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ABSTRACT: Polymer solar cells (PSCs) with inverted structure can greatly improve
photovoltaic stability. This paper reports a novel method to lower the work function
of indium tin oxide (ITO) through the modification with a thin layer of zwitterions
which have both positive and negative charges in the same molecule. Zwitterions have
a strong dipole moment due to the presence of the two types of charges and are
immobile under electric field. Zwitterions with both conjugated and saturated
structure were investigated. A zwitterion thin layer is formed on ITO by spin coating a
methanol solution of the zwitterion. The zwitterion-modified ITO sheets can be used
as the cathode for the electron collection of inverted PSCs. The inverted poly(3-
hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PC4,BM) PSCs
can exhibit photovoltaic efficiency as high as 3.98% under simulated AM1.5G
illumination (100 mW cm™2), which is comparable to that of PSCs with normal
architecture. The effective electron collection by the zwitterion-modified ITO sheets is
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attributed to the reduction of the work function of ITO as a result of the dipole moment by the zwitterions. The zwitterion
modification can lower the work function of ITO by up to 0.97 eV. The photovoltaic performance of PSCs and the reduction in
the work function of ITO strongly depend on the chemical structure of the zwitterions.
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1. INTRODUCTION

Polymer solar cells (PSCs) have been attracting considerable
attention. They are regarded as the next-generation solar cell
technology due to their low fabrication cost, lightweight, and
high mechanical flexibility. Much effort has been devoted to
improve the photovoltaic performance, such as the synthesis of
new donor or acceptor materials' "' and the development of
novel processing techniques to manipulate the morphology of
the active layer.">”"” Power conversion efficiency (PCE) of
close to 10% has been documented.'®'® Besides the PCE, the
stability is also important for their practical application.
Inverted PSCs can greatly improve the stability, because they
use neither acidic conducting polymer as the buffer layer for the
hole collection nor active metal for the electron collection.””**
In an inverted cell, the bottom electrode acts as the cathode for
the electron collection, while the top electrode serves as the
anode for the hole collection. Indium tin oxide (ITO) is the
most popular transparent electrode of PSCs, but ITO has a
work function of 4.5—4.7 eV, which matches the energy levels
of neither the donor nor the acceptor.”*** The challenge in
building inverted PSCs lies in effectively lowering the work
function of ITO. Several methods have been reported to lower
the work function of ITO for the electron collection, including
the insertion of an interfacial layer with materials of a low work
function, such as TiO, and ZnO,Zé_g’2 and the surface
modication of ITO with Al,O; PbO, inorganic and organic
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salts, and organic self-assembled monolayer (SAM).**~** The
surface modification can effectively lower the work function of
ITO as a result of the dipole moment formed on the ITO
surface. However, the photovoltaic performance of the inverted
PSCs with oxides like TiO, and ZnO by the sol—gel process is
strongly dependent on the morphology of the oxides, since the
nanosized oxides can trap charges. Thus, additional mod-
ification of the oxides with a monolayer of organic ligand may
be required.*” A big concern for the modification of ITO with
salts is the ion motion under the electric field, which can affect
the device performance and deteriorate the device stability.***

In this paper, we report a novel method to lower the work
function of ITO by introducing a thin layer of zwitterions.
Zwitterions have positive and negative charges in the same
molecule and are immobile under the electric field. The
zwitterion layer was formed on ITO by solution processing
techniques, such as spin coating of methanol solutions of
zwitterions. Zwitterions can lower the work function of ITO by
up to 0.97 eV. The zwitterion-modified ITO sheets were used
as the cathode for the electron collection. The inverted PSCs
with zwitterion-modified ITO as the cathode exhibited a high
PCE of 3.98% under simulated AM1.5G illumination (100 mW
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cm™2), comparable to that of control PSCs with normal
architecture.

