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Abstract

A promising solution to improve the performance of Bulk heterojunction organic photovoltaic
devices is the insertion of functionalized self-assembled monolayers (SAMs) at the interface
between the Electron Transporting Layer (ETL) and the active layer. By grafting such dipolar
SAMs based on Y-PP-COOH (P = Phenyl, Y = CH30, F)) on a ZnO ETL, both the electronic and the
chemical properties of the interface are modified. The growth of the active blend the poly(3-
hexylthiophéne)- [6,6]-phenyl C61-butyric acid methylester blend deposited onto the SAMs is
also altered. The dipole with a component oriented perpendicularly to the ZnO surface
modifies the ZnO work function whereas the surface energy of the SAM influences the
microstructuration of the active material. When we analyze the inverted photovoltaic cell, we
find that the two effects may be distinguished: the CH30 moiety favorably affects the electrical
transfer of carriers with mainly an improvement of the open-circuit voltage V,c whereas
fluorine disfavors both electron extraction and blend microstructure quality, with a lower V.

and electrical current density Jsc.



1. Introduction

Organic solar cells (OSCs) based on m-conjugated semiconducting (SC) polymers are becoming
potential alternative candidates in the field of photovoltaic conversion since they can be
fabricated by cost-effective large-area printing and coating processes on top of flexible
substrates [1-3]. Bulk heterojunction (BH]J) solar cells, based on m-conjugated polymers and
fullerene-derivative blend layers sandwiched between a transparent conducting electrode,
namely Fluoride Tin Oxide (FTO) and a low-work-function metal electrode, have proven to be
worthy competitors to polycrystalline silicon-based cells [4-6]. Over the past few years,
important results have shown that the performance of OSCs can be enhanced by the
development of materials and/or the optimization of morphologies by processing methods [7-
10]. The photoinduced charge separation, the charge transport and the collection properties
govern the performances of OSCs, yet one of the most crucial parameters in the
photogeneration process is the built-in electric field, the strength of which is strongly
dependent on the energy levels of the anode and cathode electrodes.

The development of Organic Photovoltaic (OPV) still faces the limitation of relatively low yields
compared to mineral photovoltaic cells. This limitation is attributable to the very nature of the
photogeneration process in OPVs. Indeed, the absorption of light by these materials leads to
the creation of geminate electron-hole pairs, commonly called excitons, whose Bohr radius
depends essentially on the dielectric constant of the material. Given its low value in organics (&
= 3), this results in too high a binding energy, which makes dissociation of the geminate

electron-hole pairs into two free carriers difficult.

Efforts to overcome this major drawback have mainly focused on the design of the hetero-
structures of the Donor/Acceptor blend type Bulk HeteroJunctions (BHJ]) [11,12]. The other
important limitation concerns the metal/active-layer interfaces. Electrical contacts ensuring
the collection and delivery of photogenerated charges are important to the operation of these
cells. Indeed, the energy levels of the anode (high work function electrode) and the cathode
(low work function electrode) determine the performance of the OSCs. Subsequently, the
formation of these interfaces must not generate either a potential barrier, which would inhibit

the flow of charges, or energy losses. Moreover, the difference in their work functions should



be as large as possible, in order to ensure the presence of the indispensable intrinsic electric
field within the active layer. So, to ensure an efficient selective carrier flow, i.e. inhibiting the
flow of electrons towards the anode and the flow of holes toward the cathode, layers of metal
oxide (MOx) with appropriate energy levels are deposited onto metal electrodes or transparent
conductive oxides. Nevertheless, these intermediate layers are found to be inefficient, because
of the presence of surface states and insufficient alignment of their electronic levels with the
active component. Within this context, we aim to control the physic chemistry of the interface
at the level of the electrodes by functionalization by self-assembled dipolar layers whose
purpose is to control the alignment of the electronic levels as well as the structure of the active
layers.

Thin ZnO layers in the inverted architecture have been widely used as Electron Tranport
Layer (ETL) in recent years [13-16]. This structure is found to be much more stable, since the
final coating layers are less sensitive to oxidation from air, which in turn improves the stability
and therefore the performance of the OPV cells [17-21]. This approach requires reverse-order
deposition of the layers, making it possible to use the most stable metals, such as Au and Ag, as
hole-collection electrodes [22].

The grafting of dipolar Self-Assembled Monolayers (SAMs) on top of ZnO layers turned out to
be an efficient way of aligning the electronic levels of the oxides and those of the active
materials in order to avoid energy losses and extraction barriers. In addition, SAMs thanks to
their adequate terminal function, allow the control of chemical properties and energy of the
surface where the SC is then deposited. When the dipole moment is directed from the organic
semiconductor (SC) to the ETL, the level of the ZnO conduction band, close to the Fermi level
with an n-doped oxide, is pushed up relative to the Lower Unoccupied Molecular Orbital
(LUMO) of the acceptor, with a change of the work function of the transport layer, 6W (Fig. 1).
For hole transport layer the valence bands are concerned. The ideal situation corresponds to
the alignment of the conduction band (CB) and the LUMO (Fig. 1) or the valence band (VB) with
the Highest Occupied Molecular Orbital (HOMO) (p-type oxide and acceptor). The electrons
flow therefore from the LUMO of the donor to the CB of the ETL without losing energy.

