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Hole transport layers (HTLs) with large work function (WF) tuning ability for good energy level alignment with deep highest 

occupied molecular orbital (HOMO) level donor materials are desirable for high-performance and high open-circuit voltage 

(VOC) organic solar cells (OSCs). Here, a novel low-temperature and solution-process approach to achieve WF tuning in 

HTLs is proposed. Specifically, the HTLs made from 2,3,4,5,6-pentafluorobenzylphosphonic acid (F5BnPA) incorporated 

graphene oxide (GO) and molybdenum oxide (MoOx) solution (representing two possible classes of HTLs where carriers 

transport via valence and conduction bands, respectively) offer continuous WF tuning (the tuning range as large as 0.81 

eV) by controlling F5BnPA’s concentration. By employing a deep HOMO donor material, OSCs using the composite HTLs 

can achieve improved performances with largely increased VOC (0.92 V for GO:F5BnPA versus 0.65 V for pristine GO; 0.91 V 

for MoOx:F5BnPA versus 0.88 V for pristine MoOx). The enhanced performance can be experimentally and theoretically 

explained by the decreased hole injection barrier (HIB) for GO or equivalent HIB (i.e. electron extraction barrier) for MoOx 

and enhanced surface recombination velocity, which contribute to eliminating S-shaped current-voltage characteristics. 

Consequently, the incorporation of F5BnPA can efficiently tune HTL WF for high VOC OSCs and extend HTL applications in 

organic electronics. 

Introduction 

As an attractive low-cost alternative to traditional 

photovoltaics technologies, organic solar cells (OSCs) have 

been experiencing a remarkable leap in power conversion 

efficiency (PCE) approaching over 10% both in single junction 

OSCs and in tandem OSCs during the past decade.
1-6

 These 

substantial research advances benefit enormously from the 

engineering of material synthesis (novel organic photoactive 

polymers/small molecules),
7-9

 film morphology,
10

 device 

structure (normal/inverted and tandem structures),
11, 12

 

interfacial carrier-transport layers
13-15

 and the understanding 

of device physics
16, 17

. Among these aspects, the interface 

between electrodes and active layers plays an important role 

in determining the performance of OSCs. Mismatched Fermi 

level of electrodes with the corresponding Fermi levels for 

holes and electrons of organic active layers will result into the 

formation of extraction/injection barriers at the interface, 

impairing the electrical property and thus the device 

performance of OSCs.
18, 19

 Charge carriers selective contacts 

that extract holes (electrons) only and block the injection of 

counter electrons (holes) from organic active layers will reduce 

the loss of photogenerated charge carriers and raise open-

circuit voltage (VOC).
20-23

 Therefore, the design of functional 

carrier-transport layers between electrodes and organic active 

layers is highly important and desirable for high-performance 

OSCs. 

 

Regarding hole transport layers (HTLs), poly(3,4-

ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS) 

is commonly used as the HTL in fabricating standard OSCs. 

However, its long-term acidity and hygroscopic nature will 

induce poor stability of OSCs and then severely degrade 

devices.
24

 Alternatively, various oxides have been developed as 

substitutes of PEDOT:PSS for high performance and stable 

OSCs. These oxides can be classified as two types according to 

their carrier transport mechanisms. Molybdenum oxide 

(MoOx),
25-27

 vanadium oxide (V2O5),
25, 28

 tungsten oxide 

(WO3),
25, 29

 and etc. have very large ionization potential (IP), 

which precluded hole transport via valence band (VB). The 

hole extraction can be processed via the electron transport 

from the electrode through the oxides conduction band (CB) to 

the highest occupied molecular orbital (HOMO) of organic 

donors.
25

 Differently, for another class of oxides including 

graphene oxide (GO),
30-32

 nickel oxide (NiOx),
14, 33, 34

 and etc., 

hole transport via VB of the metal oxide is favorable. The WF 

of these HTL materials (PEDOT:PSS 5.1 eV, GO 4.9 eV, NiOx 5.4 

eV, MoOx 5.3 eV, V2O5 5.4 eV, WO3 5.35 eV) can align well with 
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HOMO levels of many typical organic photoactive donors such 

as poly(3-hexylthiophene) (P3HT) (5.1 eV), polythieno[3,4-b]-

thiophene-co-benzodithiophene (PTB7) (5.14 eV).
35

 

Importantly, high VOC values contribute to the realization of 

high-performance OSCs. Since maximum value of the VOC is 

determined by the energy offset between the HOMO level of 

the donor and the lowest occupied molecular orbital (LUMO) 

level of the acceptor, conjugated polymer/small molecule 

donor materials with deep HOMO levels (typically > 5.5 eV) is 

attractive for obtaining high VOC values. To avoid the formation 

of hole injection barrier (HIB) at the interface, designing 

suitable HTL materials for these polymers/small molecules 

donor materials with deep HOMO levels is highly desirable. 

