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Abstract By varying the density of solution-processed

lithium fluoride (sol-LiF) nanoparticles at the interface

between tin-doped indium oxide (ITO) and poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PED-

OT:PSS), we have demonstrated that the electronic hole

collection efficiency of an organic photovoltaic cell can be

optimized through tuning the energy level alignment at the

ITO/PEDOT:PSS interface. We synthesized the LiF

nanoparticles in solution and deposited them onto ITO

electrodes with increasing surface coverage up to 13.2 %.

The surface work function of the nanostructured ITO

increased linearly from 4.88 to 5.30 eV. When the sol-LiF-

modified ITO electrodes were incorporated into polymer

solar cells based on a bulk heterojunction of poly(3-

hexylthiophene) polymer and methanofullerene, a maxi-

mum power conversion efficiency was recorded for a

device with an ITO anode modified by 5.3 % of sol-LiF

coverage, which corresponded to a measured work function

of 5.07 eV. The improvement in short circuit current

density by 87 % and power conversion efficiency by

74.3 % suggest that the sol-LiF interlayer density enabled

work function tuning of the ITO anode to better match the

highest occupied molecular orbital level of PEDOT:PSS,

facilitating hole charge collection. The increase in elec-

tronic hole collection efficiency is attributed to both a

lowered resistance at the ITO modified by sol-LiF and

faster hole transport, although these gains are offset by an

associated increase in contact polarization. Our findings

suggest that the surface work function of ITO can be tuned

to improve energy level alignment with other contact layers

via the surface density of sol-LiF particles. More efficient

hole transport, due to higher recombination resistance,

offset by an increased charge extraction barrier presented

by contact polarization; the two effects combined give rise

to an optimum in sol-LiF nanostructuring of the ITO sur-

face properties.

1 Introduction

Organic photovoltaics (OPV) have competitive potential

for harvesting solar energy, due to their adaptability for

low-cost, solution-based, roll-to-roll (R2R) production of

large-area, flexible, and ultimately portable, devices [1, 2].

While the initial targets set for commercializability of

polymer-based bulk heterojunction (BHJ) OPV devices—

power conversion efficiencies of 10 % [3] and stability

over 10 years [4]—have been met with the development of

new active layers and device architectures, further perfor-

mance enhancement and stability can be realized by

engineering the interfaces between the different functional

layers, such as at the electrode, for reduced traps sites,

better energy level alignment, improved charge extraction,

superior wettability and interfacial compatibility and opti-

mized surface work functions [5].
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Due to the low compatibility between intrinsically dif-

ferent structures at the molecular level, organic–inorganic

interfaces often result in recombination losses due to low

charge carrier mobility and limited charge carrier lifetimes

[6]. By improving matching of the electronic structure at

the low work function (U) electrode interface, mobile hole

extraction can be increased, thereby lowering recombina-

tion losses and enhancing the electronic hole contribution

to the current density. In this context, the surface energy

and U of the electrode, typically of tin-doped indium oxide

(ITO) in conventional BHJ device architectures, are key

factors determining the overall device performance.

To tune the properties of the electrode/active layer

interface, a panoply of approaches have been adopted [7]—

self-assembled monolayers [8–10], and chlorine surface

modification [11]; organic layers [12–14]; carbon-based

nanomaterials [15, 16]; transition-metal oxides [17–21];

and alkali halides such as CsF and LiF [22]. Interlayer

engineering (IE) enables not only the tuning of charge

collection efficiency and charge selectivity on both elec-

trodes, but also control over OPV stability and durability.

An additional parameter for tuning at the high U electrode

is PEDOT:PSS, which is commonly used as an electronic

hole transport/electron-blocking layer. Considering the low

electronic homogeneity [23] and the low-pH nature of

PEDOT:PSS, the interface it forms with ITO offers limited

electron-blocking capability [24], as well as chemical

instability leading to Indium diffusion into active layers

[25]. The scope of our study reported herein is focused on

interface engineering of the ITO/PEDOT:PSS interlayer in

P3HT:PCBM BHJ photovoltaic devices, through tuning

charge collection efficiency by nanostructuring, and in-

operando analysis elucidating the relevant mechanisms.