Others surface treatments have been proposed in this goal sometimes easier to perform

without the driving of the surface chemical properties [23,24]
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The grafting of SAMs onto ZnO bearing phosphoric and carboxylic acid functions is efficient, as
reported in previous work [25-27]; they form stable bonds and lead to uniform coverage.

In this work, we analyze the effect of the functionalization of the surface of ZnO, by grafting
self-assembled dipolar molecules of general structure para-Y-PP-COOH (YA), on the
performance of an inverted solar cell. PP is a biphenyl spacer and Y is either an electron
withdrawing (Y = F) or donating (Y = OCHs) group. Both the structure of the ZnO layer, the
grafting and the orientation of the SAM on the ZnO layer were analyzed by IR Spectroscopy, X
ray diffraction (XRD) and contact angle measurements. In order to highlight and enhance the
effect of two F- and CH30- terminated SAMs alone (F-A and CH30-A, respectively), no additives
were added to the blend and no advanced optimization of the device was performed. Only the

oxide synthesis, cleaning and dipolar molecule adsorption conditions were optimized.

2. Experimental procedure

Materials: 4-(4'-Fluorophenyl)benzoic acid (F-PP-COOH = F-A) and 4'-methoxybiphenyl-4-
carboxylic acid CH30-PP-COOH (noted CH30-A) were purchased from Alfa-Aesar and Aldrich,
respectively, and were used as received unless stated otherwise. Regioregular poly(3-
hexylthiophene) (P3HT) and phenyl-C60-butyric acid methyl ester (PCBM) were purchased
from Aldrich.

Synthesis of ZnO nanoparticles (NP): Zn(CH3C00); (2.2 g; 0.01 mol), diethylene glycol
(98.2 ml) and ultrapure H20 (1.8 ml, 0.1 mol) were mixed in a three-necked flask, and the

mixture refluxed at 180 °C with stirring for 1 hour. After cooling, the product was



centrifuged 3 times with absolute ethanol [28,29].
The obtained NPs were cylinder-shaped with and average particle size of about 30 nm (Fig. 2).
A 200 nm-thick sample was prepared and characterized by XRD. As shown in Figure 3, we

observe clearly a hexagonal crystal system for ZnO NPs, as described in the literature.
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Figure 2: TEM image of ZnO nanoparticles synthesized 26 (%)
Figure 3: XRD pattern of ZnO NP with hexagonal

lyol
by polyol way crystal system a==90°; y=120° a=b#c

Fabrication of OSCs: For the fabrication of OSCs, a 30 nm-thick layer of ZnO film on treated
FTO (sheet resistance = 15 ohm/square,2x2 cm?) was spin-coated onto FTO at 6000 rpm for 30
s and then annealed at 100 °C for 5 min. The ZnO layer is treated with a RCA mixture
(H202;NH3;H20 in a ratio of 1/1/1600 v/v) at 80 °C for 10 min. The adsorption of SAMs on ZnO
from CHCl; solutions (5.10-* M) was accomplished by dipping the sample for 2 hours. The
blend solution of P3HT (Donor) -PCBM (acceptor) was dissolved in dichlorobenzene at a
concentration of 25 mg/ml (1:1) and was spin-coated at 1500 rpm for 60 s on FTO. The typical
thickness of the active layer was 150 nm. Before the final coating with PEDOT:PSS/Au, the
active layer was thermally annealed at 150 °C for 20 min. Finally a 100 nm-thick Au electrode
was vacuum-deposited at 2x10-* Pa on top of the spin-coated PEDOT:PSS through a shadow
mask. The active pixels obtained have an area of approximately 0.2 cm?.

Measurements: The orientation of the two grafted molecules , F-A and CH30-A, deposited on
Zn0O/Au were characterized by Polarization Modulation-Infrared Reflection-Absorption
Spectroscopy (PM-IRRAS) measurements using a Nicolet 8700 spectrometer (sum of 2000
scans, 4 cm! resolution, and 0.47 cm-! optical velocity) along with a photoelastic modulator
PEM-90 (Hind Instruments). To obtain the selection rule, ZnO was deposited on flat Au

substrates.



The surface energy (y) of the ZnO layer before and after SAM treatment was evaluated by
measurement of the static advancing contact angle with deionized water and diiodomethane.
The contact angles (Kruss, Model DSA 25) were entered into the Wu model (harmonic mean)
for the calculation of the dispersive and polar components of the surface energy. Current
density-Potential (J-V) measurements under illumination (65 mW/cm?) by a Xe lamp (150 W)
with a 1.5 G filter were performed using a Keithley model 2400 source measure unit.

