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ARTICLE INFO ABSTRACT

Keywords: Perovskite solar cells (PSCs) have recently appeared as a promising photovoltaic technology and attracted great

P?YOVSk“e solar cell interest in both photovoltaic industry and academic community. Numerous active researches related to the

Bidentate material processing and operational aspects of device fabrication are under progress since PSCs have a great

TPD . o . . .
potential for attaining higher performance compared to that of other solar cell technologies. In particular,

Self-assembled monolayer . . . e c 1 . . . . . .

Interface interfacial engineering is a crucial issue for obtaining high efficiency in solar cells where perovskite absorber

ITO layer is deposited between hole and electron transport layers. In inverted type architecture, PEDOT:PSS is used as
both hole transport layer and surface modifier; but unfortunately, this material bears instability due to its acidic
nature. Thus, self-assembled monolayers (SAMs) not only are considered as suitable alternative, but also their
application is regarded as an efficient and cost effective method to modify electrode surface since it provides a
robust and stable surface coverage. In this context, we have employed two novel N,N’-bis(3-methylphenyl)-N,N'-
diphenylbenzidine (TPD) based SAM molecules to customize indium tin oxide (ITO) surface in inverted type
PSCs. Furthermore, fine-tuning of spacer groups enables us to study device performance depending on molecular
structure. This study proposes promising materials for anode interface engineering and provides a feasible
approach for production of organic semiconductor based SAMs to achieve high performance PSCs.

1. Introduction power conversion efficiencies (PCE). Fascinatingly, it improved from
3.85% to 23%, within merely 10 years [2,5,6]. The motivation of
studying on PSCs is to fabricate stable, cost effective and highly-efficient
PSCs. Therefore, researchers not only have put strong efforts comprising
perovskite structure modification, film fabrication optimization and

interfacial control but also have utilized various methods for the for-

As it was initially reported by Miyasaka and co-workers in 2009,
PSCs with optically active methyl-ammonium lead halide perovskites
(CH3NH3PbX3, X: I, Cl, Br) have attracted a lot of interest due to their
non-negligible properties such as long charge carrier diffusion length

and lifetime, high absorption coefficient, appropriate bandgaps, inex-
pensive fabrication and being solution processable [1,2]. Relaying on
constituent of atoms or molecules in the structure, perovskites can
possess impressive array of exciting features changing from supercon-
ductivity to catalytic properties [3,4]. Especially, its application in solar
cells, the perovskite solar cells (PSCs), has showed great progress in their
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mation of perovskite crystalline structure such as vapor assisted solution
process, one-step solution process as well as two step sequential de-
positions [7-11]. All these attempts have brought different degrees of
crystal quality and surface coverage in perovskite film formation [1].
With all that, usage of ideal selective contact, from organic molecules or
metal oxides, is also an effective way to decrease charge recombination
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losses and to increase the open-circuit voltage (Voc) and PCE [12,13].

Depending on device configurations, PSCs can be categorized into
two main groups, namely mesoscopic (uses oxide layer; mainly TiO5) or
planar heterojunction (so called; ‘regular’ (n-i-p) and ‘inverted’ (p-i-n))
[13,14]. Compared to the mesoporous TiOs-based PSCs, the planar
heterojunction solar cells show superior characteristics. First, its simple
device architecture and second, the availability of low temperature
processing are the most important examples of respective features,
which enable roll-to-roll fabrication [13,15]. Among regular and
inverted architectures, the latter has significant advantages because
hysteresis problem can be minimized in this configuration specifically
with the PCBM electron conductor.

ITO is the most commonly used anode electrode in the inverted PSCs
due to its transparency in the visible region, ease of patterning and high
electrical conductivity [16-19]. However, its rough surface creates pin
holes leading leakage currents and surface states due to dangling bonds
on the surface that causes recombination of charge carriers via trapping
centers at the interface [20,21]. The work function of ITO is reported to
change from 4.5 to 4.7 eV that is much lower than the HOMO level of
donor material. This prevents the charge transfer from the active layer to
the anode layer that is needed for an ohmic contact without potential
barrier [13,14]. Furthermore, Voc strongly depends on interface
morphology and matching energy levels at the interface [22]. To obtain
higher short circuit current density (Js¢) and fill factor (FF), the charge
carrier collection must be maximized through tuning energy levels and
improving the interface. Therefore, interfacial engineering become a
significant factor to overcome discussed drawbacks [23]. Usually,
PEDOT:PSS (poly(3,4ethylenedioxylenethiophene):poly(styrenesulfon
ic acid)) is introduced as buffer layer in inverted PSCs. Unfortunately,
since ITO is an acid-sensitive material, the inherent acidic nature of
PEDOT:PSS can therefore result in etching of ITO surface [24-26].
Similarly, the polymer layer in device architecture can readily be
oxidized in air leading to deterioration in device performance [27].