Impedance spectroscopy (IS) is a non-destructive small

perturbation technique for monitoring the dynamics in an

electrochemical system. Recently, this technique has been

applied toward probing photoelectrochemical response in

organic photovoltaics. [26] In IS, low amplitude alternating

current (AC) signal is applied to probe charge carrier

dynamics, recombination kinetics, diffusion mechanisms

and the density of states in both in situ and dark conditions.

The Cole–Cole plots of OPVs typically consist of a dom-

inant semi-circle arc at low frequencies, associated with the

recombination of photogenerated charge carriers within

active layers. At higher frequencies, transport and series

resistances determine the impedance behavior, in addition

to the dielectric response.

The measured capacitance in OPVs consists of multiple

contributions: (1) the geometrical capacitance, which arises

from the depletion layer between the opposing electrodes,

and (2) the chemical capacitance, which can also be

thought of as the electrochemical potential originating from

photogenerated charge carriers at BHJ interfaces [26]. In

order to analyze the individual OPV operating mecha-

nisms, several different forms of equivalent circuit models

have been proposed [27]. IS enables the evaluation of

BHJs, interlayers and interfaces in terms of their individual

roles and impacts in OPV operation, such as charge

extraction efficiency, charge transport efficiency, global

charge mobility, recombination and trap assisted losses.

Previously, we have reported the development of solu-

tion-processed LiF (sol-LiF) nanoparticles for bottom-up

assembly of the LiF interlayer at the ITO electrode [28], a

consequent increase in surface U, and a substantial increase
in power conversion efficiency (PCE) and short circuit

current density (Jsc) in a conventional ITO/sol-LiF/PED-

OT:PSS/P3HT/PC60BM/thermal-LiF/Al OPV [29]. More-

over, we have observed that varying the surface coverage

of sol-LiF nanoparticles offer additional tunability for the

ITO surface U, suggesting that device performance can be

tailored by tuning the energy level alignment at the

organic–inorganic interface [30]. In this manuscript, we

report a study of the correlation between sol-LiF surface

coverage and P3HT:PCBM BHJ OPV performance.

2 Materials and methods

We synthesized LiF nanoparticles (sol-LiF) using reverse

diblock copolymer (DBCP) micelles suspended in toluene

[28]. The sol-LiF-loaded DBCP micelle solution was

deposited by spin-coating onto cleaned (sonicating for

10 min in successively acetone, methanol, isopropanol)

indium tin oxide (ITO) thin film-coated substrates (Thin

Film Devices Eagle XG, Anaheim, CA, USA) at 2000 rpm.

The polymeric micelle material was removed by etching

with an oxygen plasma (Harrick Plasma PDC-002, Ithaca,

NY, USA) at 29.6 W, 950 mTorr conditions for 90 min.

The sol-LiF surface coverage on the substrates was varied

by sequentially spin-coating and oxygen plasma, cycling 1,

3, 5, 7 and 10 times. For evaluating nanoparticle charac-

teristics, we also deposited identical sol-LiF layers onto Si

substrates (University wafer #444, Boston, MA, USA) and

imaged the resulting nanostructure dispersions in the

scanning electron microscope (SEM, Leo Supra 35VP,

Oberkochen, Germany). Using ImageJ [31], we quantified

the surface coverage and interparticle distance by per-

forming spatial point pattern analysis on the SEM micro-

graphs. To determine the root mean square (RMS) surface

roughness, we carried out topographical analysis using an

atomic force microscope (AFM, Bruker Multimode 8 with

a high resolution E-type piezo-scanner head, Santa Bar-

bara, CA, USA). To analyze the work function, U, of the
sol-LiF-modified and unmodified ITO surfaces, we per-

formed photoelectron spectroscopy in air (PESA, Riken

Keiki Co. Ltd. AC-2, Tokyo, Japan).
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We integrated the sol-LiF interlayers into conventional

poly(3-hexylthiophene-2,5-diyl:[6,6]-phenyl-C61-butyric acid

methyl ester (P3HT:PCBM) BHJ devices. Pre-patterned

indium tin oxide anode substrates (ITO,Ossila S101, Sheffield,

UK) with and without sol-LiF nanoparticles were sonicated in

acetone, methanol and isopropanol baths for 10 min each,

before 30 min of UV–ozone treatment. A thin layer of diluted

poly(3,4-ethylenedioxythiophene):polystyrene sulfonate

(PEDOT:PSS, Heraeus CleviosTM P VP AI 4083, filtered at

0.45 lm) was deposited by spin-coating (5000 rpm,*40 nm

thickness) and annealed at 150 �C for 15 min. P3HT (Ossila

M102, Sheffield, UK; Mw 65200, RR 95.7 %) and PC60BM

(Ossila M111, Sheffield, UK; 99 %) were mixed in a 1:0.6

weight ratio in chlorobenzene. P3HT:PC60BM (25 mg/mL)