 

The design of ideal HTL materials for these deep HOMO-level 

polymers/small molecules, combining the requirements of 

smooth surface, good tuning ability of indium-tin oxide (ITO) 

WF and good electron blocking ability with efficient hole 

transport, remains challenging. Several WF tuning methods of 

GO have been reported, including O2 plasma treatment,
36

 

sulfuration,
37

 chlorination,
32

 photo chlorination
38

 and pre-

oxidization.
39

 Besides, WF tuning methods of GO for electron 

transporting layer (ETL) application has also been reported, 

including cesium neutralization
40

 and lithium-neutralization.
41

 

More details can be found from the review article by Liu et 

al.
42

 However, all the reported WF tuning methods for HTL 

application need energy-wasting and complex chemical 

reaction process. Moreover, the reported WF can only be 

modified to as high as ~5.2 eV, which is still not high enough to 

match with deep HOMO level (> 5.5 eV) donors. Solution-

process phosphonic acid has been reported to be a good 

surface modifier of oxide layer such as ITO,
43, 44

 zinc oxide 

(ZnO)
45-47

 and NiOx
48

. These modification effects are ascribed 

to the chemisorption between the phosphate group and the 

oxide layer surface, including covalent bonding, electrostatic 

interactions and hydrogen bonding.
49

 While phosphonic acid 

modified ITO has been reported in OSCs using deep HOMO 

level donors, such as poly(N-9’-heptadecanyl-2,7-carbazole-alt-

5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole) (PCDTBT) and 

poly(p-phenylenevinylene) derivative (Super Yellow, SY) with 

improved VOC, the surface modification process is 

accompanied with complicated procedures such as long 

soaking process for 24 hours, complex rinse and dry 

procedures, as well as even high temperature annealing.
48, 50-54

 

Consequently, it is of strong importance to develop a simple 

low-temperature and solution-process approach for designing 

effective HTL materials combining smooth surface, good ability 

of WF tuning and good electron blocking ability with efficient 

hole transport ability.  

 

In this work, we demonstrate a facile low-temperature and 

solution-process method to design efficient phosphonic acid 

modified HTL materials (GO and MoOx) with wide WF tuning 

capabilities for deep HOMO-level polymer/small molecule 

donors. By adding controllable amount of 2,3,4,5,6-

pentafluorobenzylphosphonic acid (F5BnPA) (as shown in ESI 

Fig. S1a) into individual GO and MoOx solutions, we can realize 

a tunable WF (the value can be as high as 5.78 eV) of resultant 

HTLs made from the two individual oxides on ITO substrates.† 

Employing a deep HOMO-level two-dimensional conjugated 

small molecule (SMPV1) donor, OSCs using the composite HTLs 

can achieve improved performance, especially with increased 

VOC (0.65 V for pristine GO versus 0.92 V for GO:F5BnPA; 0.88 

V for pristine MoOx versus 0.91 V for MoOx:F5BnPA).  These 

performance improvement indicates the wide feasibility in the 

two classes of HTL materials (carrier transport via CB and VB 

respectively). The experimental and theoretical evidence show 

that the enhanced performance in F5BnPA-modified OSCs can 

be explained by the decreased HIB and enhanced surface 

recombination velocity. This new approach can offer an 

effective mean for tuning the WF of HTLs to be well aligned 

with deep HOMO-level polymer/small molecule donor 

materials, which provides a simple scheme to fabricate high 

VOC and high-performance OSCs. 