The application of SAMs is an effective strategy for improving the
device efficiency due to their excellent chemical and physical properties
[28,29]. A typical SAM molecule is composed of three groups: a head
group that has a high affinity to the surface, tail group that determines
interfacial properties of the SAMs and the terminal functional groups
mainly designed to tune chemical interactions at the interface with
perovskite [29]. The modification of ITO anode layer by SAMs changes
the surface wettability owing to the binding of functional acidic groups
to the —~OH terminated surface. In addition, SAM modification provides
realignment of work function of ITO because of molecular dipole mo-
ments on the surface [23]. The alteration in energy level alignment can
influence the charge extraction and recombination at the interfaces [1,
13,14]. These results affect the Vg, FF, and Jsc.

In this paper, N,N'-bis(3-methylphenyl)-N,N'-diphenylbenzidine
(TPD) based aromatic SAMs with carboxylic acid anchoring groups have
been synthesized to modify ITO surface and to increase charge transport
in inverted PSC. The carboxylic acid heads on SAMs were used to form
ester bonds with hydroxyl groups available on ITO surface. Two
neighboring thiophene rings are preferred as conjugation units owing to
their lower delocalization energy with respect to benzene and therefore
it can offer much effective conjugation than benzene rings. Moreover,
thiophene rings are enriched with hexyl chains in one of the proposed
structures to compare the effect of straight and branched spacers on
target surface and on device parameters. Yet, no attempts, to our
knowledge, have been made to develop inverted type PSCs based on this
concept. Therefore, the experimental work presented here provides
fresh insight into semiconductor futures for efficient transport of elec-
tronic holes without the need of polymer and inorganic metal oxide in
inverted PSCs.

2. Materials
Methyl

4-bromobenzoate, 5,5'-dibromo-2,2'-bithiophene,  4-
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methoxycarbonylphenylboronic acid, [1,1’-bi(diphenylphospino)ferro-
cene] dichloropalladium(II) (Pd(dppf)Clz) and poly(3,4-ethylenedioxy
thiophene)-poly(styrenesulfonate) (PEDOT:PSS), lead(Il) iodide (Pbl)
were purchased from Sigma-Aldrich. (5'-Bromo-3,4’-dihexyl-[2,2'-
bithiophen]-5-yl) boronic acid and (([1,1’-biphenyl]-4,4’'-diylbis(m-tol-
ylazanediyl))bis(4,1-phenylene))diboronic acid were supplied from
SunaTech Inc. All solvents such as 1,2-dimethoxy ethane (DME), tetra-
hydrofuran (THF), ethanol, anhydrous N,N-dimethylformamide (DMF),
anhydrous isopropyl alcohol, toluene, acetone, dimethyl sulfoxide
(DMSO) and hydrochloric acid (HCI), potassium hydroxide (KOH) were
purchased from Alfa-Aesar. Potassium carbonate (KoCO3) was obtained
from Riedel de Haen. Methylammonium iodide (MAI) was obtained
from Dysol Inc [6,6].-phenyl-Cgi-butyric acid methyl ester (PCg1BM)
was purchased from Luminescence Technology Corp. (LUMTEC).
Synthesis: All chemicals, solvents, and reagents were used as
received from commercial source without further purification. All
glassware was oven-dried and all Suzuki-Coupling reactions were per-
formed under inert (N;) environment. (For schematic illustration of
synthesis steps, Fig. S1 of Supporting Information can be seen).