solution was deposited by spin-coating at 2000 rpm for 60 s,

resulting in a *90 nm thick layer. Layer thicknesses were

measured using a surface profiler (KLA-Tencor P6, Milpitas,

CA,USA). The sampleswere thermally annealed at 150 �C for

10 min and immediately transferred to a thermal evaporator

chamber and placed under high vacuum (\*2 9 10-6 mbar).

Tomake the back-side electrical contact,weperformed thermal

evaporation of a 1.2 nm-thickLiF layer, followedby a100 nm-

thickAl cathode layer on the organic active layers. The samples

were then annealed at 150 �C for 10 min after cathode evap-

oration. The devices were subsequently encapsulated using

UV-curable epoxy (Ossila E131, Sheffield, UK).

The final device structure produced was composed of

the following layer sequence: ITO/sol-LiF interlayer/

PEDOT:PSS/P3HT:PCBM/LiF/Al, where the sol-LiF

interlayer was deposited by sequentially spin-coating and

plasma etching 1, 3, 5, 7 and 10 times. The device size for

each cell was 0.045 cm. We measured the current density–

voltage (J–V) characteristics using a source meter (Keith-

ley Instruments Model 2400, Cleveland, OH, USA) under

AM 1.5G solar irradiation at 100 mW/cm2 (Newport

Corporation Oriel Sol3A Class AAA 91192 Solar Simu-

lator equipped with 450 W xenon lamp, Newport, CA,

USA). The light intensity was calibrated by reference Si

photodiode cell.

To analyze the charge transport and recombination

dynamics in devices based on ITO modified by sol-LiF, we

conducted impedance measurements using a Solartron

1260 Impedance/Gain-phase Analyzer equipped with a

Solartron 1286 Dielectric Interface. We measured an

impedance response over the range of 0.1 Hz–1 MHz with

an oscillation amplitude of 10 mV, as well as under dark

and illuminated conditions over a DC bias range of -1 to

1 V and of 0–0.75 V respectively. We used a halogen lamp

at *100 mW/cm2 to illuminate the devices. For each

device, the illumination intensity was set by adjusting the

lamp such that the device exhibited the same short circuit

current (Isc) that was measured under AM1.5G illumina-

tion. Measurements at reduced illumination were realized

by using neutral density filters. Finally, we optimized the

equivalent circuit modeling using ZView and EIS Spec-

trum Analyzer software [32].

3 Results

A single layer of sol-LiF deposited on ITO substrates

showed quasi-hexagonal ordering in the nanoparticle dis-

persion, due to a highly monodisperse DBCP micelle size,

as shown in Fig. 1. The average sol-LiF diameter was

9 ± 2.7 nm, while the average interparticle distance was

70.1 ± 12.2 nm. Sequential spin-coating of sol-LiF

nanoparticles and oxygen plasma treatments yielded a

linear increase in surface coverage by sol-LiF on ITO

substrates, as shown in Fig. 2. The sol-LiF layer introduced

roughness on the ITO surface. For a single sol-LiF depo-

sition, we measured a surface roughness of 2.3 nm, while

three cycles of sequential spin-coating and etching

increased the surface roughness to an RMS of 5.0 nm.

Further sequential spin-coating steps increased the surface

roughness less dramatically, reaching a maximum RMS of

7.2 nm for 10 iterations.

The U of sol-LiF-modified ITO increased with the sol-

LiF surface coverage, as shown in Fig. 2a. Bare ITO sub-

strates were exposed to an oxygen plasma treatment of the

same duration and conditions as substrates with a single

sol-LiF deposition and had a measured work function of

4.88 eV. To tune the U of the ITO surface by controlling

the ITO surface coverage by sol-LiF, we carried out a

sequential alternation of sol-LiF-loaded micelle deposition

and etch removal up to 10 times (i.e., 13.2 % coverage),

modifying U up to 5.30 eV.