2. EXPERIMENTAL SECTION

Materials. Chemical structures of the zwitterions, including N,N-
dimethyl-N-[3-(sulfooxy)propyl]-1-nonanaminium hydroxide
(DNSPN), N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate
(DDMAP), 1-(N,N-dimethylcarbamoyl)-4-(2-sulfethyl)pyridinium hy-
droxide (DMCSP), 4-(triphenylphosphonio)butane-1-sulfonate
(TPPBS), 3-(triphenylphosphonio)propane-1-sulfonate (TPPPS),
10-(3-sulfopropyl)acridinium betaine (SPAB), and rhodamine 101,

Scheme 1. Chemical Structures of Zwitterions Used in This
Study
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are presented in Scheme 1. They were purchased from Sigma-Aldrich.
Regioregular poly(3-hexylthiophene) (P3HT) and (6,6)-Phenyl-C61
butyric acid methyl ester (PC4;BM) (chemical structures shown in

Scheme 2. (a) Schematic Device Architecture of Inverted
PSCs and (b) the Chemical Structure of P3HT and PC,,BM
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Scheme 2b) were supplied by Rieke Metals and Nano-C, respectively.
All other chemicals were obtained from Sigma-Aldrich Co. Ltd. All the
chemicals were used without further purification.

Device Fabrication. The inverted PSCs, as illustrated in Scheme
2a, were fabricated through the following process. ITO-coated glass
sheets with a surface resistance of 10 Q sq~"! were cleaned sequentially
with Decon 90, deionized water, acetone, and isopropyl alcohol. Each
cleaning step was carried out in a Branson 1510 ultrasonic water bath
for 20 min. The cleaned ITO sheets were dried with nitrogen flow and
successively treated by UV-ozone (Jelight 42-220 UVO cleaner) for 15
min. Then, a thin layer of a zwitterion was formed on an ITO sheet by
spin coating the methanol solution of the zwitterion at 3000 rpm for 1
min. The zwitterion layer was annealed at 120 °C for 10 min in air.
The zwitterion-coated ITO sheets were transferred into a glovebox
filled with highly pure nitrogen for the preparation of the active layer.
The active layer was deposited by spin coating a dichlorobenzene
solution of 20 mg mL™' P3HT and 20 mg mL™" PC¢BM at 500 rpm
for 60 s and subsequently drying at room temperature for 20 min. The
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active layer was then annealed at 120 °C for 10 min. Finally, a 7 nm-
thick MoO; layer and a 100 nm-thick Al layer were successively
deposited in a chamber of a thermal evaporator at 1 X 107° mbar. The
evaporation rates were 0.1 A s™' for MoO; and 2 A s7' for Al
respectively. The PSCs were encapsulated with UV-curable epoxy glue
(Epotek OG112-6 by Epoxy Technology Inc.) and glass sheets in the
glovebox. They were taken out of the glovebox for the photovoltaic
tests.

Characterizations. Atomic force microscopic (AFM) images were
acquired with a Veeco NanoScope IV Multi-Mode AFM system in
tapping mode. Surface potential images were collected with a MFP-3D
atomic force microscope by Asylum Research in the Kelvin probe force
microscope (KPFM) tapping mode. A Pt-coated cantilever tip (tip
radius 15 nm) with a spring constant of 2 N m™" and a resonant
frequency of ~70 kHz (Electric-Lever, Olympus, Japan) were used for
the measurement. All of the KPFM measurements are performed at 3
V ac voltage and a lift height of 40 nm under ambient conditions. X-
ray photoelectron spectra (XPS) and ultraviolet photoelectron spectra
(UPS) were taken with an Axis Ultra DLD X-ray photoelectron
spectrometer equipped with an Al Ka X-ray source (1486.6 eV).
Contact angles were recorded with a Reme-Hart Contact Angle
Goniometer.

The photovoltaic performance of the PSCs was measured with a
computer-programmed Keithley 2400 source/meter under a New-
port’s Oriel class A solar simulator, which simulated the AMIL.5
sunlight with energy density of 100 mW cm™ and was certified to the
JIS C 8912 standard. The active area of each PSC was 0.11 cm?.