Results and Discussion 

Continuously and Wide Tuning the WF of HTL Materials 

For the current work, we incorporate different amount of 

F5BnPA into GO and MoOx solutions for forming HTL with 

continuous and controllable tuning of WF. Details of the oxide 

solution and films preparation have been described in 

Experimental Section. Solutions of GO:F5BnPA and 

MoOx:F5BnPA with different concentrations of F5BnPA are 

prepared by simply adding different amounts of F5BnPA into 

GO and MoOx solutions, respectively. Kelvin-Probe 

measurement is employed to investigate the WF variation 

through incorporating different concentration of F5BnPA, as 

shown in Table 1. The pristine GO film on ITO substrates 

exhibits a WF of 4.91 eV, which does not match well with deep 

HOMO-level polymer/small molecule donor materials (typically 

> 5.5 eV). After adding different concentrations of F5BnPA, the 

WF of the composite film can be tuned continuously from 4.91 

eV to 5.72 eV (i.e. WF variation of 0.81 eV). Similarly, the WF of 

MoOx:F5BnPA can be adjusted from 5.30 eV (pristine MoOx) to 

5.78 eV at the additive concentration of 1 mg mL
-1

. The WF 

tuning variations for GO:F5BnPA and MoOx:F5BnPA HTLs 
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measured by Kelvin-Probe are 0.81 eV and 0.48 eV, 

respectively. 

  

To further clarify the capability of WF tuning by F5BnPA 

additive in oxide HTL materials, these films are characterized 

by ultraviolet photoelectron spectra (UPS) and Kelvin-Probe 

force microscope (KPFM), as shown in Fig. 1 and Fig. S2. It can 

be seen from Fig. 1a that the pristine GO films show a WF of 

4.92 eV that is consistent with other reports.
30

 After adding 

two different amounts of F5BnPA, 0.1 mg mL
-1

 and 0.5 mg mL
-

1
, the corresponding resultant films show increased WF of 5.18 

eV and 5.48 eV, respectively. Similarly, Fig. 1b shows that the 

results of MoOx film in which WF is 5.35 eV (pristine MoOx), 

5.46 eV (0.1 mg mL
-1

 of F5BnPA) and 5.57 eV (0.5 mg mL
-1

 of 

F5BnPA). Evidently, the UPS spectra further confirm this 

continuously tuning WF of F5BnPA-modified GO and MoOx 

composite films, which is consistent with the results obtained 

by Kelvin-Probe measurement. Fig. S2 shows the KPFM images 

of GO, GO:F5BnPA, MoOx and MoOx:F5BnPA. The 

concentration of F5BnPA is 0.1 mg mL
-1

. The smooth surface 

potential reveals that good film quality is formed after the 

F5BnPA incorporation. And the more negative surface 

potential values after incorporation certify the WF increase as 

demonstrated by Kelvin-Probe characterization and UPS.
55

 

 

This WF tuning might be ascribed to the chemisorption 

between F5BnPA and the oxide surface. As we all know, GO is 

a graphene sheet functionalized with epoxy and hydroxyl 

groups on its sheet panel and at the edges.
36

 

Heterocondensation and covalent bond formation will happen 

between phosphonate groups and hydroxyl groups.
49

 Due to 

highly electronegative fluorine atoms on the aromatic ring of 

F5BnPA, a surface dipole pointing away from the surface forms 

on the surface, which results in the increase of WF as shown in 

ESI Fig. S3.† MoOx is a layered crystal structure held by van der 

Waals forces with hydroxyl groups on the surface.
28, 56

 F5BnPA 

is also easily binded to metal oxide surfaces, which also results 

in a surface dipole and WF increase. Besides, the Lewis acidic 

property of MoOx helps with the chemisorption.
57

 Moreover, it 

is indicated that the WF change of GO is approximately twice 

the one for MoOx. This phenomenon could be ascribed to the 

different thickness of GO and MoOx. As the optimized 

thickness of GO and MoOx for OSCs application is 2 nm and 8 

nm respectively (see the following section) and only the 

surface dipole contributes to the WF change, GO gets larger 

WF change after blending with the same amount of F5BnPA. 

The broad tuning WF of F5BnPA-modified GO and MoOx films 

enables the HTLs to match with deep HOMO-level donors in 

OSCs, such as 1,1-bis-(4-bis(4-methyl-phenyl)-amino-phenyl)-

 

Page 3 of 10 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal of Materials Chemistry A 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2015 

Please do not adjust margins 

Please do not adjust margins 

cyclohexane (TAPC, 5.5 eV),
58

 PCDTBT, 5.5 eV,
59

 poly[N-9’-

heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-5,6-

bis(dodecyloxy)-2,1,3-benzothia-diazole)] PCDTBT12, 5.6 eV),
60

 

and to be used in other organic devices such as organic light 

emitting diodes. 

