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The morphology of the copper iodide (Cul) film as an inorganic p-type material has an important influence on enhanc-
ing the performance of polymer solar cells (PSCs). A self-assembled monolayer of 3-aminopropanoic acid (C3-SAM) was
used on the surface of indium tin oxide (ITO) before depositing the Cul films. Consequently, a well-distributed and smooth
Cul film was formed with pinhole free and complete surface coverage. The root mean square of the corresponding Cul film
was reduced from 3.63 nm for ITO/Cul to 0.77 nm. As a result, the average power conversion efficiency (PCE) of PSCs
with the device structure of ITO/C3-SAM/Cul/P3HT:PCg; BM/ZnO/Al increased significantly from 2.55% (best 2.66%) to
3.04% (best 3.20%) after C3-SAM treatment. This work provides an effective strategy to control the morphology of Cul
films through interfacial modification and promotes its application in efficient PSCs.

Keywords: polymer solar cell, copper(I) iodide, self-assembled monolayer, morphology

PACS: 88.40.jr, 72.80.Jc, 81.16.Dn, 68.55.—a

1. Introduction

Polymer solar cells (PSCs) have many unique advantages
of easy manufacturing process, low-cost, light weight, me-
chanical flexibility, and so on. It is a very promising alternative
in photovoltaic field.!'= In recent years, numerous strategies
have been utilized to enhance the performance of PSCs, in-
cluding the synthesis of efficient photoactive materials, 7]
the modification of film morphology,!®°! and the reason-

10-131 Consequently, the

able selection of transport layers.!
power conversion efficiency (PCE) of PSCs has been sig-
nificantly improved, and it is worth noting that the values
were up to over 12% for nonfullerene polymer solar cells that
fabricated by ternary bulk-heterojunction!'* or the molecu-
lar regulation of acceptors,!'>!61 which will further acceler-
ate the commercial application of PSCs. The widely used
structure of PSCs is a sandwich structure of a hole trans-
port layer (HTL), photoactive layer, and electron transfer
layer (ETL). The most frequently used material of HTLs
is  poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) for conventional PSCs. Although PEDOT:PSS
has a high work function (5.0 eV), high conductivity, and
smooth film, its acidic and hygroscopic natures can corrode
the indium tin oxide (ITO) anode and deteriorate the device
performance. Furthermore, PEDOT:PSS is not very effective
to block electrons.[!7~19]

In order to solve the above problems of PEDOT:PSS, var-
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ious inorganic materials have been reported as efficient HTLs
in PSCs, such as nickel oxide (NiOy),[?”) vanadium oxide
(V205),211 copper oxide (Cu0),?? and copper(I) thiocyanate
(CuSCN). 23] Recently, due to the characteristics of suit-
able energy level, high transparency and solution-processed,
Y-phase copper(I) iodide (Cul) as HTLs has also been em-
ployed in PSCs.[?4301 Cul is a p-type semiconductor with zinc
blende structure and has a wide band gap of 3.1 eV. Shao
et al.®¥ first used p-type Cul as HTLs for high-efficiency
poly(3-hexylthiophene):[6,6]-phenyl C61-butyric acid methyl
ester (P3HT:PCg; BM) bulk-heterojunction solar cells, but the
PCE of 2.6% achieved by a solution-processed Cul interfacial
layer is lower than 3.1% with the vacuum deposited Cul layer.
Subsequently, Sun et al.!>) reported that the PSCs based on
a Cul layer spin-coated with an appropriate speed reached a
very high PCE of 4.15% by increasing the thickness of or-
ganic active layer. However, the Cul interfacial layer prepared
by spin-coating Cul dispersion on the surface of ITO easily
forms large aggregates of Cul particles and island-style poly-
crystalline films,[?*2%311 leading to large leakage current and
unintentionally direct short for the Cul-based PSCs.

In this work, we adopted solution-processed Cul films
as HTLs for PSCs (device structure shown in Fig. 1), and
found that the morphology of Cul films could be modified
by a self-assembled monolayer of 3-aminopropanoic acid (Cs-
SAM) absorbed on the surface of ITO before depositing Cul
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films. Consequently, a well-distributed and smooth Cul film
was formed with pinhole free and complete surface coverage.
The short-circuit current (Js.) and PCE of PSCs increased from
8.69 mA/cm? and 2.55% to 9.52 mA/cm? and 3.04%, respec-
tively. This simple and effective strategy should further pro-
mote the potential application of Cul inorganic p-type material
in high performance PSCs.