3. RESULTS AND DISCUSSION

Inverted PSCs with Rhodamine-Modified ITO as
Cathode. A zwitterion, also called an inner salt, is a neutral
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Figure 1. J—V curves of inverted PSCs glass/cathode/
P3HT:PCy,BM/MoO;/Al with a blank ITO and a rhodamine 101-
treated ITO as the cathode.

Table 1. Photovoltaic Performances of Inverted PSCs Glass/
Cathode/P3HT:PCy,BM/Mo00,/Al with (a) a Blank ITO
and (b) a Rhodamine 101-Modified ITO as the Cathode

best PCE
Vo Jsc (average)® Ry Ry,
device (V) (mAcm™®) FF (%% (Qecm™)  (Qem™)
@@ 016 711 031 035 (0.31) 7.6 50
() 059 1021 066 398 (3.89) 17 29430

“The PCE were averaged over 10 devices. The averaged PCE values
are shown in parentheses.
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Figure 3. J—V characteristics of inverted PSCs glass/ITO/zwitterion/
Figure 2. -V curves of inverted PSCs glass/ITO/rhodamine 101/ P3HT:PC4,BM/MoO5/Al with different zwitterions.
P3HT:PCy4BM/MoO;/Al with the rhodamine 101 layer deposited
from the methanol solutions of 0.01, 0.04, 0.08, 0.2, and 1 wt %
thodamine 101. 101-modified ITO exhibits high photovoltaic performance. The
Vo (0.59 V) and FF (0.66) suggest the efficient electron

collection by the modified ITO. The photovoltaic performance

molecule that possesses both positive and negative charges at is saliently better than that of the control inverted PSC with a
different locations of the same molecule. Zwitterions have been blank ITO. The inverted PSC with rhodamine 101-modified
used in detergents,%’46 lithium ion batteries,*’ ~*° and drug ITO has a PCE of 3.98%, while the PCE is only 0.35% for the
delivery.’**' They were also used to increase the conductivity control device.
of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) The series resistance (R,) and shunt resistance (Ry,) were
(PEDOT:PSS) films.*> The positive and negative charges extracted from the inverse of the slopes of J—V curves of
form a strong intrinsic dipole moment within the molecule. devices in dark at 1 and 0 V, respectively. They are also listed in
The zwitterions do not diffuse under an external electrical field. Table 1. The R value of the inverted PSC is much lower than
This stimulates us to use zwitterions to modify the surface of that of the control inverted PSC. It implies that the ITO
ITO. modification with rhodamine 101 can facilitate the electron
The zwitterions used in this study are in solid state at room transport across the interface between the active layer and ITO.
temperature and soluble in polar solvents like methanol. They The small R; value is consistent with the high V. value.*> In
were used to modify ITO for inverted PSCs whose architecture addition, the Ry, value of the inverted PSC is much greater than
is shown in Scheme 2a. A thin layer of zwitterions was formed that of the control inverted PSC. The R, and Ry, values are in
on ITO by spin coating. The thickness of the zwitterion layer good agreement with the photovoltaic performance of the two
was estimated by the optical absorption with the Beer—Lambert inverted PSCs.
law. The active layer of PSCs was prepared by coating a The photovoltaic performance of the inverted PSC with

dichlorobenzene solution of P3HT and PCyBM. Inverted rhodamine 101-modified ITO cathode depends on the
PSCs with rhodamine 101-modifed ITO exhibited the best thickness of the rhodamine 101 layer. Figure 2 and Table 2