 

The morphology of GO, GO:F5BnPA, MoOx and MoOx:F5BnPA 

films have also been investigated by atomic force microscope 

(AFM) as shown in Fig. 2. The concentration of F5BnPA is 0.5 

mg mL
-1

 for both GO and MoOx. The root-mean-square (RMS) 

roughness of GO, GO:F5BnPA, MoOx and MoOx:F5BnPA are 

measured to be 1.11 nm, 1.37 nm, 1.93 nm and 2.22 nm, 

respectively. The small RMS indicates that GO and MoOx can 

form compact and smooth buffer layer on ITO substrates and 

the addition of F5BnPA has little influence on the roughness.   

 

Performance of Organic Solar Cells 

To study the impact of F5BnPA-incorporated GO and MoOx 

HTL films on device performance, a two-dimensional 

conjugated small molecule (SMPV1) with a deep HOMO level 

(5.51 eV)
1
 is used as the donor material. [6,6]-phenyl C71-

butyric acid methyl ester (PC71BM) is employed as the acceptor 

material. Their corresponding chemical structures are shown 

in ESI Fig. S1b.† OSCs with the structure of 

ITO/HTLs/SMPV1:PC71BM/Ca/Al are fabricated, as detailed in 

Experimental Section. The optimized film thickness of GO and 

MoOx are 2 nm and 8 nm respectively as measured by an 

ellisometer. The device performance of OSCs with different 

thickness of GO and MoOx are shown in ESI Fig. S4.† 

 

The typical current density-voltage (J-V) curves under an AM 

1.5G illumination are shown in Fig. 3 and the performance of 

optimized OSCs are summarized in Table 2. By incorporating 

F5BnPA to form the GO:F5BnPA HTL (the concentration of 

F5BnPA is 0.5 mg mL
-1

), the optimized OSCs achieve increased 

short-circuit current density (JSC) of 11.96 mA cm
-2 

(11.03 mA 

cm
-2 

for pristine GO OSC), largely increased VOC of 0.92 V (0.65 

V), fill factor (FF) of 46.59% (43.28%), and PCE of 5.13% 

(3.10%). Similarly, by replacing MoOx HTL with MoOx:F5BnPA 

HTL (the concentration of F5BnPA is 0.5 mg mL
-1

), optimized 

devices display gradually enhanced JSC of 11.69 mA cm
-2 

(10.96 

mA cm
-2 

for pristine MoOx OSCs), moderately enhanced VOC of 

0.91 V (0.88 V), FF of 55.92% (50.81%), and PCE of 5.96% 

(4.92%), which is comparable with PEDOT:PSS based devices as 

shown in Fig. S5 and Table S1.† The external quantum 

efficiency (EQE) spectra of these OSCs are illustrated in ESI Fig. 

S6.† Compared with OSCs using pristine GO or MoOx HTLs, 

OSCs using the F5BnPA incorporated HTLs achieve higher EQE. 

Moreover, S-shaped deformation of J-V characteristics is also 

observed in OSCs using pristine GO or MoOx HTLs (Fig. 3b and 

c). After incorporating F5BnPA, these S-shaped J-V 

characteristics are eliminated. The underlying physics will be 

discussed below in details experimentally and theoretically. 

 

The performance improvement and the elimination of S-shape 

J-V curve can be analyzed through the schematic energy level 

diagram as shown in Fig. 3a. When pristine GO film is used as 

the HTL, there is a large energy level offset (ca. 0.6 eV) at 

ITO/active layer interface. The energy level offset is ca. 0.15 eV 

when pristine MoOx is used at the HTL. Typically, VOC is 

determined by the built-in potential in OSCs.
61

 For 

unoptimized interface contact, the WF of electrodes will limit 

the VOC. Thus, the larger energy level offset in GO based 

devices results in the bigger VOC suppression (0.27 V) 