3. Synthesis method
3.1. Synthesis of methyl 4-(5'-bromo-[2,2'-bithiophen]-5-yl)benzoate

5,5'-Dibromo-2,2'-bithiophene (250 mg; 0.77 mmol) and (4-
(methoxycarbonyl)phenyl)boronic acid (69.4 mg; 0.38 mmol) were
dissolved in 20 ml DMF in Schlenk Flask. Pd(dppf)Cl, (15.5 mg; 0.019
mmol) and K2CO3 (1 mL; 1 M) were added to the mixture after tem-
perature was reached to 50 °C. The reaction mixture was heated to 90 °C
and refluxed, under N, overnight. The reaction was monitored with thin
layer chromatography (TLC) to establish completion. The final solution
was then extracted with equal volume of CH5Cl, and distilled water. The
organic solvent was evaporated and obtained crude product was puri-
fied by column chromatography (SiO5, CH2Cl/n-hexane: 1/1) to afford
yellow powder as the desired product. 'H NMR (400 MHz, CDCls, ppm):
5 8.0-7.98 (d, 2H), 7.85-7.80 (m, 2H), 7.42-7.40-7.38 (t, 1H), 7.25 (s,
2H), 3.86 (s, 3H). (Fig. S2).

3.2. Synthesis of dimethyl 4,4’-(5',5"-(([1,1'-biphenyl]-4,4’-diylbis(m-
tolylazanediyl))bis(4, 1-phenylene))bis(([2,2’ -bithiophene]-5',5-diyl)))
dibengzoate

Methyl 4-(5'-bromo-[2,2'-bithiophen]-5-yl)benzoate (250 mg; 0.66
mmol) and (([1,1’-biphenyl]-4,4’-diylbis(m-tolylazanediyl))bis(4,1-phenyl-
ene))diboronic acid (199 mg; 0.33 mmol) were dissolved in 20 ml DMF in a
Schlenk Flask. Pd(dppf)Cl; (27 mg; 0.03 mmol) and KoCO3 (2 mL; 1 M) were
added to the mixture after temperature was reached to 50 °C. The reaction
mixture was heated to 90 °C and refluxed, under Ny, overnight. The reaction
was monitored with TLC to establish completion. The final solution was then
extracted with equal volume of CHyCly and distilled water. The organic
solvent was evaporated and obtained crude product was purified by column
chromatography (SiOy, n-hexane/EtOAc: 5/1) to afford orange powder as
the target product.

'H NMR (400 MHz, CDCl3, ppm): 6 8.04-8.02 (d, 4H), 7.65-7.63 (d,
4H), 7.45-7.43 (t, 7H), 7.24-7.08 (m, 19H), 6.98-6.93 (t, 6H), 3.92 (s,
6H), 2.28-2.26 (d, 6H). 13C NMR (400 MHz, CDCl3, ppm): § 166.69,
147.43, 146.89, 146.22, 139.29, 139.11, 138.24, 134.33, 130.29,
129.18, 129.05, 128.69, 128.61, 127.95, 127.33, 127.24, 126.37,
125.47, 125.29, 125.19, 125.09, 125.04, 124.94, 124.84, 124.73,
124.50, 124.34, 124.21, 124.02, 123.92, 123.85, 123.47, 122.88,
122.65, 122.02, 121.66, 52.15, 31.92, 31.42, 30.29, 30.16, 29.70,
29.37, 29.25, 29.12, 22.70, 21.43, 14.14 (Figs. S3-54).
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3.3. Synthesis of 4,4’-(5',5"-(([1,1'-biphenyl]-4,4’-diylbis(m-
tolylazanediyl))bis(4, 1-phenylene))bis([2,2'-bithiophene]-5',5-diyl))
dibenzoic acid (EA59)

Dimethyl 4,4’-(5',5"”-(([1,1'-biphenyl]-4,4’-diylbis(m-tolylazane-
diyl))bis(4,1-phenylene))bis(([2,2'-bithiophene]-5',5-diyl)))dibenzoate
was dissolved in (1:1, V:V) THF-ethanol mixture in round-bottom flask.
KOH solution (1 ml; 1 M) was added to reaction mixture and final so-
lution was refluxed overnight. After all organic solvents were removed
under reduced pressure, distilled water (10 ml) and 1 M HCI solution
was added to flask until pH of the solution reached to region 3-4.
Finally, orange product was precipitated, filtered, washed with distilled
water and dried overnight.

'H NMR (400 MHz, DMSO-ds, ppm): & 7.89-7.83 (m, 12H),
7.77-7.72 (m, 11H), 7.60-7.55 (m, 5H), 7.27-7.24 (m, 9H), 6.87 (s, 3H),
2.26-2.24 (d, 6H). 1°C NMR (400 MHz, DMSO-ds, ppm): § 172.45,
172.32,129.41, 129.07, 127.50, 22.53 (Figs. S5-S6).