photovoltaic performance among the zwitterions in use. The present the photovoltaic performances of inverted PSCs with
device has a structure of glass/ITO/rhodamine 101/P3HT: rhodamine 101 layer prepared from methanol solutions of
PC¢,;BM/MoO;/Al Figure 1 presents the current density (J)— different rhodamine 101 concentrations. The thicknesses of
voltage (V) curve of such an inverted PSC. The rhodamine 101 rhodamine 101 layers are also presented in Table 2. The
layer was coated from methanol solution of 0.08 wt % inverted PSCs exhibited high photovoltaic performance for the
rhodamine 101, and its thickness was 1.5 nm. The photovoltaic rhodamine 101 concentration varied from 0.04 wt % to 0.2 wt
parameters, including open-circuit voltage (V,.), short-circuit %, and the highest PCE was obtained at 0.08 wt % rhodamine
current (J,.), fill factor (FF), and PCE, are summarized in Table 101. The variations of R; and Ry of the PSCs with the
1. The J=V curve of a control inverted PSC with a blank ITO thicknesses of the rhodamine 101 layer are consistent with
as the cathode is presented as well. The PSC with rhodamine photovoltaic performance.

Table 2. Photovoltaic Performances of Inverted PSCs Glass/ITO/Rhodamine 101/P3HT:PC4,BM/Mo00O;/Al with the
Rhodamine 101 Layer Deposited from the Methanol Solutions of Different Rhodamine 101 Concentrations

conc (%) thickness (nm) V. (V) Joe (mA cm™) FF best PCE (average)” (%) R, (Qcm™) Ry, (Qcm™2)
0.01 0.3 0.55 9.93 0.53 2.89 (2.61) 3.0 11 160
0.04 0.8 0.59 10.01 0.63 3.72 (3.60) 49 17610
0.08 L5 0.59 1021 0.66 3.98 (3.89) 17 29430
02 40 0.59 9.96 0.65 3.82 (3.67) 19 83260
1.0 16.4 0.59 9.79 0.61 3.52 (3.43) 29 154 800

“The PCE were averaged over 10 devices. The averaged PCE values are shown in parentheses.
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Table 3. Photovoltaic Performances of Inverted PSCs Glass/ITO/Zwitterion/P3HT:PCy,,BM/Mo00O;/Al with Different

Zwitterions

zwitterion V. (V) Joe (mA cm™2) FF
rhodamine 101 0.59 10.21 0.66
TPPBS 0.58 10.29 0.63

TPPPS 0.58 10.00 0.65
DDMAP 0.55 10.20 0.48

SPAB 0.52 9.67 0.52

DNSPN 0.47 10.51 0.46
DMCSP 0.22 7.90 0.34

best PCE (average)” (%) R, (Qcm™) Ry, (Qcm™?)
3.98 (3.89) 17 29430
3.80 (3.63) 17 24180
3.77 (3.59) 2.1 38290
2.69 (2.57) 52 20410
2.58 (2.38) 42 22650
227 (2.14) 11.1 14420
0.59 (0.49) 200 90

“The PCE were averaged over 10 devices. The averaged PCE values are shown in parentheses.

Table 4. Contact Angles of a Water Droplet on ITO Sheets
Modified with Various Zwitterions

zwitterion contact angle (°) zwitterion contact angle (°)
8—9 TPPPS 25-26
rhodamine 101 39—-40 DNSPN 5—6
TPPBS 36-37 DDMAP 7-8
SPAB 35-36 DMCSP NA“

“The contact angle is too small to be measurable.

Inverted PSCs with ITO Sheets Modified with Other
Zwitterions. To explore the relationship between the chemical

structure of zwitterions and photovoltaic performance of the
inverted PSCs, other zwitterions, including DNSPN, DDMAP,
DMCSP, TPPBS, TPPPS, and SPAB, were also used to modify
ITO. Their chemical structures are presented in Scheme 1. In
terms of the chemical structure, these zwitterions can be
classified into two groups. The first group includes rhodamine
101, TPPBS, TPPPS, and SPAB, in which the nitrogen or
phosphorus atom with the positive charge is connected with
bulky aromatic ring(s). The second group includes DNSPN,
DDMAP, and DMCSP. Though the nitrogen atom with the
positive charge is connected with a benzene ring for DMCSP, it
is classified into the second group because the benzene ring is

r5.00

F2.50

Figure 4. AFM images of P3HT:PCy,BM films deposited on ITO sheets modified with (a) rhodamine 101, (b) TPPBS, (c) DNSPN, and (d)
DMCSP. The image size is 5 um and height bar is 100 nm. The rms roughness values are 11.3, 12.8, 30.5, and 33.8 nm, respectively.
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0.0 nm