compared with 0.03 V in MoOx based devices. Furthermore, 

the large energy level offset can lead to the formation of hole 

injection barriers for GO (or equivalent hole injection barrier, 

i.e. electron extraction barrier for MoOx), which has been 

reported to be responsible for the S-shaped J-V 

characteristics.
23, 62

 By introducing F5BnPA, the WF of HTLs is 

in good alignment with the HOMO level of donors, thus the 

interfacial energy loss will be minimized and VOC can be 

increased. The decreased (equivalent) HIB also contributes to 

the suppression of S-shaped J-V curves. In addition, the dark 

current rectification ratio of approximately 300 for pristine GO 

based OCS at ± 2 V is achieved as shown in Fig. 3d, which 

greatly increases to ca. 7500 for GO:F5BnPA based OSCs. For 

MoOx case, the rectification ratio increases from 1.0×10
5
 

(pristine MoOx) to 3.5×10
5
 for MoOx:F5BnPA based OSCs, as 

shown in Fig. 3e. The largely increased rectification ratio for 

both cases indicates that GO/MoOx:F5BnPA HTLs offer better 

alignment between ITO substrates and HOMO-level of donors, 

and thus provide a better hole injection contact.  

 

To further illustrate the improvement of hole transporting 

properties, hole only devices with the structure of ITO/HTL/ 

SMPV1:PC71BM/MoOx/Ag were fabricated. A comparison of 

the  J-V characteristics are as shown in Fig. S7.† The hole 

transportation gets enhanced after the incorporation of 

F5BnPA. Hole motilities were derived by fitting the J-V curves 

in the square law region according to space charge limit 

current (SCLC) model and the Mott-Gurney law,
63

 

J = (9/8)εrε0µ(V
2
/L

3
) 

where J is the current density, εr is the relative permittivity, ε0 

is the permittivity of free space, μ is the hole mobility, V is the 

applied voltage, L is the thickness of active layer. Hole 

motilities of 3.04 × 10
-5

, 6.76 × 10
-5

, 5.77 × 10
-5

 and 1.07 × 10
-4

 

cm
2
 V

-1
 s

-1
 have been determined for the devices with GO, 
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GO:F5BnPA, MoOx, MoOx:F5BnPA as HTLs. The improved hole 

mobility after incorporation of F5BnPA indicates better hole 

transport in OSCs. 

 

Fig. 4 shows the light intensity dependent VOC for OSCs with 

and without the addition of F5BnPA. We can see a linear 

increase of VOC by the logarithm scale of light intensity.The 

slopes for the devices based on GO and MoOx HTLs are 0.64 

and 0.81, which increase to 0.96 and 0.95 after separately 

introducing F5BnPA additives, indicating bimolecular 

recombination dominated recombination dynamics
64-66

 in 

GO:F5BnPA and MoOx:F5BnPA based OSCs. The changes of the 

slopes through the incorporation of different concentrations of 

F5BnPA observed as shown in Fig. 4 strongly depend on the 

(equivalent) hole injection barriers and surface recombination 

velocity as discussed in details theoretically in the following 

section. The experimental and theoretical (as will be discussed 

later) studies show that the incorporation of F5BnPA in HTLs 

can reduce the HIB and enhance the surface recombination 

velocity. 

 

Theoretical Investigation on F5BnPA Induced Performance 

Improvement 

The electrical contact, which controls collections of 

photogenerated carriers (electrons and holes), is highly 

important to electrical properties of OSCs. An ideal contact 

should satisfy two essential requirements: (1) a zero injection 

barrier; (2) an infinite surface recombination velocity. A large 

injection barrier or finite surface recombination velocity will 

block and accumulate charges at electrodes and thus modify 

the built-in electrostatic field, which significantly degrade the 

electrical performance of OSCs. Meanwhile, to our best 
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knowledge, few theoretical works systemically investigated the  

evolution of the relation between VOC and incident light 

intensity (I) as the electrode interface is modified. This 

investigation is highly important to electrode-related device 

physics and thus high-efficient solar cells.  

 

To investigate the influence of different anode configurations 

(GO, MoOx, GO:F5BnPA and MoOx:F5BnPA) on electrical 

properties of OSCs, semiconductor equations (Poisson, drift-

diffusion, and continuity equations) are solved self-

consistently (see Theoretical Model in Experimental Section). 

The cathode can be regarded as a good ohmic contact by using 

Ca/Al electrode. Fig. 5 shows the simulated J-V characteristics 

of OSCs with different injection barriers at the anode-active 

layer interface. When the (equivalent) injection barrier is 

formed at the interface, J-V curve at the forward bias regime 

will bend toward high-voltage direction and meanwhile VOC is 

reduced. These features agree well with the experimental 

results of Fig. 3b and c. The experimental J-V characteristics of 

pristine GO and MoOx cases show noticeable curve bending at 

the forward bias regime, compared to the cases with 

GO:F5BnPA and MoOx:F5BnPA. The large mismatch between 

HOMO of SMPV1 and GO WF induces a large HIB at the anode 

and thus a low VOC. After introducing the F5BnPA into the GO, 

the reduced barrier contributes to the largely improved VOC 

and S-shape J-V curve elimination. 