AllA1FALFALF Al
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y NH{
/ i: 0
o
ITO

Fig. 1. (color online) Device structure of PSCs based on Cul as HTLs
modified by C3-SAM.

P3HT:PCBM

ITO
glass

2. Experimental
2.1. Materials

PEDOT:PSS (AI 4083) was purchased from Heraeus. The
3-aminopropanoic, copper iodide (99.999%), anhydrous ace-
tonitrile (99.8%), ZnO, and anhydrous 1,2-dichlorobenzene
(99.8%) were purchased from Sigma-Aldrich. The poly(3-
hexylthiophene) (P3HT) and [6,6]-phenyl C61-butyric acid
methyl ester (PCq;BM) were purchased from Luminescence
Technology Corp. These materials obtained from commercial
way were used without further purification.

2.2. Device fabrication

The structure of the fabricated PSCs was
ITO/HTLs/P3HT:PCg; BM/ZnO/Al (as shown in Fig. 1). The
ITO coated glass substrates (15 x 15 mm?) were dried at
90 °C for one night after a sequential ultrasonic treatment
in deionized water, acetone, deionized water, and isopropanol
for 10 min in each solution. To realize the effective deposi-
tion of C3-SAM, some cleaned ITO substrates were dipped
into 3-aminopropanoic acid solution dissolved in deionized
water (1 mg/ml) at 70 °C for 2 h. After immersion, the ITO
substrates were rinsed with deionized water to remove excess
molecules and dried at 55 °C for 30 min. The Cul dispersion
in acetonitrile (10 mg/ml) was spin-coated at 2000 rpm for
40 s on the cleaned ITO or C3-SAM treated ITO substrates
in a glove box. PEDOT:PSS was filtered with a 0.45 pum fil-
ter and spin-coated on the cleaned ITO substrates pre-treated
by ultraviolet (UV)-ozone plasma at 3500 rpm for 40 s, and
then PEDOT:PSS films (about 40 nm) were baked at 120 °C
for 30 min on a hot plate in air. Next, the photoactive layer
was spin-coated on the PEDOT:PSS or Cul layer from a so-
lution with P3HT:PCg,BM ratio of 1:0.8 (P3HT concentra-
tion of 20 mg/ml) in 1,2-dichlorobenzene/1,8-diiodooctane

(50:1 vol%) mixed solvent at 800 rpm for 45 s and then an-
nealed at 150 °C for 15 min after a placement of 7 h. The ZnO
nanocrystals (in ethanol, 1 wt.%) were spin-coated on the
P3HT:PCg;BM layer and then annealed at 120 °C for 15 min
to remove the residual solvent. Finally, the device fabrication
was finished by thermal evaporation of 100 nm Al as the cath-
ode under a vacuum less than 3 x 10~ Pa. The active area of
the fabricated device was 0.15 cm?.

2.3. Characterization

The UV-visible absorbance spectra and the x-ray diffrac-
tion (XRD) patterns of Cul films were recorded by an
ultraviolet-visible (UV-vis) spectrometer (Agilent Technolo-
gies 8453 A) and x-ray diffractometer (Bruker D8 Advance),
respectively. The surface morphologies of Cul films were ana-
lyzed with the atomic force microscopy (AFM, NT-MDT) and
scanning electron microscopy (SEM, ZEISS Ultra 55). The
distribution of copper (Cu) and iodine (I) elements in the Cul
films was investigated utilizing a distribution mapping tech-
nique of energy-dispersive x-ray spectroscope (EDS). The cur-
rent density—voltage (J-V') characteristics of the devices were
measured through a Keithley 2400 source measurement sys-
tem under the illumination of 100 mW/cm? of AM1.5 G (Oriel
model 91160) and in the dark. An optical contact angle meter
(OCA20, Data physics) with tilting table was used to carry out
contact angle measurements of ITO substrates under an ambi-
ent atmosphere. The external quantum efficiency (EQE) mea-
surements were performed by solar cell spectral response mea-
surement system QE-R3011 (Enlitechnology Co. Ltd, Taiwan,
China).

