under ambient and
dark conditions (RH = 25%, without encapsulation). The
XRPD analysis of reference films shows extra peaks at 260 =
(12.45°, 25.02°, and 29.22°) corresponding to Pbl,, PbO (PDF
77-1971), and PbOHI (PDF 75-1177), respectively, thus confirm-
ing the progressive degradation of the reference film due to
the thermodynamic and humidity effect which leads to a
change in the chemical composition and phase transition of
the perovskite. Despite some presence of Pbl, at the modified
film, the hydrophobic character of D35 decreased the effect of
humidity on the perovskite layer. The latter was also confirmed
by X-ray photoelectron spectroscopy (XPS) measurements
(Fig. 8c), whereas the C=O0 peak (288.1 eV) seen for the control
film associated with oxygen/moisture is significantly sup-
pressed after D35 modification, indicating that the D35 inter-
layer can slow the degradation of the perovskite layer.>® In the
case of a dense D35 layer (107> M), the peak completely
vanished.

Finally, the stability of the cells was evaluated by storing the
cells (in the dark) and periodically measuring their -V charac-
teristics. The PSCs were stored unsealed in a desiccator under
dark and relatively humid conditions (RH = 25%). The results
are shown in Fig. 9, where the main photovoltaic parameters
are plotted against time.

After 37 days, the PSCs with D35 preserved 83% of their
initial PCE. This is mainly attributed to the stabilization of FF
which only declined by 2% concerning the initial value and
secondly to the evolution of J;. which decreased by 5% com-
pared to the starting point. Both values are improved in com-
parison with the reference PSC, which preserved 77% of its
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Fig. 8 The /-V curves for electron-only devices with and without D35 (a); XRPD patterns of fresh and aged perovskite films with and without D35
treatment (b); and XPS measurements for perovskite films without and with D35 in two different concentrations (10> M and 1072 M) (c).
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Fig. 9 Evolution of the main photovoltaic parameters over time for PSCs with and without D35.

original PCE, a value lower by 11.5% than the modified
device. In contrast, the value of V,. was practically unaffected
by the presence of D35 since it is almost stable after 890 h of
storage.

Conclusions

In conclusion, an effective versatile strategy for enhancing per-
ovskite device performance using the D35 donor-m-acceptor
was introduced. The D35 treatment improves perovskite film
crystallization, enhances light absorption and provokes an
appropriate energy alignment that favors charge extraction to
the anode and cathode electrodes. ESP analysis suggests that
D35 possesses a carboxylate group with high electron density,
which could coordinate/passivate with the undercoordinated
Pb>" cations of the perovskite crystals, thus retarding non-
radiative recombination. At the other end of the D35 molecule,
hydrophobic butoxy chains improve the moisture stability of
the perovskite films. PSCs with the D35 interlayer showed the
best PCE of 18.57%, while unencapsulated modified devices
retain 83% of their initial PCE after storage in a desiccator for
37 days, while the PCE of the reference devices degraded to
77% after aging procedure. This work elaborates on a novel
strategy to combine D-n-A organic dyes with perovskites to fab-
ricate robust perovskite films for efficient and stable PSCs.

15146 | Nanoscale, 2020, 12, 15137-15149

Experimental section
Materials and device fabrication

All reagents including titanium diisopropoxide bis(acetyl-
acetonate), lead iodide (Pbl,), lead bromide (PbBr,), methyl-
ammonium bromide (MABr), formamidinium iodide (FAI), di-
methylformamide (DMF), dimethyl sulfoxide (DMSO), aceto-
nitrile, anhydrous chlorobenzene and 4-tert-butylpiridine
(TBP) were obtained from Sigma-Aldrich. Lithium bis(trifluoro-
methylsulphonyl)imide (Li-TFSI) was purchased from Acros,
Co[t-BuPyPz]5[TFSI|; from Sigma-Aldrich, FK209 and TiO,
30N-RD paste from Dyesol, and D35 from Dyenamo AB. FTO
conductive glass electrodes (7 ohm per sq) were cleaned by
ultrasounds (successively with Hellmanex 2% (v/v) in de-
ionized water, ethanol, isopropanol and acetone for 15 min
each step). Finally, the conductive substrates were rinsed with
isopropanol and dried using N, flow. Then the cleaned glasses
were treated with UV-ozone for 15 min. Immediately after
cleaning, the TiO, compact layer (c-TiO,) was deposited using
spray pyrolysis of titanium diisopropoxide bis(acetylacetonate)
diluted in ethanol on substrates, followed by 1 h annealing at
450 °C. Afterwards, a mesoporous layer of TiO, (m-TiO,) 30
N-RD (150 mg mL™") was spin-coated at 4000 rpm for 20 s, fol-
lowed by immediate drying at 125 °C for 5 minutes, and sinter-
ing at 325 °C, 375 °C, and 450 °C for 5 min, 5 min and 30 min,
respectively. The perovskite film was deposited in an Ar-filled

This journal is © The Royal Society of Chemistry 2020
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glovebox by spin coating upon the TiO, substrates. The perovs-
kite precursor solution was prepared using 1.1 M Pbl,, 0.2 M
PbBr,, 1 M FAI and 0.2 M MABr in an 850 pl aliquot of mixed
DMSO : DMF (1:4, volume ratio) solvent. 50 ul of CsI (1.5 M
stock solution) was added to the perovskite solution which was
spin-coated at 1000 rpm for 10 s and continuously at 6000 rpm
for 20 s. In addition, 150 pL of anhydrous chlorobenzene (for
the reference PSC) was poured on the perovskite film 7 s prior
to the end of process (anti-solvent treatment). When D35 was
used during anti-solvent treatment, it was poured and dis-
solved in anhydrous chlorobenzene (10~ M). When D35 was
used as an extra interlayer upon perovskite, 150 puL of D35
diluted in anhydrous chlorobenzene (107°, 107, 107>, and
107® M) was poured on the film with the same strategy as for
the reference films, followed by post-annealing at 100 °C for
45 min. After cooling down to room temperature, Spiro-
MeOTAD was spin-coated at 4000 rpm for 20 s. The 70 mM
Spiro-MeOTAD solution was prepared using anhydrous chloro-
benzene. In addition, Li-TFSI in acetonitrile, 4-tert-butylpyri-
dine, and FK209 in acetonitrile were added at a molar ratio of
Spiro-MeOTAD : TBP : Li-TFSI : FK209 = 1:3.3:0.5:0.03.
Finally, the devices were completed with thermal evaporation
of 60 nm of Au as counter electrodes.