Quantum chemical calculations: The optimizations and analytical frequency calculations
were conducted by using density functional theory (DFT) at B3LYP/6-31+G* level of theory
as implemented in Gaussian09 [30]. The corresponding infrared absorption spectra have been
simulated from calculated frequencies with the recommended uniform scaling factor of 0.9614
[31]. The values of dipole moments of CH30-PP-COOH and of F-PP-COOH along the z-axis are
2.94 D and 0.15 D. (Fig.4) . The values of dipole moments of CH30-PP-COOH and of F-PP-COOH
along the z-axis are 2.94 D and 0.15 D. (Fig.4)
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Figure 4: calculation of dipolar moment of CH30-PP- Figure 5. Chemical structures: (a) CH30-A; (b) F-A and the dipole induced

COOH and F-PP-COOH

by the terminal moiety.

3. Grafting and structure of the dipolar SAMs onto ZnO layer

We used two different molecules Y-PP-COOH (Y = F, OCH3) bearing an electron-withdrawing (Y
= F) or donating (Y = OCH3) substituent. As shown in Figure 5, the dipole moment of grafted
molecules assembled in a monolayer is a priori expected to point towards the substrate for
CH30-PP-COOH (CH30-A) whereas that for F-PP-COOH (F-A) points towards the bulk of the

active layer.



Vibrations and | molecule grafted | molecule grafted Molecule in KBr (cm1)

their onto ZnO/Au; on ZnO NP in F-A CH30-A
polarization PM-IRRAS (cm1) KBr (cm1) Cal. Exp. Cal. Exp.
(L, M, N) F-A CH30-A| F-A  CH30-A

v(C=00H) 1719 | 1689 | 1716 | 1681
v (COO)as 1542 1545 1540 1549

v(COO)s 1424 1426 1431 1425

Phenyl vy, (L) 1605 1606 1603 1606 | 1596 | 1609 | 1589 | 1599
Phenyl vo, (M) | 1525 1525 1526 | 1545 | 1525 | 1538 | 1530
v (OC-OH) 1255 1256 1320 | 1328
v (C-F) 1244 1243 1208 | 1240

v(C-H) (N) 833 831 834 831 815 824 813 831

Table 1. Assignment and wavenumbers of the main bands for F-A and CH30-A in KBr, grafted

onto ZnO NPs/Au in KBr, and calculated values.

3.1. Characterization by infrared spectroscopy

3.1.1. Assignment of bands by the DFT method

In a first step, we are interested in indexing the IR bands of CH30-A and F-A in KBr pellets. This
attribution was determined with the help of calculated frequencies.

For CH30-A the calculated bands were assigned as follows: the carboxylic acid band COOH at
1716 cm1; the band at 1589 cm! corresponds to the band of L-polarized phenyl (v1); the band
of the M-polarized phenyl (v2) is at 1538 cmL. In the low wavenumber region, the band at 813

cm! was assigned to the C-H out-of-plane vibration (N-polarized) (Table 1, Fig. 6-7).



Similarly, for F-A the attributions of the bands can be determined. For high wavenumbers, the
band at 1719 cm! was assigned to the carboxylic acid band COOH. For the phenyl bands, the
first band v1 (C=C) located at 1596 cm! is L-polarized and the second, vz (C=C), at 1545 cmlis
M-polarized. The out-of-plane vibration C-H band of the biphenyl moiety at 810 cm™! is N-

polarized .
'y
L
i ‘ Figure 6. Polarization axis L, M, N or
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3.1.2 PM-IRRAS Spectra

In order to obtain the relative intensities of the dipolar transition moments of the grafted
molecules and thus the molecular orientation, we determined the IR spectra of the molecules
grafted isotropically onto a powder of ZnO nanoparticles.

Figure 7.1 compares the PM-IRRAS spectra of CH30-PP-COOH /ZnO film deposited on a gold

substrate with the IR absorption spectra of the molecules free or grafted onto ZnO NPs, both in



KBr. We deduce that the molecules are grafted onto the ZnO surface, since the band assigned to
COOH at 1681 cm! is no longer present in either spectrum of the molecules with ZnO. The acid
function has evolved into a carboxylate anion bound to the Zn(II) cation, which gives two new
bands. A broad symmetric one, v (COO-), at 1426 cm! (1425 cm™ for ZnO NPs), polarized along
the bisectrix of the OCO angle, and a weak asymmetric one at 1545 cm (1549 cm for ZnO
NPs), polarized perpendicularly to the previous band.

The v1(C=C) biphenyl band is blue-shifted from 1599 cm to 1606 cm'! and the biphenyl
v2(C=C) band red-shifted from 1530 to 1527 cm1 (1526 cm™! for ZnO NPs ) (Table1l).

The main vibration modes of CH30-A in a KBr pellet are reported in Table 1 and compared to
DFT values computed at the B3LYP/6-31+G* level. The frequencies differ by 0-10 cm-1.