3.4. Synthesis of dimethyl 4,4’-(5',5"-(([1,1'-biphenyl]-4,4’-diylbis(m-
tolylazanediyl))bis(4, 1-phenylene))bis(3,4’ -dihexyl-[2,2'-bithiophene]-
5',5-diyl))dibenzoate

Methyl  4-(5'-bromo-3,4’-dihexyl-[2,2'-bithiophen]-5-yl)benzoate
(250 mg; 0.54 mmol) and (([1,1’-biphenyl]-4,4’-diylbis(m-tolylazane-
diyl))bis(4,1-phenylene))diboronic acid (163 mg; 0.27 mmol) were
dissolved in 20 ml DMF in a Schlenk Flask. Pd(dppf)Cly (22 mg; 0.03
mmol) and KoCO3 (2 mL; 1 M) were added to the mixture after tem-
perature was reached to 50 °C. The reaction mixture was heated to 90 °C
and refluxed, under Ny, overnight. The reaction was monitored with TLC
to establish the completion. The final solution was then extracted with
equal volume of CHyCly and distilled water. The organic solvent was
evaporated and obtained crude product was purified by column chro-
matography (SiOs, n-hexane/EtOAc: 5/1) to afford orange powder as
the product.

'H NMR (400 MHz, CDCl3, ppm): § 8.04-8.01 (dd, 10H), 7.65-7.63
(dd, 10H), 7.26-7.05 (m, 16 H), 3.92-3.91 (d, 6H), 2.82-2.78 (t, 8H),
2.59-2.56 (t, 6H), 1.71-1.67 (t, 8H), 1.28-1.27 (d, 24H), 0.88-0.86 (d,
12H).13C NMR (400 MHz, CDCls, ppm): § 166.72, 142.89, 140.62,
140.04, 138.28, 135.61, 131.91, 130.24, 128.58, 128.50, 127.59,
127.47,125.00, 52.12, 31.66, 30.74, 30.57, 29.69, 29.60, 29.27, 29.14,
28.99, 22.62, 22.60, 14.10 (Figs. S7-S8).

3.5. Synthesis of 4,4’-(5',5"-(([1,1'-biphenyl]-4,4’'-diylbis(m-
tolylazanediyl))bis(4, 1-phenylene))bis (3,4 -dihexyl-[2,2’'-bithiophene]-
5',5-diyl) )dibenzoic acid (EA60)

Dimethyl 4,4’-(5',5”-(([1,1'-biphenyl]-4,4’-diylbis(m-tolylazane-
diyl))bis(4,1-phenylene))bis(3,4’-dihexyl-[2,2'-bithiophene]-5’,5-diyl))
dibenzoate was dissolved in (1:1, V:V) THF-ethanol mixture in round-
bottom flask. KOH solution (2 ml; 1 M) was added to reaction mixture
and final solution was refluxed overnight. After all organic solvents were
removed under reduced pressure, distilled water (10 ml) and 1 M HCl
solution was added to flask until pH of the solution reached to region
3-4. Finally, orange product was precipitated, filtered, washed with
distilled water and dried overnight.

H NMR (400 MHz, DMSO-dg, ppm): 6 7.84-7.75 (d, 27H), 7.25 (s,
7H), 6.87 (s, 2H), 2.28-2.24 (t, 6H), 1.63 (s, 8H), 1.33 (s, 32H),
0.85-0.81 (t, 12H). 3¢ NMR (400 MHz, DMSO-dg, ppm): § 172.47,
172.34, 129.40, 127.45, 79.62, 72.76, 70.21, 63.50, 60.63, 38.65,
35.76, 31.72, 30.86, 29.45, 29.13, 26.27, 25.46, 22.53, 14.39
(Figs. S9-510).

4. Device fabrication

Commercially purchased ITO coated glasses were cleaned by an ul-
trasonic cleaning bath with wet cleaning process (15 min in DI-water,
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acetone and isopropanol, respectively). After cleaning process, ITO
substrates were exposed to UV-ozone treatment for 20 min to activate
the ITO surface. SAM molecules (EA-59 and EA-60) were dissolved in
toluene (4)(10’4 M) and kept stirring in an ultrasonic bath at 50 °C for 2
h. Then, activated ITO substrates were immersed in SAM solution and
kept overnight in ambient air. After that, ITO substrates were removed
and rinsed with toluene to remove residual SAM molecules on ITO
surface. Alternatively, PEDOT:PSS was deposited on ITO substrate as
hole transport material (HTM) by spin coating at 4500 rpm for 45 s and
annealed at 120 °C for 30 min. Finally, all substrates were transferred
into the glovebox to complete the rest of the device fabrication.