We incorporated the sol-LiF nanostructured ITO sur-

faces into conventional P3HT:PCBM BHJ photovoltaic

devices. The control devices consisted of the standard

Fig. 1 Raw and processed SEM micrograph of single sol-LiF

deposition, 2 % surface coverage. Scale bar represents 200 nm
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PEDOT:PSS layer deposited on top of ITO without sol-

LiF, and the PCE measured was 1.51 ± 0.11 %, based on

12 devices. When the ITO was modified by 5.3 % sol-LiF

coverage, the best power conversion efficiency (PCE) had

improved to 2.7 %, corresponding to a 74.3 % improve-

ment over the control device. For the OPV containing an

ITO anode modified by 7.6 % sol-LiF coverage, the PCE

was 23.7 % higher than the best control device.

The J–V characteristics are summarized in Fig. 3. The

device with ITO modified by 5.3 % sol-LiF coverage

showed a short circuit current density (Jsc) of 13.2 mA/

cm2, which is a substantial 87 % improvement. In devices

with other sol-LiF coverages, Jsc fell within a narrow range

of 1–4 % improvement. The key parameters of OPVs with

ITO anodes modified by different coverages of sol-LiF

were tabulated in Table 1. The open circuit voltages (Voc)

were similar for the control and sol-LiF-containing

OPVs—the variation in values fell within the limits of

measurement error. While the fill factor (FF) for control

devices was extracted to be 45 %, OPVs with sol-LiF

deposited ITO anodes dropped to the 42–44 % regime,

with the exception of the device containing ITO covered

7.6 % by sol-LiF, for which the FF improved to 48.2 %.

The shunt resistance, generally associated with leakage

currents in the device [29], and parasitic series resistance

(Rs) were extracted using the diode model under constant 1

Fig. 2 a Correlation between work function modification and power conversion efficiency of P3HT:PC60BM devices with sol-LiF coverage on

ITO; b correlation between sol-LiF surface coverage and surface roughness of sol-LiF modified ITO with sequential spin-coating steps

Fig. 3 Current density–voltage characteristic curves of P3HT:PC60BM solar cells with ITO anodes modified by different sol-LiF surface

coverages, a under AM1.5G illumination; b in the dark
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sun illumination [33]. The dark current ideality factor

(n) and reverse saturation current density (Jsat) were

extracted from dark J–V characteristics according to the

two-diode model developed by Suckow et al. [33].

Although Rs had increased only in the device with 13.2 %

sol-LiF coverage, it was reduced in the other devices, with

the best improvement being 21 and 15 % of Rs in the

control devices, for those with 5.3 and 7.6 % sol-LiF

coverage, respectively. The shunt resistance (Rshunt) of the

control devices was 589 ± 54 X/cm2. The device con-

taining the 5.3 % sol-LiF-modified ITO anode showed an

Rshunt 48 % lower than the control devices, whereas the

devices with other sol-LiF coverages all had Rshunt values

22–26 % better. While the control devices demonstrated an

n of 1.89, ITO electrodes with 5.3 and 7.6 % sol-LiF

coverage demonstrated improved n values of 1.73 and 1.84

respectively. In parallel with ideality factors, Jsat were

slightly improved from 7.8 9 10-8 to 5.2 9 10-8 mA/cm2

and to 7.0 9 10-8 mA/cm2, respectively for 5.3 and 7.6 %

sol-LiF covered ITO anodes.

In order to obtain further insight into the charge carrier

dynamics in the device structure, we evaluated the

impedance response of the devices with nanostructured

ITO during operation (Fig. 4) and summarize the results

of the response analysis in Table 2. Analysis of the Cole–

Cole plots [26] revealed that the contact resistance (Rco)

was reduced by 78 and 76 %, when ITO was modified by

5.3 and 7.6 % sol-LiF surface coverage, respectively,

which was also associated with a corresponding increase

in the contact polarization (Cco) by 42 and 43 %. For

analyzing recombination in the BHJ, we applied the

constant phase element (CPE) method. In general, the sol-

LiF nanostructuring significantly improved recombination

resistance (R2) and led to improvement in the average

recombination time (save) by up to sixfold. The bulk

resistance (R1), comprising of the resistance from all

layers between the electrodes, increased significantly in

comparison to control devices.