Characterization

X-ray powder diffraction (XRPD) analysis was carried out on a
Siemens D-500 diffractometer, operating in Bragg-Brentano
geometry with Cu-Kal (1 = 1.5406 A) and Cu-Ka2 (A =
1.5444 A) radiation. Data were collected over the angular
range 5° < 26 < 80° counting for 3 seconds at each step of
0.02° in detector position. Absorption and diffuse reflectance
(R) spectra of the perovskite materials (in the form of 1 mm
thick pellets) were recorded on a Hitachi U-3010 UV-Vis
spectrophotometer, equipped with an integrating sphere and
the obtained data were transformed in Kubelka-Munk F(R)
units as: F(R) = (1 — R)*/2R. The sample morphologies were
investigated using a FESEM (JEOL 7401f). Atomic Force
Microscopy (AFM) images were obtained with an AFM: Digital
Instruments Nanoscope III, operating in tapping mode.
Surface analysis measurements (XPS/UPS) were performed in
a UHV chamber (P ~ 5 x 10~'° mbar), equipped with a SPECS
Phoibos 100-1D-DLD hemispherical electron analyzer, a non-
monochromatized dual-anode Mg/Al X-ray source for XPS and
a UV source (model UVS 10/35) for UPS. The XP spectra were
recorded with MgKa at 1253.6 eV photon energy and an analy-
zer pass energy of 10 eV giving a Full Width at Half Maximum
(FWHM) of 0.85 eV for Ag 3ds, line. The UPS spectra were
obtained using Hel irradiation with Av = 21.22 eV where the
analyzer was working in the Constant Retarding Ratio (CRR)
mode, with CRR = 3. From the UPS spectra, the Ionization
Potential or the High Occupied Molecular Orbital (HOMO) is
derived from the sum of the work function (WF) and the
Valence Band Maximum (VBM) cut-off derived by linear extra-
polation towards background in the low and high binding
energy regions, as shown in Fig. 5a. The analyzed area was a
3 mm diameter spot. The films for the UPS measurements,

This journal is © The Royal Society of Chemistry 2020
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including the ITO/c-TiO,/m-TiO,/perovskite/D35 structure,
were prepared in the glovebox. In an Ar atmosphere, the
samples were introduced and stored in a sealed box which
was kept in the dark. Just before analysis, the samples were
carefully removed from the box under argon and were directly
introduced in the UHV chamber for the UPS measurements,
thus avoiding surface contamination and/or modification.
Steady-state emission spectra were recorded on a Horiba
Fluorolog-3 Jobin-Yvon Spex spectrofluorometer (model GL3-
21), equipped with a 450 W Xe lamp as an excitation source
and a TBX photomultiplier (250-850 nm) as a detector. Data
were recorded and collected using the Horiba Fluorescence
V3 software. For the picosecond time-resolved fluorescence
spectra, a time-correlated single photon counting (TCSPC)
method using a FluoroHub single photon counting controller,
a laser diode as an excitation source (NanoLED, 482 nm,
pulse duration <200 ps) and a TBX-PMT detector
(250-850 nm), all by Horiba Jobin Yvon, was applied. Data
were recorded and collected using the Data Station software,
whereas the lifetimes were determined using the Data
Acquisition Software (DAS), all provided by Horiba. The
spectra were recorded on thin films over FTO-coated glass
substrates, with the aid of a FL-1057 sample holder. The solar
cell performance was determined using a Xenon 300 W
source solar simulator in combination with AM 1.5G optical
filters (1 sun). The light intensity was calibrated with a Si
reference cell. Current density-voltage (J-V) characteristics
were obtained using an Autolab potentiostat (PGSTAT-302N)
at a scan rate of 150 mV s~ and the illuminated (active) area
was set to 0.10 cm”. The J-V curves were obtained by illumi-
nating the solar cells under a Solar Light Co. 300 W Air Mass
Solar Simulator Model 16S-300 (1 sun, 1000 W m™?) calibrated
using an OptoPolymer Si reference cell. The measurements
were carried out using Ossila’s Push-Fit Test Board for
Photovoltaic Substrates. Impedance measurements (EIS) were
performed on complete cells under dark and 1 sun illumina-
tion conditions, by applying forward bias at Vypp, using the
PG-STAT-30 potentiostat and its built-in frequency response
analyzer (FRA). ESP analysis was performed by density func-
tional theory (DFT) using the Gaussian 09 computational
package. The calculation was carried out using CAM-B3LYP as
a calculation method, basis set = 6-31G(d,p) with ethanol as a
solvent. Contact angle measurements were performed using a
Contact Angle Meter (CAM) 100, KSV Instruments, Ltd. FTIR
spectra were collected in transmission mode on a Thermo
Scientific Nicolet 6700 FTIR, equipped with an N, purging
system using KBr pellets. A total of 32 scans were averaged for
each sample at a resolution of 4 cm™. Data were collected in
the range of 4000-400 cm™" and corrected against the single-
beam spectrum of KBr.
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