Perovskite solution was prepared with 460 mg lead iodide (Pbly) and
50 mg methyl ammonium iodide (MAI). Pbl, was dissolved in anhydrous
DMF:DMSO mixture with ratio of 920:80 pL. MAI was dissolved in 1 mL
of anhydrous isopropyl alcohol. The solutions were kept stirring at least
for 2 h. Before deposition, both Pbl; and MAI solutions were filtered
with a 0.22 pL PTFE filters. The perovskite layer was deposited by spin
coating with two-step deposition method. In the first step, 70 pL of Pbly
was spin-coated at 4000 rpm for 60 s. Just after 60 s. 100 pL of MAI was
dripped over the spinning substrate and the substrate was kept spinning
for further 30 s. After the formation of the perovskite layer, the sub-
strates were annealed at 100 °C for 10 min. Subsequently, 20 mg of
PCg1BM was dissolved in 1 mL of anhydrous chlorobenzene. The solu-
tion was stirred for 2 h. Then, 70 pL of solution was deposited via spin
coating at 2000 rpm for 30 s. Finally, 20 nm Ca and then 100 nm of Ag
were deposited by thermal evaporation under high vacuum. Surface
modification of ITO substrate and device fabrication steps is demon-
strated in Fig. 1.

5. Instrumentation and device characterization

H and '3C NMR (Varian-400 MHz) data were recorded at 25 °C
using CDCl3 and DMSO-dg as solvents and TMS as an internal standard.
Electrochemical behavior of SAM-modified ITO substrates was deter-
mined by CH Instrument CH440b potentiostat. The surface morphology
of bare-ITO and SAM-modified ITO substrates was characterized by
Nanosurf Easyscan-2 controller atomic force microscopy (AFM). During
KPFM measurements, tin conducting cantilevers were used to obtain the
change in the surface potential and work function of the ITO surfaces
before and after modification. KSV Attension Theta Lite Optical Tensi-
ometer was used for static contact angle measurements by dispensing a
water droplet with average volume of 4 pL. Chemical composition of
SAM-modified ITO surface was analyzed with K-Alpha™" X-ray Photo-
electron Spectrometer (XPS) System. X-RAY diffraction (XRD) pattern of
perovskite was recorded with Rigaku D/Max-2500 diffractometer using
Cu Ka radiation (1 = 1.54 ;\). ZeissEvo model SEM was used to obtain
surface image of perovskite films. The J-V measurements were per-
formed by using a solar simulator (ABET 11000) and a source meter
(Keithley 2400). The curves were registered under 1-sun conditions
(100 mW/cm?, AM 1.5G, reverse voltage scan direction at a speed of 40
mVs’l) calibrated with a silicon photodiode (NREL). The active area of
the devices was 0.07 cm? The external quantum efficiency (EQE)
spectrum was measured through Stanford SR803 lock-in amplifier under
monochromatic illumination.

6. Result and discussion

In this study, two SAM molecules with straight and branched spacers
were employed. The chemical structure of SAMs and inverted device
architecture were indicated in Fig. 2. As stated in the literature, ideal
surface modification of ITO is important parameter to closely match the
energy level alignment of the ITO/MAPDI; interface because reduction
in energy barrier between work function (WF) of ITO and HOMO level of
MAPDI; is essential for increasing efficient hole collection [13,14].
Similarly, molecular structure of SAMs and effect of their chain variation
are important factors to reach ideal surface modification because it
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Modification of
ITO surface with
SAM molecules

Fig. 1. Surface modification and device fabrication steps.
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Fig. 2. The molecular structure of SAM molecules (a, b). Energy levels of PSC materials employed in this study (c). Layered structure of SAM based devices (d).
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determines the interfacial properties [30]. Therefore, proposed SAMs
are preferentially synthesized to assess their correlation in device
performance.

To evaluate the alteration in WF of ITO electrode before and after
SAMs treatment, Kelvin-Probe Force Microscopy (KPFM) measurement
was carried out. The bare-ITO displays WF value of 4.62 eV and WF
values of ITO after SAMs treatment was determined as 4.92 and 4.97 eV
for EA-59 and EA-60, respectively (Fig. S11). From the point of view of
energy level alignment of electronic states, convenient photo-carrier
collection at anode side is expected to bear closer WF of ITO whilst
having lower energy level than HOMO of MAPbI3 [31]. The KPFM re-
sults have illustrated that though both SAMs treatment caused favorable
WF increase, EA-59 is more promising in terms of hole collection with
respect to EA-60.