Figure 5. AFM images of (a) a blank ITO and ITO sheets modified by (b) rhodamine, (c) TPPPS, and (d) TPPBS zwitterions. The image size is 2

um and height bar is 30 nm.

less bulky than the aromatic ring(s) of the zwitterions in the
first group. The zwitterions are classified in this way because the
charge transport through a conjugated structure is significantly
different from that through a nonconjugated structure, and the
bulky aromatic ring(s) can affect the interactions among the
zwitterion molecules.

The ITO sheets were modified with other zwitterions
through a similar process as that for rhodamine 101. The
optimal concentrations for the photovoltaic efficiency of the
inverted PSCs are different for different zwitterions. The
optimal concentrations for DNSPN, DDMAP, DMCSP,
TPPBS, TPPPS, and SPAB are 0.2, 1, 1, 0.07, 0.02, and 0.5
wt %, respectively. Figure 3 shows the J—V curves of the
inverted PSCs with ITO modified with the zwitterion layer
prepared from the methanol solutions of optimal zwitterion
concentrations. The photovoltaic parameters are listed in Table
3.

The photovoltaic performance of the inverted PSCs is
strongly dependent on the chemical structure of the
zwitterions. The zwitterions in the first group, particularly
rhodamine 101, TPPBS, and TPPPS, give rise to high PCEs,
while the zwitterions in the second group lead to low PCEs.
The inverted PSCs with DMCSP exhibit the lowest PCE of
only 0.59%. The PCE values of the inverted PSCs are generally
consistent with their V. values. This suggests that the surface
properties of the zwitterion-modified ITO is the dominant

2013

factor for the photovoltaic performance. As shown in Table 3,
the inverted PSCs with rhodamine 101 exhibit the highest fill
factor and lowest R, value. These can be attributed to the
conjugated molecular structure that gives rise to a small
resistance for the charge transport from the active film into
ITO. TPPBS and TPPPS have almost the same chemical
structure, except that TPPBS has one more C atom between
SO;” and P*. A longer connector can increase the dipole
moment, but it also reduces the charge tunneling probability
through the zwitterion layer. The inverted PSCs with TPPBS
and TPPPS exhibit close photovoltaic performance. Thus, the
photovoltiac performance is insensitive to the slight change in
the separation between the positive and negative charges. The
inverted PSCs with zwitterions of the second group exhibit
lower FF and lower Ry, values than that with zwitterions of the
first group.

The variation of the Ry, value with these zwitterions agrees
with that of the contact angles of water on zwitterion-modified
ITO sheets (Table 4). The contact angle was 8—9° for water on
blank ITO which was sequentially cleaned with detergent,
water, acetone, and isopropyl alcohol and then treated with UV
ozone. It is comparable to the contact angles of UV ozone-
treated ITO sheets reported in literature.’**> The contact angle
increases after the modification with the zwitterions of the first
group, whereas it decreases after the modification with the
zwitterions of the second group. In other words, the zwitterions

dx.doi.org/10.1021/am201844q | ACS Appl. Mater. Interfaces 2012, 4, 2009—2017



ACS Applied Materials & Interfaces

Research Article

T T v T T T T T
. 1.0 —=—BlankITO
s L —&— DNSPN
< ogl ——DDMAP
2 | —~TPPPS
4 ——TPPBS
g 06 i
£
= L
N 04 E
©
£
5 02 .
=

0.0 , , . (a) E

3.0 3.5 4.0 45 5.0 5.5
Kinetic energy (eV)
Ll 1
1.0 —=—DMCSP
| ——SPAB

S 08l —e— Rhodamine
s
2
‘a 0.6
c
]
£
5 04
(]
N
®
£ 0.2
S
2

0.0

3.0

3.5

4.0 4.5 5.0 5.5

Kinetic energy (eV)

Figure 6. Normalized UPS spectra of a blank ITO and ITO sheets
modified with various zwitterions.