 

The relation between VOC and I under different injection 

barrier and surface recombination velocity conditions at the 

anode is also studied. When an infinite surface recombination 

velocity of holes (majority carriers at the anode) is assumed 

(and unchanged), the slope of the curve (VOC ~ log(I)) is 

independent of the values of injection barriers, as shown in 

Fig. 6, which cannot explain the phenomenon observed in Fig. 

4. However, when the surface recombination velocity 

decreases (with the same injection barrier settings), we clearly 

see a reduced slope depicted in Fig. 7. This interesting finding 

is well coincident with the experimental results illustrated in 

Fig. 4. From the above theoretical analysis and the 

experimental results in previous section, the introduction of 

F5BnPA not only reduces the (equivalent) injection barrier but 

also increases the surface recombination velocity between GO 

or MoOx anode and active layers. As a consequence, hole 

collection are remarkably improved by the incorporation of 

F5BnPA in HTLs. The eliminated S-shaped J-V characteristics 

(Fig. 3b), enhanced VOC (Fig. 3b, c), and increased slope of VOC ~ 

log(I) curve (Fig. 4) are experimentally and theoretically 

verified and explained for the improved electrical properties of 

OSCs by the incorporation of F5BnPA in HTLs.  

Experimental Section 

Preparation of GO:F5BnPA and MoOx:F5BnPA blend films 

Molybdenum powder was purchased from Aladdin Industrial 

Inc. F5BnPA was purchased from Sigma-Aldrich. PEDOT:PSS 
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(Baytron Al 4083) was purchased from H. C. Starck GmbHm, 

Germany. Graphene oxide was synthesized by a reported 

modified Hummer’s method
67

 and was dispersed into ethanol 

under ultrasonication to form a 0.2 mg mL
-1

 solution. 

Molybdenum bronze solution was prepared by a former 

reported method.
26, 28

 Different amounts of F5BnPA were 

added into the two solutions to form blend solutions with 

certain concentrations, respectively. Different hole transport 

layers were prepared by spin-coating the mixed solutions onto 

clean ITO substrates at 4000 rpm for 40 s. 

 

Devices Fabrication 

ITO glasses were cleaned by a standard procedure with 

detergent, acetone, and ethanol ultrasonic bath for each of 10 

min, followed by an ultraviolet-ozone (UVO) treatment of 15 

min. PEDOT:PSS was spin-coated on the treated ITO at 4000 

rpm for 40s and followed by 120 
o
C annealing for 20 min. The 

active layer was deposited by spin-coating the blend solution 

of SMPV1:PC71BM with a weight ratio of 1:0.8 onto ITO/HTL 

substrates in glove box at 2000 rpm. The blend solution was 

prepared in solvent of chloroform. For the OSCs, Calcium (20 

nm) and aluminum (100 nm) were thermally evaporated onto 

the active layer through the same shadow mask under the 

pressure of 10
-6 

Torr. For the hole only devices, MoOx (10 nm) 

and silver (100 nm) were thermally evaporated. 

 

Measurement and Characterization 

The J-V characterizations of the OSCs were carried out under a 

light intensity of 100 mW cm
-2

 or dark by using a Keithley 2635 

source meter with a step length of 0.01 V. The light was 

produced by ABET AM 1.5 G solar simulator and its intensity 

was calibrated by a monocrystalline silicon standard solar cell. 

The more accurate VOC values under different light intensity 

were obtained by J-V characterization around the open circuit 

state with a step length of 0.001 V. The WF of different hole 

transporting layers were measured by SKP 5050 Scanning 

Kelvin-Probe System (KP Technology Ltd.) with a resolution of 

1-3 meV. UPS was conducted using a He I discharged lamp 

(21.22 eV, Kratos Analytical). Height images and surface 

potential images were measured by tapping-mode AFM (NT-

MDT, Moscow, Russia). The thickness of different HTLs were 

characterized by spectroscopic ellipsometer (J.A. WOOLLAM 

CO. INC.). 