4 Discussion

To understand why the conventional P3HT:PCBM (1:0.6)

devices, which were fabricated in ambient air and clean

room conditions, showed a substantial 74.5 % improve-

ment in PCE when the ITO anode was modified by 5.3 %

sol-LiF coverage, it would be worthwhile to revisit Fig. 2a

and note that these modified anodes had a surface U of

5.07 eV. The modified anode with such a U value would

align well with the energy level of PEDOT:PSS, reported

to be at 5.10 eV [34, 35]. As depicted in Fig. 5, it appears

that the U of the modified ITO facilitates the collection of

hole charges through reducing the Schottky barrier

between ITO and PEDOT:PSS to an ohmic contact. The

better energy level alignment thus contributes to the 87 %

improvement in Jsc. As Jsc indicates the number of pho-

togenerated charge carriers extracted to the external circuit,

these results are consistent with an improvement in hole

collection efficiency.

Since faster and improved charge collection efficiency

would be due to an increase in the effective charge carrier

lifetime within the BHJ, we used impedance spectroscopy

to gain insight into the in-operando charge carrier

dynamics. The results revealed a general improvement in

the effective charge carrier lifetime up to sixfold, corre-

lated with a 78 % decrease in contact resistance in the best-

performing device. Since hole mobility and thickness in the

PEDOT:PSS hole transport layer were not changed, the

faster hole transport—viz., through increased recombina-

tion resistance R2 and increased recombination lifetime

savg—can be attributed to the increased electronic surface

states at the modified ITO [28, 30], resulting in an increase

electrical potential gradient imposed on the mobile holes

and sweeping them to the anode more quickly. However,

the hole collection efficiency and short circuit current

improvement were still significantly below what this

improvement leads us to expect. One possible explanation

would be that the increase in induced polarization at the

Table 1 The key parameters of OPVs with different levels of LiF nanostructured ITO anodes under AM1.5G illumination

LiF NP

surface

coverage (%)

Work function

of nanostructured

ITO surface

Voc

(mV)

Jsc
(mA/cm2)

FF

(%)

Best

PCE (%)

Dark

ideality

factor

Jsat
(mA/cm2)

Rs

(X/cm2)

Rsh

(X/cm2)

Average

PCE (%)

0 4.88 492 7.04 45.0 1.56 1.89 7.8E-8 2.23 543.6 1.51 ± 0.11

2.0 4.96 495 7.34 44.1 1.60 2.07 12.5E-8 2.07 716.8 1.57 ± 0.02

5.3 5.07 482 13.17 42.8 2.72 1.73 5.2E-8 1.77 282.3 2.59 ± 0.15

7.6 5.12 496 8.06 48.2 1.93 1.84 7.0E-8 1.90 739.8 1.84 ± 0.07

10.8 5.27 473 7.12 43.2 1.46 1.90 8.5E-8 2.20 590.9 1.45 ± 0.01

13.2 5.30 496 7.31 41.7 1.51 1.94 9.3E-8 2.27 730.4 1.47 ± 0.03

Average PCE was obtained from measurements of the best six performing devices
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ITO contact surface would offset these gains, leading to a

charge accumulation in sol-LiF interface. The tradeoff

between the competing effects [26] gives rise to the opti-

mal device PCE of 2.59, when 5.3 % of the ITO surface is

modified by sol-LiF nanostructuring.

Furthermore, contributions to Rs can come from three

sources: (1) contact resistance between the electrode and

the active layer, (2) the bulk resistance of the polymer film,

or (3) the bulk resistance of the contacts [36]. In this study,

the polymer film and the contacts were the same for all of

Fig. 4 Impedance response of OPVs with 5 different percentages of sol-LiF nanostructuring modifying the ITO electrode, compared to a control

device, all under 1 sun illumination (a–c), and the corresponding equivalent circuit model d

Table 2 Extracted equivalent circuit components under 1 sun illumination

LiF NP surface

coverage (%)

U of nanostructured

ITO surface

RCo

(X)
Cco

(nF)

R1

(kX)
C1

(nF)

R2

(kX)
Q, magnitude of

CPE (nF)

N, ideality

of CPE

Ceq

(nF)

save
(ls)

Average

PCE (%)