Table S. Effective Work Functions (@) of ITO Sheets
Modified with Various Zwitterions”

zwitterion @ (eV) A® (eV) zwitterion @ (eV) AD (eV)
—4.69 0 SPAB —4.00 0.69
DMCSP —4.54 0.14 TPPPS —3.90 0.79
DNSPN —4.17 0.52 rhodamine 101 -3.73 0.96
DDMAP —4.12 0.57 TPPBS —-3.72 0.97

“A® values are for the reductions in the work function.

of the first group make the ITO surface more hydrophobic,
whereas the zwitterions of the second group turn the ITO

Figure 7. (a) Topography and (b) 3D surface potential of an ITO
sheet partially covered with 1 nm-thick rhodamine 101 film deposited
by thermal evaporation. The dimension is 70 um. The scale bars are 30
nm and 800 mV for topography and surface potential, respectively.
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surface to be more hydrophilic. This implies that the
zwitterions can affect the morphology of the active layer of
PSCs. The surface morphology of P3HT:PC¢;BM films on ITO
sheets coated with rhodamine 101, TPPBS, DNSPN, and
DMCSP was studied by AFM (Figure 4). The P3HT:PC, BM
films are smooth on rhodamine 101 and TPPBS-modified ITO
sheets, while those on DNSPN and DMCSP-treated ITO
sheets are quite rough. The rms roughness values of the
P3HT:PC;BM films are 11.3, 12.8, 30.5, and 33.8 nm for ITO
sheets modified with rhodamine 101, TPPBS, DNSPN, and
DMCSP, respectively. The different roughness values of the
active films can be attributed to the differences in the
hydrophilicity of the ITO surfaces with different zwitterions.
The relative hydrophobic ITO surfaces with the zwitterions of
the first group give rise to smooth active films, while the
hydrophilic ITO surfaces with the zwitterions of the second
group lead to rough active films.

The effect of the zwitterions on the morphology of the active
P3HT:PC¢BM film is due to the hydrophilicity/hydro-
phobicity of the ITO surface rather than the morphology of
the modified ITO sheets. Zwitterions do not have remarkable
effect on the morphology of the ITO surface. Figure S presents
the AFM images of a blank ITO sheet and ITO sheets modified
with rhodamine 101, TPPPS, and TPPBS. There is almost no
detectable change in the morphology after the zwitterion
modification. The rms roughness values of these zwitterion-
modified ITO sheets are 4.7, 4.2, 4.4, and 4.6 nm, respectively.

Mechanism for Zwitterion-Induced Reduction in the
Work Function of ITO. The work function of zwitterion-
modified ITO sheets was investigated by UPS. The cutoft edges
are shown in Figure 6. The work function values were
summarized in Table S. TPPBS and rhodamine 101 produce
the significant reductions in the work function of ITO by 0.97
and 0.96 eV, respectively. The change in the work function is
comparable to the modification of ITO with organic SAMs as
reported by Kim et al.*® In contrast, DMCSP gives rise to a
slight reduction in the work function of ITO by only 0.16 eV.
The zwitterion-induced change in the work function of ITO is
consistent with photovoltaic performance of the inverted PSCs.

The zwitterion-induced chan%e in the work function of ITO
was further studied by KPFM."” The tests were performed on
ITO sheets partially covered with a 1 nm-thick rhodamine 101
layer. The topography and surface potential of ITO were
presented in Figure 7a,b. Though the topography change from
the uncovered part to the part covered with the rhodamine 101
is not remarkable, the surface potential increases abruptly by
800 mV at the edge from the uncovered ITO part to the part
covered with rhodamine 101.