Electrochemical features of SAM treated ITO has provided further
insight into efficiency of SAM molecules on electrode surface. As can be
seen in voltammograms (Fig. S12), surface grafted ITO electrodes have
inflection points at 0.90 and 0.94 eV for EA-59 and EA-60, respectively.
It is worth to note in here that consistent with previous findings, this
result may be explained by the fact that branched and long hydrocarbon
chain of EA-60 leads to more dominant steric effect and hinders further
SAM reaction that results in remaining great amount of hydroxyl group
without substitution and significantly enhanced heterogeneity on target
surface [30]. This is a possible explanation 0.04 eV differences in in-
flection point between EA-59 and EA-60 modified ITO electrodes.
Moreover, this result also broadly supports CPD (contact potential dif-
ference) values obtained from KPFM graphs and clarifies why EA-59
treated ITO surface has the lower WF alignment with respect to EA-60
treated ITO electrode.

Further exploration to evaluate surface modification of SAM mole-
cules has been achieved by examining the contact angle and topo-
graphical images of ITO surface. So, sessile water droplet experiment
was performed to observe differences in contact angle values of bare and
customized ITO electrodes. It is well known that ITO surface is of

EA-59

| Bare ITO .

Bare ITO EA-59
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hydrophilic properties. The results, as shown in Fig. 3, indicate that SAM
grafted ITO surfaces have turned in hydrophobic and EA-59 modified
surface shows the higher hydrophobicity than EA-60 modified surface.
In addition to surface wettability, surface topography and roughness are
simultaneously examined since these parameters are related to wetting
characteristic of specimen surface. According to general explanation, if
the specimen surface has rough texture on itself, it becomes even more
hydrophobic after introduction of chemically hydrophobic molecules
[32]. As depicted in Table 1, root-mean-square (RMS) values of ITO
surfaces are increased after surface modification by SAM molecules
because of agglomeration and creation of extra layer [33]. This surface
roughness values and their association with contact angle measurements
once again bear out that ITO surface are covered by SAM molecules.
The surface chemical composition of modified ITO electrodes coated
with EA-59 and EA-60 SAM molecules were analyzed by XPS. Fig. 4
shows the high resolution survey spectrum of C1s and O1s to analyze the
atomic bonds formed on ITO surface for ITO/EA-59 and ITO/EA-60. Cl1s
spectra are fitted by three peaks corresponding to carbon in different
chemical environment. The binding energy peaks of Cl1s for ITO/EA-59
at 285.65, 286.23, 289.18 eV and for ITO/EA-60 at 285.57, 286.13 and
288.85 eV are assigned to C—C/C—H, C—O—C and O—C=0, respec-
tively. The peaks, assigned to O—C=O0 (ester bonding), at 289.18 and
288.85 eV indicates the formation of covalent bonds between —COOH

Table 1
Comparison of bare and modified ITO surface properties with different
techniques.

Samples Oxidation Work Functions Contact RMS

Potentials (V) (eV) Angles (°) (nm)

Bare - —4.62 53.94 3.73
ITO

EA-59 0.90 —4.92 97.08 4.16

EA-60 0.94 —4.97 90.81 4.53

10pm

Line fit 22 6nm

Z-Axis range

om

Line fit 23nm

Line fit 25,1nm

Z-Axis range

om

Fig. 3. Topographical AFM images and changes in water contact angle with regard to bare and different SAM coated ITO substrates.
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| —e—EA-59_o1s
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Fig. 4. The XPS high resolution survey spectrum of Cls (a, ¢) and O1s (b, d) for ITO/EA-59 and ITO/EA-60.

(carboxylic acid) head group of EA-59 (Fig. 4a) and EA-60 (Fig. 4c)
molecules and —OH (hydroxyl groups) existent on the ITO surface [13,
34,35].

O1s high resolution survey spectrum shows two main components
for ITO/EA-59 (Fig. 4b). The Ols of ITO/EA-59 peaks observed at
530.57 eV and 531.96 eV are associated with lattice oxide in InySnyO,
(C-0/C-0(H)) and carboxyl group (C=O0), respectively. Approximately
the same peaks are obtained from ITO/EA-60 coated surface with values
of 530.53 and 532.09 eV (Fig. 4d). The high-resolution survey spectra of
N1s and S2p were shown in Fig. S13. Corresponding binding energies of
functional groups for ITO/EA-59 and ITO/EA-60 are listed as in Table 2
[36,371.