 

Theoretical model 

The electrical properties of OSCs can be modeled by solving 

organic semiconductor equations involving Poisson, drift-

diffusion and continuity equations
68, 69

 

 
           (1) 

      (2) 

        (3) 

where q is the electron charge, φ is the potential, and n and p 

are electron and hole densities, respectively. Moreover, µn and 

µp are the mobility of electrons and holes respectively. 

Furthermore, and Dn = µn(kBT/q) are Dp = µp(kBT/q) the 

diffusion coefficients of electrons and holes respectively, 

where kB and T are Boltzmann constant and kelvin 

temperature. Jn = -qµnn∇φ + qDn∇n and Jp = -

qµpp∇φ − qDp∇p are respectively electron and hole current 

densities, and G is the exciton generation rate. Here, the 

recombination rate R is taken as the Langevin bimolecular 

form
70

; and the field-dependent exciton dissociation 

probability Q is evaluated by the Onsager-Braun theory.
71, 72

 

The potential boundary condition at the electrodes is given by  

 

               (4) 

where V is the applied bias voltage and Wm is the WF of the 

electrode. For understanding the influence of electrodes on 

the electrical properties of OSCs, the current density 

(boundary conditions) at the Schottky contacts are given by 

 

  (4) 

where ��
�and ��

�  are the surface recombination velocity for 

electrons and holes at anode; ��
�  and ��

�  are the surface 

recombination velocity for electrons and holes at cathode. neq 

and peq are electron and hole densities with assumptions of 

surface infinite recombination velocities 

 

 (5) 

where Nc and Nv are the effective density of states for bulk 

heterojunction active materials. φn and φp are injection barriers 

for cathode and anode, respectively. In our simulation,  

��
� → ∞,  ��

� → ∞,  ��
� → ∞ and φn = 0. We modify φp and ��

�   to 

clarify the roles of injection barrier and surface recombination 

velocities of holes (majorities) at the anode in affecting 

electrical performance of OSCs. 

Conclusions 

To sum up, we propose and demonstrate an effective low-

temperature and solution-process approach to tune the WF of 

HTLs for good energy level alignment between electrodes and 

deep HOMO-level donor materials. Distinctively, this wide WF 

tuning approach works in two different types of HTL materials 

represented by GO and MoOx, whose carriers transport is via 

VB and CB respectively. Both Kelvin-Probe measurements and 

UPS results confirm the continuously tunable WF for GO and 

MoOx HTLs is achieved after a simple F5BnPA incorporation. 

Employing a deep HOMO-level donor material of SMPV1, OSCs 

( ) ( )q p nε φ∇ ⋅ ∇ = − −

1
( ) (1 )n n

n
q n qD n QG Q R

t q
µ φ

∂
= ∇⋅ − ∇ + ∇ + − −

∂

1
( ) (1 )p p

p
q p qD p QG Q R

t q
µ φ

∂
= − ∇ ⋅ − ∇ − ∇ + − −

∂

mWV
q

φ = −

( ) ( )
Anode Cathode

( ) ( )

a a a c c c

n n eq n n eq

a a a c c c

p p eq p p eq

J qS n n J qS n n

J qS p p J qS p p

 = − = − 
 

= − = −  

exp exp

Anode Cathode

exp exp

g pa c n
eq c eq c

B B

p g na c

eq v eq v

B B

E q q
n N n N

k T k T

q E q
p N p N

k T k T

φ φ

φ φ

 − +   −
= =    

     
 

− − +    = =        
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utilizing F5BnPA:GO and F5BnPA:GO MoOx HTLs can achieve 

improved VOC and JSC, then thus greatly enhanced PCE 

compared with OSCs utilizing pristine GO and MoOx HTLs. Our 

experimental and theoretical results show that the improved 

performance are attributed to the reduced (equivalent) 

injection barrier for enhancing VOC and increased surface 

recombination velocity for eliminating S-shaped J-V. Therefore, 

our approach for introducing F5BnPA into HTLs could 

effectively improve the electrical properties of deep HOMO-

level donor based OSCs. Consequently, the proposed new 

approach of F5BnPA incorporated GO and MoOx HTLs with 

large WF tuning capacity makes an attractive contribution to 

the evolution of high VOC OSCs with deep HOMO-level donors 

and can also be applied into other organic electronic devices. 
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