Presumably, the zwitterion molecules chemically adsorb on
the ITO surface through the bond formed between the anions,
including —COO~, —SO;~, and —SO,~, of the zwitterions and
ITO.*>**7® The interactions between the zwitterions and ITO
were investigated by XPS. Figure 8 presents the In 3d and Sn
3d XPS spectra of a blank ITO and ITO sheets modified with
various zwitterions. The XPS doublets of both In 3d and Sn 3d
shift to red after the zwitterion modification. The red shifts
suggest the chemical adsorption of the zwitterions on ITO.
Interestingly, the red shift of the binding energy is consistent
with the pK, values of the acids corresponding to the anions of
these zwitterions. The pK, values are 4.76, —1.92, and —3.4 for
CH,COOH, CH;SO;H, and CH;SO,H, respectively.” Thus, a
zwitterion with an anion corresponding to a greater pK, value
can bind more strongly to the ITO surface. This phenomenon
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Figure 8. (3, b) In 3d and (c, d) Sn 3d XPS spectra of blank ITO and ITO treated with various zwitterions.

Scheme 3. Schematic (a) Perpendicular and (b) Lie-Down
Orientations of Zwitterions on ITO Surface

[+ ] [+] [+] [+] [+] g
ITO substrate | (=0

e
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Figure 9. Molecular structure of rhodamine 101 using the Gaussian 03
program.

is in good agreement with our previous study of the ITO
modification with sodium compounds.*

The different changes in the work function of ITO modified
with different zwitterions suggest that the zwitterions have
different orientations on the ITO surface. The change in the
work function of ITO should be related to the orientation of
the dipole moment of the zwitterions on the ITO surface. If all
the zwitterion molecules orient perpendicular to the ITO
surface as schematically shown in Scheme 3a, the work function
change should be similar for all the zwitterions because they
have almost the same dipole moment. The work function of
ITO changes less remarkably if the zwitterion molecules lie
down on the surface of ITO (Scheme 3b). Thus, the
zwitterions of the first group likely take the former orientation
on ITO, whereas the zwitterions of the second group adopt the
latter orientation. The chemical structure of rhodamine 101 was
simulated using Gaussian 03 program with the B3LYP-3-21G
base set. As shown in Figure 9, the dimensions of the molecule
are 13.7, 9.5, and 5.5 A along x, y, and z directions, respectively.
Thus, at the optimal thickness of 1.5 nm, the rhodamine 101
layer consists of 2 or 3 monolayers of rhodamine 101
molecules.

These two pictures for the different orientations of the two
groups of zwitterions can account for the contact angles of
water on the surface of ITO sheets modified with zwitterions
(Table 4). Water exhibits a very small contact angle on ITO
modified with the zwitterions of the second group, despite that
these zwitterions have a long alkyl chain that should give rise to
a hydrophobic surface. In contrast, the surfaces of ITO sheets
modified by the zwitterions of first group are more hydro-
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phobic. Since the alkyl chains are nonpolar and hydrophobic,
the contact angle data suggest the zwitterion molecules of the
second group lie down on the ITO surface. Probably, this is due
to the strong Coulombic repulsion arising from the charges of
the zwitterion molecules. The zwitterions of the first group can
orient more perpendicularly on the surface of ITO due to the
bulky aromatic ring(s). The bulky aromatic ring(s) gives rise to
a remarkable separation for the charges on different molecules.
This can reduce the Coulombic repulsion among the zwitterion
molecules. In addition, the 7—7x overlapping among aromatic
ring(s) of zwitterion molecules provides counterforce against
the Coulombic repulsion.

4. CONCLUSIONS

In summary, the work function of ITO can be significantly
reduced through the modification with zwitterions. The
zwitterion-modified ITO sheets were used as the cathode for
the electron collection of inverted PSCs. High photovoltaic
performance has been observed on the inverted PSCs. The
reduction in the work function of ITO and the photovoltaic
performance of the inverted PSCs depend on the chemical
structure of the zwitterions. Zwitterions with bulky aromatic
ring(s) can orient perpendicularly on the ITO and give rise to
significant reduction in the work function, because the bulky
aromatic ring(s) can reduce the Coulombic repulsion arising
from the charges of the zwitterion molecules and give rise to
m—7n interactions among the zwitterion molecules.
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