Fig. S14 shows the wide survey spectrum of ITO/EA-59 and ITO/EA-
60. Almost at the same binding energies for C, O, N, S, In and Sn ele-
ments are identified on these two ITO/SAM surfaces by XPS. The binding
energies at ~486 and ~487 ev, respectively indicates the Sn3ds,2 and
Sn3ds,, while the peaks at ~445 and ~454 eV confirm the In3ds/; and
In3ds,,, respectively. In addition, the binding energies at ~165, ~286,
~399 and ~531 eV are attributed to S2p, Cls, N1s and Ols elements,
respectively [38-40].

The XPS measurements were also performed for bare ITO before
treatment with SAM molecules. (Fig. S15). In this measurement, the
absence of ‘N’ and ‘S’ confirms ITO substrates successfully covered by
SAM molecules.

As shown in Fig. 5, XRD is used to characterize the structure of
CH3NH3PbI3 perovskite. The diffraction peaks at 14.22, 20.15, 23.63,
24.64, 28.59, 30.31, 32.03 and 40,820 corresponds to (110), (112),
(211), (202), (220), (213), (222) and (224) planes of tetragonal phase of
CH3NH3PbI3 perovskite, respectively [41-43]. The diffraction peak
appearing at 12.83° belongs to the residual PbIy(*) [44,45]. Moreover,
diffraction peaks at 38.970, 39.870, 42.950 and 43.500 are relevant to
PbI2-MAI-DMF intermediate phase () [45].

The quality of the perovskite film has a crucial effect on performance
of PSCs. The film quality is determined by grain size, crystallinity, sur-
face coverage etc. Fig. 6 shows the morphology of the perovskite films
deposited on bare ITO (a), ITO/PEDOT:PSS (b), ITO/EA-59 (c) and ITO/
EA-60 (d). It is clear from these images that, after the modification of
ITO with PEDOT:PSS and SAM molecules, bigger grain size, pinhole-
free, high compact and full surface coverage films (which is desirable
for PSCs) have been obtained.

Table 2
The corresponding bonding energy of functional groups for ITO/EA-59 and ITO/EA-60.
Ols (eV) Cls (eV) Nils (eV) S2p (eV)
Samples C-0/C— (1) c=0 C-C/C-H C-0-C 0-c=0
ITO/EA-59 530.57 531.96 285.65 286.23 289.18 400.30 164.98
ITO/EA-60 530.53 532.09 285.57 286.13 288.85 400.69 164.92
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Fig. 5. XRD pattern of CH3NH3Pbl; perovskite film.

6.1. Solar cell performance

Interfacial engineering plays crucial role in PSC because it changes
energy level alignment and therefore directly influences the charge
extraction and recombination at interface. This situation significantly
changes device parameters, namely Voc, Jsc and FF. Besides that, metal
oxide surface possesses many dangling bonds and some active groups
covering hydrogen, hydroxyl and carboxyl groups leading to creation of
surface trap states that enhance rate of charge recombination [23,46].