3. Results and discussion

The water contact angle measurement was carried out to
explore the surface characteristics of ITO treated by C3-SAM.
Figure 2(a) shows the contact angle change of the ITO surface
after the treatment of C3-SAM. It can be observed that the
contact angle of ITO was reduced from 76.78° to 47.16° after
C3-SAM modifying. The contact angle change should be re-
lated to the C3-SAM self-assembled on the surface of ITO be-
cause the 3-aminopropanoic acid molecule has the hydropho-
bic -COOH and -NH; groups, indicating that the C3-SAM
molecules had been absorbed on the surface of ITO.

(a) ITO (b) ITO/C3-SAM

Fig. 2. (color online) Water contact angle images of (a) ITO and (b)
1TO/C5-SAM.
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Figure 3(a) shows the XRD patterns of Cul films spin-
coated on raw ITO and C3-SAM treated ITO substrates. The
positions of diffraction peaks of the two XRD patterns were
the same. The peaks at 26° and 52.3° are attributed to the
(111) and (222) faces of the y-phase Cul with a zinc blende
structure, respectively. The intensity of diffraction peak of
Cul films is reduced after C3-SAM treatment. According to
the Scherrer equation (333!

kA
b= Bcos @’
where k = 0.89 is the constant of Scherrer, A = 0.154056 nm
is the wavelength of x-ray, B is the full width at half max-
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imum (FWHM) of diffraction peak, and 6 is the diffraction
angle. The average crystallite size (D) of Cul nanoparticles
is reduced from 26.31 nm to 24.88 nm after C3-SAM modifi-
cation. The smaller crystallite size of Cul nanoparticles with
C3-SAM is consistent with the reduced intensity of the cor-
responding diffraction peak. Figure 3(b) displays the UV-vis
absorbance spectra of Cul films. The absorbance edge of Cul
films with C3-SAM modification has a bit blue shift relative to
that without C3-SAM, which further confirmed the decrease
of crystallite size of Cul nanoparticles after C3-SAM modifi-

cation.

0.5 (b)

—— Cul

0.4
— C3SAM/Cul

0.3r
0.2
0.1r
0 L L L I
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Wavelength /nm

Fig. 3. (color online) (a) XRD patterns and (b) UV-visible absorbance spectra of Cul films with and without C3-SAM modification.

Fig. 4. (color online) AFM images of Cul films (a) without and (b) with C3-SAM modification. SEM images of Cul films (c) without and (d)
with C3-SAM modification. Insets show partial images at high magnification.

To reveal the effect of C3-SAM on the morphology of
Cul films, the surface morphology of Cul films has been in-
vestigated by the atomic force microscopy (AFM) and scan-
ning electron microscope (SEM). The AFM image of Cul film

spin-coated on the surface of raw ITO is exhibited in Fig. 4(a),
which shows a high density of pinholes, resulting in a quite
rough surface with a root-mean-square (RMS) of 3.63 nm. In

contrast, the Cul film after C3-SAM treatment exhibits pin-
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hole free and uniform Cul coverage in Fig. 4(b), and the RMS
of the corresponding Cul film is only 0.77 nm. It can be ob-
served from Figs. 4(c) and 4(d) that the SEM images of Cul
films clearly illustrate the morphology changes after C3-SAM
modification. The Cul films without C3-SAM modification
show many large hollows with the biggest diameters of about
650 nm. However, after C3-SAM modification, the Cul film
presents smooth and uniform surface morphology with a com-
pact structure. The surface of ITO showed higher hydrophilic-
ity after C3-SAM treatment due to the reduced contact angle,
which enhanced the wetting of Cul dispersion on the surface
of ITO. As a result, the C3-SAM on ITO can induce signif-
icant improvement of morphology of Cul films. In addition,
the electrostatic interaction between the Cul and the amino
group of 3-aminopropanoic acid can decrease the aggregations
during the forming process of Cul films. The working mecha-
nism for such changing morphology is similar to that reported
by Zuo et al.**! and Gu et al.?%

Figure 5 displays the distribution mapping images of Cu
and I elements from Cul films. It can be noted that the Cu
and I distributions of Cul films with C3-SAM modification are
more uniform and dense than those without C3-SAM, which
further confirms that more Cul particles are absorbed on the
surface of ITO by C3-SAM treatment.