The nature of the chemisorption of a carboxylic acid on a metal oxide strongly depends on the
difference A(vCOO-) = v(COO)as - v(COO-)s [32,33]. The value of A(vCOO-) = 120 cm! indicates
that grafting occurs by bidentate bridging with two oxygen atoms bonded symmetrically to two

7Zn2* atoms.

The PM-IRRAS spectra of F-PP-COO-/Zn0/Au (Fig.7 1I) shows that F-A has been sueeessfully
grafted onto the ZnO surface, since the band assigned to v(COOH) at 1689 cm has
disappeared. There is a weak asymmetric band v(COO-) at 1542 cm. The vi(C=C) band of
biphenyl is red-shifted from 1609 to 1605 cm (1603 cm-! for ZnO NPs) while the v2(C=C) band
of biphenyl at 1525 cm! does not move.

Similarly, for F-A the experimental wavenumbers are lower than the theoretical ones by ca. 10-
25 cm-1(Table 1). The value of A(vCOO-) = 118 cm! is consistent with grafting again involving

bidentate bridging with two oxygen atoms bonded symmetrically to two Zn?* atoms.

3.1.3 Molecular orientation
Using the relative absorbance ratio of the transition bands in the SAM/ZnO (I(L1607)/I(M1s28))
and (I(M1s28)/1(Ns30)), and by comparison with those corresponding to molecules in KBr
(A(L1607)/A(M1528)) and (A(Mis28)/A(Ns30)), we can estimate the orientation of the two

molecules as follows. By using the selection rule for a metallic substrate we get:
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Where M is the transition dipolar moment, and Eis the electrical field perpendicular to the
metallic gold substrate. Let us point out that the computed angle of inclination with respect to
the normal to the surface of gold is overestimated compared to the real angle, with the local
normal towards the not fully flat surface of ZnO NP that is concerned by the variation of the
work function.

From equation (1) we can determine the tilt and twist angles, a and 3, respectively (Fig. 7.111,

table 2), by the following equations [34]:

IAV-A“, 1 I‘,-AL

4

“= cosBJIL.AM (2)

B = Arc tan |
.

For CH30-A, in order to measure correctly the angles of orientation, the M and L bands were

deconvolved .
Molecules CH30-A F-A
Angles
a(?)(x5) 56 26
B(*)(5) 41 46

Table 2: Estimation of the orientation angles of the molecules (SAMs) ; the tilt angle is here

slightly overestimated (see text).

According to the IR spectra, the tilt angle of F-A is smaller than that of CH30-A. Since the tilt
angle determines the effect of the dipole and the variation of the work function, we can infer

that the effect of the dipole of F-A is enhanced relatively to CH30-A.

3.2. Characterization by contact angle measurements:
Determination of surface and adhesion energy
The outermost part of the SAMs/ZnO0 layers is chemically important since it determines the

way of growth and organization of the photoactive P3HT-PCBM blend. We have probed this by

measuring the wetting of the SAMs and their adhesion energy with organic SC. For the F-A/Zn0O
11



sample, the contact angle reaches a maximum value of 103°, which shows that the layers are
well organized (Table 3). This result is similar to that found in the literature for a hydrophobic

molecule with fluorine [27].

Contact angle (°)
surface Water Diiodomethane
Zn0O 47 60
CH30-A/Zn0O 62 52
F-A/Zn0O 103 45

Table 3: Measurement of the contact angle of ZnO and of different SAM-modified ZnO surfaces.

Surface energy values were derived from the contact angles. The surface energy (y)
components are calculated according to the method of van Oss, Good and Chaudhury [35]. We
determined the adhesion energy (Wzno-m) of ZnO modified with P3HT et PCBM, considering
that it consists of two components resulting from dispersive (Wdzno-m) and polar (WPzno-m)

interactions (M = P3HT or PCBM).Thus, Wzno-m is considered as the sum of two terms:

—d P . d d d
WZnO-M _WZnO-M + WZnO-M ; Waom = 24 YooV Wamom =24V 200V u

Won = 207878 0 #4720 70

The two components resulting from dispersive (ydm) and polar (yPm) interactions to the surface

energies of P3HT and PCBM are determined from the literature [36].

The physicochemical properties of the groups F and CH30, and the differences in orientation,
result in a lower polar component of the surface energy for the former than for the latter, 0.4

and 8 ]/m?, respectively, while the dispersive components are similar (Table 4).
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The adhesion energies of P3HT with CH30-A/ZnO (78 J/m?) and bare ZnO (79 J/m?) are close
but larger than those for F-A/ZnO (70 ]J/m?). Identically, PCBM also interacts the most with
CH30SAM (106 J/m?) and ZnO (111 J/m?). On the other hand, the FSAM surface appears the
less interacting and in this case , the interactions of P3HT and PCBM are both optimum with
PCBM, 72 J/m? and 100 ]J/m? respectively with however strongest PCBM-PCBM interactions.
Clearly , CH30SAM and bare ZnO interact more strongly with the photoactive molecules than F-
A.