0 4.88 395.6 7.87 0.194 4.11 0.175 45.21 1 45.21 7.93 1.51 ± 0.11

2.0 4.96 99.2 6.42 3.315 3.82 7.326 10.05 0.86 2.17 15.94 1.57 ± 0.02

5.3 5.07 86.9 11.14 1.331 12.60 2.256 39.47 0.93 21.21 47.89 2.59 ± 0.15

7.6 5.12 96.3 11.24 7.410 4.26 5.793 9.56 0.91 3.66 21.22 1.84 ± 0.07

10.8 5.27 108.6 7.64 3.391 3.90 6.914 9.42 0.87 2.45 16.95 1.45 ± 0.01

13.2 5.30 114.7 6.68 2.677 3.67 7.443 11.41 0.87 3.12 23.26 1.47 ± 0.03
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the devices tested, so the variation in Rs stems from dif-

ferences at the contact between the electrode and the active

layer, i.e. with sol-LiF coverage [29]. When sol-LiF NPs

increase the modified ITO surface U, the charge transfer

away from the ITO is increased into the dielectric layer in

direct contact [28]. Thus with little variation in electrical

potential at the contact and an increase in the charge col-

lection current for the modified electrode with the 5.07 eV

work function, it follows that the contact resistance for the

device with this interlayer would be the lowest. For ideal

solar cell behavior, Rs should be 0 and Rshunt infinite [36].

Reduction in Jsat and n parameters could be the indicator

of greater selectivity in harvesting charge carriers [19].

This enhancement can be attributed to lowering the energy

barrier for hole charge carrier [37] and reduced surface

recombination for bound-polaron pairs [38, 39] at the

PEDOT:PSS/ITO interface.

Compared to the control device, the low Rshunt for the

device with U of 5.07 eV suggests a difference in wetting

by the PEDOT:PSS layer. From Fig. 2, the modified ITO

surface roughness scaled directly proportional to sol-LiF

surface coverage. An increase in surface roughness could

lead to the formation of hot spots in the electrode layer.

However, sol-LiF modified ITO anodes either improved or

did not affect Rshunt with the exception of 5.3 % sol-LiF

coverage. Moreover, increasing surface roughness

increased Rs with respect to control devices with the

exception of 13.2 % sol-LiF coverage.

In addition to roughness, discontinuity in the sol-LiF

layer may also induce changes in wetting of PEDOT:PSS

on the modified electrode. However, SEM images of all

layers reveal sol-LiF layers which are discontinuous for all

surface coverages investigated [30], the discontinuous

nature of the sol-LiF layer would not be the root cause for

the unusually low Rshunt relative to the other devices with

unmodified and modified ITO electrodes.

Despite the dramatic improvement in Jsc and Rs for the

modified electrode with a U of 5.07 eV, the FF did not

improve significantly, due to the significantly poorer Rshunt.

Instead, the superior FF of the modified electrode with a U
of 5.12 eV resulted from a moderate improvement in bal-

anced contributions from Jsc, Rs, and Rshunt.

5 Conclusion

In summary we evaluated the performance of a PED-

OT:PSS/ITO interface in a polymer-based solar cell, by

nanostructuring the ITO surface with sol-LiF nanoparticles

covering increasing areal density. We have determined the

U of the modified ITO by PESA and observed an increase

in U with increasing coverage of sol-LiF. We have incor-

porated the modified ITO anodes into anode/PEDOT:PSS/

P3HT/PCBM/thermal-LiF/Al BHJ OPVs and compared

their performance with non-modified ITO-based control

devices. Although the effect of nanostructuring did not

significantly perturb wetting of the PEDOT:PSS on the

modified ITO surface, the presence of the sol-LiF enabled

tuning of the ITO surface U, via optimizing coverage of the

ITO surface. We conclude that the significantly improved

Jsc by 84 %, was consistent with an improved electronic

hole collection efficiency resulting from optimized energy

level alignment between PEDOT:PSS and the modified

anode. Furthermore, this optimization is also attributed to

lower resistance to charge extraction and improved charge

transport balanced by increased contact polarization—in-

operando IS studies revealed a faster and more efficient

collection of mobile holes to the ITO/PEDOT:PSS inter-

face, although polarization of the ITO surface also leads to

a higher extraction barrier. Significantly improved recom-

bination resistances, indicating that the hole charge carriers

were less likely to recombine within the active layer, may

be attributed to more efficient extraction of mobile holes,

which would lead to lower hole charge accumulation

within the active layer. Our results confirm that sol-LiF can

be used to tune the surface U of ITO for improved energy

level matching with other contact layers and enhance the

hole extraction efficiency.
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