Current-voltage characteristics of fabricated solar cells are indicated
in Fig. 7 and obtained device parameters are depicted in Table 3.
Different from SAMs, PEDOT:PSS coating has been implemented as a
reference cell. The highest efficiency has been attained with EA-59
modification due to convenient energy level and it has performed
much better particularly in terms of Voc and FF while Jgc value is
slightly higher with respect to reference cell that led to 11%
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improvement in device efficiency. Moreover, EA-60 modification gave
rise to slightly higher Jsc, but lower Voc and comparable efficiency as
against to reference cell. It should be noted that EA-60 has drawback in
comparison with EA-59 in terms of surface modification due to its
branched and long hydrocarbon chains that might cause more dominant
steric hindrance and enhance heterogeneity on ITO substrate [30]. The
statement posed in here is also confirmed by contact angle measure-
ments (Fig. 3). The lower contact angle value of EA-60 with respect to
EA-59 is an indication of more irregularity in molecular uniformity and
remaining of higher amount of unsubstituted active sites on ITO surface.
In addition, previous studies have found that defects in SAM layers can
leave active surface sites that can readily react with other atoms and
molecules, especially metal halide precursors can penetrate flaws such
as pinholes and form strong metal-oxide bond [47-49]. Specific example
is the electrodeposition of Pb on ITO surface in spite of having been
covered by organophosphonic acid monolayer [49]. Recent studies has
depicted that preferential deposition of Pb was occurred on monolayer
covered polycrystalline ITO due to its higher amount of defect sites [47,
49,50]. Within the framework of this information, it is also expected that
our initial treatment of Pbl, precursor on ITO/SAM surface, during the
fabrication of perovskite film, can result in the settlement of lead ions on
defect sites of ITO/SAM surface and led to the formation of deep trap
states where nonradiative recombination can take place that adversely
affect the dark-current and built-in potential [51-53]. The value of
built-in voltage (V};) can be estimated by extrapolating the linear parts
of the J-V curves at J = 0 under dark condition. As depicted in Table- 3,
EA-60 modification has performed at lower built-in potential than
EA-59, showing that EA-60 modification might increase the formation of
possible defect sites at ITO/SAM interface as against to EA-59 and
thereby PSC with EA-60 SAM molecule might be subjected to more
nonradiative recombination, which has lowered V¢ and device effi-
ciency. Therefore, it can be deduced that alteration in device perfor-
mance may be independently relevant to changes in interfacial
optoelectronic characteristics of PSCs.

To have deeper understanding of the effect of SAM modification on
device performance, their effect on hysteresis was examined. It can be
expected that trap states cause long existing charge carriers and there-
fore decrease the response speed of device [1,23,54]. Consequently, the

Fig. 6. SEM images of perovskite film deposited on bare ITO (a), ITO/PEDOT:PSS (b), ITO/EA-59 (c) and ITO/EA-60 (d).
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Fig. 7. Current-Voltage characteristics of SAM modified and non-modified devices.
Table 3
Photovoltaic parameters of devices.
Samples Voc (V) Vi (V) Jsc (mA/cm?) FF PCE (%)
forward reverse forward reverse integrated forward reverse forward reverse
Bare ITO 0.864 0.957 0.89 15.39 14.64 15.53 60.30 68.25 8.02 9.57
PEDOT:PSS 0.971 0.930 0.94 17.59 17.02 16.44 69.46 69.04 11.86 10.93
EA-59 1.042 1.043 1.09 17.85 17.68 17.98 66.47 71.56 12.36 13.19
EA-60 0.862 0.877 0.85 18.29 18.11 18.28 68.41 70.02 10.79 11.11

lowered hysteresis can be originated from surface passivation of ITO
electrode. As can be seen in current-voltage curves, SAM treatment has
fulfilled this necessity and has presented negligible hysteresis compare
to reference cell, suggesting that there are efficient charge transfers due
to decreased trap density in inverted PSCs.

EQE of PSCs is depicted in Fig. 8. The highest peaks of SAM treated
devices have achieved to ~79% and ~80% for EA-59 and EA-60,
respectively and they have stronger response than PEDOT:PSS in the
wavelength region between 350 and 750 nm. This could be stemmed
from optimal chemical interaction at interface that led to better charge
extraction and recombination reduction [14,55]. The integrated Jsc
values are found, in turn, as 17.98 and 18.28 mA/cm? for EA-59 and
EA-60 that are in agreement with Js¢ values indicated in I-V measure-
ments (Table 3).

7. Conclusion

In summary, synthesis and interfacial modification of two novel SAM
molecules are reported as efficient alternative to PEDOT:PSS to enhance
solar cell parameters. Immobilization of SAM on the ITO surface is
illustrated as effective method to tune the work function and decrease
energy level between ITO and perovskite layer. The spacer groups in
aromatic structure is branched with hexyl chain in EA-60 because there
have been no published controlled studies, which compare influence of
variation of spacers on ITO modification and on device performance.
The highest performance has been achieved by EA-59 due to proper
energy level arrangement and has indicated 11% improvement in device
efficiency with regard to reference cell. EA-60 has shown comparable
performance with respect to reference cell and can be considered as rival
compound to PEDOT:PSS. The proposed SAM molecules provide simple
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deposition method via solution processes and able to form strong co-
valent bonds with ITO as well as indicate obvious facility to ensure
contact selectivity and decrease charge losses. As revealed in this study,
present results will generate fresh platform to design new methodologies
as an alternative to inorganic metal oxides and conventional polymers to
be applied on acid sensitive surface for the fabrication of high perfor-
mance and low cost solar cells.
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