Surface enery (J/m?) Energy of Strongest interaction of
cohesion or | the blend P3HT and
adhesion PCBM components when
Total | Dispersive | Polar 1] /mz) with | in contact with the three
2
Sample P3HT PCBM surfaces (J/m )
P3HT 269 |24.6 2.3 54 72
PCBM 50.2 |398 10 72 100
Zn0 62 45 17 79 111 P3HT-ZnO 79
PCBM-Zn0O 111
CH30sam/ | 57 49 8 78 106 P3HT-CH30sam 78
Zn0 PCBM-CH30sam 106
Fsam/ZnO 47 46.6 0.4 70 90 P3HT-PCBM 72
PCBM-PCBM 100

Table 4: Measurement of the surface, adhesion and interaction energies.

Comparing the two SAMs, we expect that with CH30SAM , the surface interactions drive the
first step of the deposition whereas with FSAM , the interactions in solution are predominant .
Another consequence with the fluorinated SAM is the higher mobility of the weakly adsorbed

photoactive molecules; this mobility may promote the aggregation notably of PCBM at the

13



FSAM surface . On the other hand , the methoxy SAM may ensure an initial random
distribution of adsorbed interpenetrated photoactive molecules .

[t appears difficult at this stage to establish a clear relationship between the interactions at the
surface and the structuration of the heterolayers . We expect at least some differences in the
organization and interpenetrations of P3HT and PCBM phases [37].

Let us point out that the films observed with binocular magnifiers, are a little more
homogeneous with the CH30SAM than with FSAM as may be expected from previous

consideration. This point will be clarified thanks to the electrical analysis below .

4. Electrical characterization of the photovoltaic cells

Figure 8 shows the current density versus applied voltage J-V characteristic in the dark for the
FTO/Zn0O/P3HT-PCBM/PEDOT/Au cells, the ZnO being treated by SAMs or not.

These characteristics show a rectifying character except for F-A/ZnO. The current through the
samples is quite high (of the order of mA/cm?). For CH30-A, the dipole a priori oriented (- +)
from the ZnO towards the active film (m< 0) lowers the work function of the ZnO, so the
difference between the LUMO of the PCBM (Acceptor) and the conduction band of the ZnO
decreases, leading to an improvement in the internal field and to the rectifying effect. For F-
A grafted onto ZnO, the dipole oriented (+ -)from theZnO towards the active film
(u> 0), leads to a significant increase in the work function of the ZnO and contributes to the
reduction of the built-in field. This accounts for the quasi-symmetrical behavior of the I-V

curve in the dark (see 4.2)
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4.1. Photoelectric parameters of the cells

The J-V curves (Fig. 9) recorded under white light illumination confirm the diode-like
photovoltaic behavior of our samples with significant rectification, together with a short-circuit
current density of the order of some mA/cm? and an open-circuit voltage varying between 0.19
and 0.5 V for all ZnO samples. As shown in Table 5, the values of the open-circuit voltage of the
cells with F-A/Zn0, ZnO and CH30-A/ZnO are 0.19, 0.39 and 0.50 V, respectively. The structure
with CH30-A shows the best value of Voc. On the contrary, for F-A, the value of V. is much lower
than that for bare ZnO. The improvement of the V. for CH30-A and noticeable reduction for F-A
would suggest a priori a significant dipole effect (see Discussion).

The values of the short-circuit current density (Jsc) of the cells with F-A, ZnO and CH30-A are
5.8, 8.7 and 9 mA/cm?, respectively. The structure with CH30-A has a Jsc very similar to that of

bare ZnO. On the other hand, the Jsc value for F-A is lower than for untreated samples.
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Figure 9: Current density-voltage ]-V curves of inverted OSCs under AM 1.5 G simulated
illumination with an intensity of 65 mW/cm2: (a) ZnO; (b) CH30SAM/ZnO; (c)

FSAM/ZnO. Inset : zoom on the area of photovoltaic interest

The shapes of the J-V curves are strongly affected by the SAMs. Notably a low value of the fill-
factor (FF) of the cell is obtained with F-A/ZnO (27%) whereas bare ZnO and CH30-A/ZnO
have FF values of 35% and 45%, respectively.

15



Sample | Voc(V) J.. FF(%) | PCE(%) Tsep= JLmax/]ph,sat Rp(Q.cmz) R (. cm?)
(mA/cm?) (%)

Zn0 0.39 8.7 35 (s%) 1.8 49 168 30
CHs0- 0.50 9 45 3.1 54 324 20
A/Zn0O

F-A/Zn0O | 0.19 5.8 27 (s%) 0.45 27 46 29

Table 5: Photovoltaic parameters for cells with and without SAM; (s*: s-shaped curve).