Fig. 5. (color online) The distribution mapping images of Cu element
from Cul films (a) without and (b) with C3-SAM modification, and I
element from Cul films (c) without and (d) with C3-SAM modification.

This pinhole free and uniform Cul film should be impor-
tant to be used as HTLs of highly efficient PSCs. We fab-
ricated the PSCs using PEDOT:PSS, Cul, and C3-SAM/Cul
as HTLs. The device structure is shown in Fig. 1. The cor-
responding J-V characteristics and the device parameters are
shown in Fig. 6 and Table 1, respectively. The short-circuit
current (Jc) and PCE of PSCs increase from 8.69 mA/cm?
and 2.55% for ITO/Cul HTL to 9.52 mA/cm? and 3.04% for
ITO/C3-SAM/Cul HTL, respectively. Figure 6(b) displays
that the dark current density of the C3-SAM/Cul devices is

lower than that of the Cul devices, which indicates this uni-
form and pinhole free Cul can reduce the leakage current
and block electrons. In addition, after C3-SAM modification,
the open-circuit voltage (Vi) and fill factor (FF) values also
increase from 0.54 V and 54.15% to 0.55 V and 56.43%,
respectively. Combining all of these improved factors, the
PSCs based on ITO/C3-SAM/Cul achieved the highest PCE of
3.20% comparing with 3.18% of PSCs using PEDOT:PSS as
HTL. The improved performance of PSCs should be attributed
to the C3-SAM that induced the morphology improvement of
Cul films during the solution-processing. Although the V,. of
the PSC based on C3-SAM/Cul as HTL was lower than that
of the PEDOT:PSS-based PSC, the other device performance
was almost the same as that of the PEDOT:PSS-based devices.
Figure 7 plots the EQE of the corresponding PSCs. It can be
found that the EQE of PSCs based on C3-SAM/Cul as HTLs
is higher than that of PSCs without C3-SAM treatment. The
improved EQE spectrum with C3-SAM treatment agrees well
with the increased Jg.

o, I
- (a) —o—PEDOT:PSS
3 ol —o—Cul
<<: - —— C;;—SAM/CuI
<
p —4r
s
S -6}
=
5}
=
O eSS &
—10 |2 &
0 0.1 0.2 03 04 0.5 0.6
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a  102f (b)
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E 100 ’ /Cu /
Z 1071
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,§ 10-2
= 1073
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Fig. 6. (color online) J-V characteristics of PSCs with PEDOT:PSS,
Cul, and C3-SAM/Cul (a) under the illumination of AMI.5G,
100 mW/cm? and (b) under the dark condition.

Table 1. Summarized photovoltaic parameters of PSCs based on differ-
ent HTLs.
HTLs VooV Je/mAem™2  FF/%  PCE?® (Best®)/%
PEDOT:PSS 0.61+0.01 8.64+0.38 55.924+1.57 3.00+0.18(3.18)
Cul 0.54+0.01 8.69+0.52 54.15+2.23 2.55+0.11(2.66)
C3-SAM/Cul 0.554+0.02 9.52+0.43 56.43+2.22 3.04+0.16(3.20)

2The statistical results were obtained from 20 PSCs.
bObtained from the best performance device.
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Fig. 7. (color online) EQE spectra of PSCs with PEDOT:PSS, Cul, and
C3-SAM/Cul as HTLs.

4. Conclusions

In conclusion, we have demonstrated a simple method
of modifying the Cul HTLs with C3-SAM on the surface of
ITO to enhance the photovoltaic performance of PSCs. Due to
the C3-SAM incorporated between the ITO electrode and Cul
layer, the Cul nanoparticles were much well-distributed on the
surface of ITO and formed an uniform morphology with pin-
hole free and complete coverage. The best PCE of the devices
based on C3-SAM treatment reached 3.20%, which was simi-
lar to that of PSCs with PEDOT:PSS as HTLs. This work pro-
vides an effective strategy to control the morphology of Cul
films and promotes the application of Cul as an attractive in-
organic p-type material in efficient PSCs.
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