Another striking feature in the I-V curves for bare ZnO and F-A/ZnO under illumination is their s-
shaped form. In the first case, this behavior is most likely a direct consequence of the
phenomenon of recombination of free charges or of a charge transfer complex at the surface
states of ZnO [38]. The holes created at this interface can recombine easily with the electrons
via the surface states of ZnO and this induces the s-shaped behavior and therefore a lower FF.
These surface states, often associated with pendant links, are suppressed by the presence of a
SAM. This phenomenon should in principle also intervene with F-A, but this is clearly not the case.
This unexpected behavior may result from the negatively charged plane containing the
fluorine, which attracts the minority carriers (holes) towards the ZnO layer and then increases
hole-electron recombination.

The PCE values for cells with F-A/Zn0O, bare ZnO and CH30-A/ZnO are 0.4, 1.8 and 3.1%,
respectively. The best performance is obtained understandably with CH30-A/ZnO. The
fluorinated SAM leads to a much lower value than bare ZnO. These solar cells present a PCE

twice as large with an adequate SAM. The PCE are comparable to those found in the literature

[39,40].
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Figure 10: Energy level diagram of the devices with SAM-modified ZnO.

Low values of parallel resistance Rp (or shunt resistance), obtained from the inverse of the
slope of the J-V curve at Js, account for a large leakage current independent of
photoabsorption. We observe a large difference of Rp between CH30-A/Zn0O, bare ZnO and F-
A/ZnO cells, which have the following values, 330, 170 and 50 ().cm?, respectively. The best
and largest Rp value is obtained with CH30-A/Zn0O, 50% greater than for bare ZnO, which is
itself 400% higher than that for F-A/ZnO. For the latter the smaller Rp involves a large leakage
current (Table 5).

The values of the series resistance, Rs, which is the inverse of the slope of J-V curve at Jsc and
accounts for the resistance of the contacts, are similar for the SAM-based cells and greater than

for bare ZnO (30 Q.cm?).

4.2. Analysis of results

The value of Vocimproves on going from bare ZnO and CH30-A/Zn0O-based cells (from 0.39 to
0.50 V), whereas the Jsc values are the same and the R, values are comparable. V, varies
independently of the current density Jsc and only accounts for the energy shift at the
ZnO/P3HT-PCBM interface. Clearly the presence of the dipolar CH30-A diminishes the work
function of ZnO and increases Vo (see below).

The bulk microstructure of the P3HT-PCBM blend affects the Js.. We deduce that bare ZnO and
CH30-A/ZnO0 induce similar microstructuration of the blend [41-43].
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On the other hand, F-A decreases Voc (8Voc =-0.2 V), Jsc (AJsc/Jsc = -35%) and Ry, (ARp/Rp=-75%)
compared to bare ZnO. In this case, the SAM has an effect not only on the reduction of V,cbut
also negatively affects the microstructure blend.

To analyze the issue of the effect on blend morphology, we consider (i) the neat photocurrent
density (Jpn), which is expressed by the difference between the currents under illumination (Jv.)
and in the dark Jp (Jon = J. =Jp) and (ii) Jumax Which is the current density at the point of
maximum power . Jon reaches a plateau with a saturation current density Jpnsat. According to
[41], the a relevant parameter with respect to a good phase separation is the value of the ratio
Isep = Jumax/Jphsat-- AS observed from Table 5, rsep reaches similar values of 49% and 54% with
Zn0 and CH30-A/Zn0O whereas the ratio falls to 27% with F-A/ZnO.

Thereby we expect a large difference of phase segregation and interpenetration of the blend
as suggested above (see 3.2) i.e. a good phase separation in the first cases and in the second
case of the fluorinated molecule, large-scale heterogeneities and too large domains to lead

efficient exciton dissociation .

Therefore, the increase of V,c observed with CH30-A/ZnO can be attributed to a dipole effect.
Conversely, the Vocdrop from 0.39 to 0.19 V with F-A/ ZnO can not only be attributed to such
an electrostatic effect of the SAM, but also reflects a variation of the structural order of the
active mixture developed on the SAM having low surface energy. This unfavorable
structuration, with domains bigger than the diffusion length in the case of F-A, which limits the
exciton dissociation at the P3HT-PCBM interface and increases the recombination probability,

has been pointed out previously [42].

4.3. Semi-Quantitative meaning of the dipole effect

For CH30-A, the dipole oriented (- +) from the ZnO towards the active film (uum < 0) lowers the
work function of the ZnO, so the difference between the LUMO of the PCBM and the conduction
band of the ZnO decreases, leading to an improvement in the internal field and an increase in
Voc respectively [43, 44]: (+0.11 V) (10. 9). This also accounts for the increase in conversion
efficiency from 1.2% to 2%. For F-A grafted onto ZnO, the dipole uw, oriented (+ -) from the
ZnO towards the active film (> 0), leads to a significant increase in the work function of the ZnO
and contributes to the reduction of Voc (-0.2 V) .

The maximum V,.is generally expressed as the difference between the HOMO of the donor and

the LUMO of the acceptor. However, misalignment of the electronic levels of the electrodes and
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those of the active molecules decreases Vo.. The open-circuit voltage is given by the following
equation, which takes into account the density of charges gerorand gzno photogenerated at the
anode and the cathode, respectively [45]:

Voo = é((q)PEDOT 920 ) + Aq))'k:Thl (gmﬂ) (3)

g ZnO

where the potential energy shift A® due to a dipolar SAM layer (uM) at the ZnO surface is given
by [46]:

Ap =My

&réo

Here T is the surface density of SAM molecules, which may depend on the nature of the grafted
molecule, e (> 0) the elementary charge, uv the dipole moment of the adsorbed molecule
considered as positive when it is directed (+ -) from FTO/ZnO to PEDOT/Au, ¢o is the vacuum
permittivity and ¢: the static dielectric constant of the SAM layer.

In our previous work [45], we took into account photogeneration at the anode and cathode
interfaces, since the structure was far from a BH]. However, in the present case one can assume
that the main photogeneration process takes place in the bulk, far from the electrode
interfaces, which leads to the neglect of the latter term in equation (3); the open-circuit voltage
can then be expressed by the following equation :

V.. = é((q)PEDOT — 0 ) + Aq)) (5)

Considering the work functions of ZnO and PEDOT:PSS as 4.0+0.1 and 4.33%x0.1 eV,
respectively, we note that our experimental value of Voc = 0.39 V is slightly greater than that

derived from the difference between the work functions of the electrodes (0.33 = 0.2 V), which
is: 1/e (Prepor-Pz00)=0.39+0.1V. Indeed, the work function of ZnO, Wzno, should be reduced
by 0-0.06 €V, i.e. it is between 4 and 3.94 eV.

4.4. Estimation of the grafting dipole

The best V,c was obtained with CH30-PP-COOH. The difficulty in applying equation (2) comes
from the lack of knowledge of A@ or of the dipole moment of the grafted molecule. Indeed, the

overall dipole implies several components. The first is due to the neutral moiety with the
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methoxy group and the second is induced by the grafting and formation of (COO-, ZnOH * or
c00%-ZnOH ).

Cornil et al. have extensively addressed this calculation with a grafted SAM, Y-P-COOH/ZnO (Y
= CH30, H, CN) [47]. They decompose the variation of the total work function for bare ZnO,
O0Whrr(eV), into three components related to: i) the core of the molecule (or its radical F-A-); ii)
the ZnO modification (rZn0), and iii) bond-dipole potential (BD):

SWprr(SAM)= 8§Wrypcoo. +6Wizno +6Wpep (6a)

The rZnO part is weak and does not depend on Y (+ 0.05 eV) and very little on the grafting
mode. The BD part is rather important but depends a few on Y. Then for a set of molecules
having the same grafting mode, we may expect :

OWprr(SAM) = §W.ypcoo. + constant (6b)

Figure 11 shows the total variation of the work function of the ZnO grafted molecules, d
Whorr(eV ), as a function of the calculated (eq. 7) work function for the neutral SAM (nSAM) or
a physisorbed one , 0Wnypcoon. This curve appears linear with a slope of 0.99 with an
attenuation of the effect of the dipole of the neutral molecule on § Wper due to the grafting on
ZnO0. This should reflect the validity of equation 6b. A similar model has been evaluated and

compared with experimental data obtained by UPS or Kelvin probe [48].
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Figure 11: Variation of the work function §Wprr of acid molecules grafted onto ZnO via
BM2-2 mode (bidentate) as a function of that of the neutral acids deduced from their

dipole moment uM (Debye) (eq. 7) ; see text and [47]
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Concerning F-A and CH30-A molecules, the same bidentate grafting is supported by the fact
that the difference in wavenumbers, vCOO-(as)-vCOO-(s), is equal for the two molecules (118
cm! for FA and 117 cm for CH30-A). Given the similarity between the monophenyl
molecules with biphenyl ones and notably assuming an identical grafting, we may apply the
quasi-linear relation between Swprr = f (§Wnyppcoon ), for the grafted SAM of CH30-A.

we have :
SWisam(eV ) = dV(volt) =I'nsam *uM * cos ()*3,77 10-1° / ensam  (7)

O0Whchzoa =-0.58 eV
the calculated dipole uM by DFT is -2.94D; I'nsam is the density of molecules estimated via the
area projected on the surface, a the tilt angle already calculated by IR , ensam is the static
dielectric constant of the nSAM , estimated at 4.2; the latter is estimated by the calculated
dipole moment of the radical CH30-P- (5.7 D) and 6W:cu3op found in Cornil et al. The surface
densities of two molecules were estimated by modeling the molecules in blocks:

Lucnso—a = 3,95 10 mol/cm? and Tp_, = 4.2 10*mol/cm?.
For the F-A molecule with its dipole of -0.15D, we obtain d§Wqr.4 =-0.054 eV using the previous
relation (&nra = 4, a = 26 °) (table 6). From the curve in fig. 11, we get by extrapolation the
OWhrr values of -0.41 and 0.11V for the two grafted SAMs .

Dipole OW cam | OWppr | OVoc eff (in | dVoc (SAM- | 8Voc (SAM-
moment | (ey) (sam) ZnO0)
of neutral (eV) presence of (exp.) Zn0)- dVoc
molecules PCBM) (V) | (V) eff (V)
(Debye)

Zn0O 0 0 0

CH,0-A | -2.94 -0.58 -0.41 | =20.13 0.11 -0.02
F-A -0.15 -0.053 [ 0.11 [-0.11 -0.20 -0.09

Table 6: Comparison of theoretical and experimental Vo values for bare ZnO and SAM-

modified ZnO.
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Indeed, the value of -6Wprr(CH30-A) is larger than the difference between the Conduction Band
(CB) of ZnO and the LUMO of PCBM (3.7 eV), which is an unusual case, rarely treated in the
literature. A dipolar effect of around 0.3 eV (or 0.3 V), i.e. equal to the difference between the
CB of the ZnO and the LUMO of the PCBM (WvLumo pcem), would be ideal to obtain the alignment
between the levels of ZnO (Wcpznvo) and PCBM. An excessive dipolar effect should induce
electron transfer from ZnO to the LUMO of PCBM provided that the ZnO is sufficiently doped.
This restores the energetic equilibrium and the electronic structure of the PCBM with respect
to ZnO.

The relative positions of the CBzn0 and the LUMOpcgm determine whether there is an extraction
barrier or not. An extraction barrier expected here with undoped ZnO (necessarily less than
0.14 eV) should induce carrier recombination and therefore a decrease in V,.. Clearly, this loss
of potential cannot be higher than 0.14 V relative to the ideal alignment (loss = 0) and we
expect for the effective value of 8V, in presence of PCBM:

6Voc,eff(CH30-A)(V) 2 Z(WCBZNO -Wwumo pCBM)+8WDFT(CH30) (V) =0.13V (see fig.lZ)

We note that the estimated value of 0.13 V obtained with CH30-A is quite close to the
experimental value, suggesting that the dipole effect accounts for the value of V.. In the case of
F-A, the experimental variation of |V,| relative to bare ZnO is higher than the semi-calculated
value (|-0.11 V]). The effect of F-A seems to be more damaging than expected for the dipole
effect alone. This confirms that another effect is involved in the loss of performance of the
devices with F-A. As shown before, the poor performance of the OSC, i.e. the decrease in Js,
JLmax/Jph,sat and PCE, has been observed and accounted for by the nature of the microstructuring.
Consequently, the impact of F-A is not entirely due to a dipole electrostatic effect.

In conclusion, the dipolar effect of CH30-A has been evidenced semi-quantitatively and is
related mainly to the improvement of Voc. The SAM has no significant influence on Jsc and thus
on the structure of the photoactive film. On the other hand, the lowering of Js, Voc and the overall
performance of the PV cell observed with F-A are accounted for by the dipole effect and the

nanostructuration of the photoactive film.
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Figure 12. Effect of the two SAMs on the displacement of conduction band of ZnO
towards the LUMO of PCBM and on the variation of Voc relatively to bare ZnO

5. Conclusion

The modification of ZnO by two SAMs, CH30SAM and FSAM, reveals large differences in the
interface properties, active film structuration and overall PV performance of the cells.
However, the influence of the SAM is very dependent on its nature, orientation, and wettability.
When ZnO is treated with CH30-A, the cell Vo improves and the total PCE is twice as high as for
bare ZnO. On the other hand, FSAM decreases both Vi, Jsc and the PCE, which is reduced by a
factor of four with respect to bare ZnO. Comparison of the features of CH30SAM and FSAM
allows us to clearly distinguish two possible effects: (i) on the work function of ZnO via the
dipole; (ii) on the P3HT-PCBM blend microstructure.

In the case of CH30SAM, the effect of the calculated dipole on the variation of the ZnO working
function - even with a weakly defined molecule orientation - is large and even greater than the
difference between the electronic levels of the LUMOpcem and the CBzno. The Vo is better than
with the bare ZnO. The wetting of CH30SAM and its adhesion with the blend are quite similar to
those of bare ZnO, and in the same way, the current densities are very close. Consequently, the
microstructurations are also quite similar and the SAM dipole effect only is important on V..
The well-oriented FSAM, with its inverted dipole compared to CH30SAM, negatively affects the
variation of the work function of the oxide. However, Voc and Jsc are both reduced. The
inadequate microstructuring of the photoactive mixture, due to the poor wetting of the FSAM,
and the weakness of its interaction with the blend components , is also involved in the poor

overall performance of the OPV cell.
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