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Abstract Inverted polymer solar cells of the conventional
poly(3-hexylthiophene) (P3HT):(6,6)-phenyl-C61butyric
acid methyl ester (PCq;BM) blend on indium tin oxide
substrates were fabricated. By using mixed-solvent dis-
persed ZnO nanoparticles (NPs) as cathode buffer layer,
device performances are improved obviously. ZnO NPs
with a size of 3-5 nm synthesized by solvothermal syn-
thesis at 65 °C show relatively wide photoluminescence
peak of 300-650 nm. Based on Hansen solubility param-
eter theory, a mathematical method was applied to calcu-
late the Hansen solubility parameters of bi-solvent system
to disperse ZnO NPs and the proportion of each component
in the mixed solvent. This excellent dispersion for ZnO
NPs in the bi-solvent system has a important influence on
the performance of the device. Compared to other methods
of ZnO nanofilm fabrication, this method reveals a simple,
convenient, moderate and effective way to manufacture the
favorable buffer layer in organic solar cells.

1 Introduction

Polymer organic solar cells (OSCs) are expected to be
alternative energy resource for future generation and likely
to be commercializing very soon [1-3]. The highest power
conversion efficiency (PCE) of a single junction organic
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solar cell can be over 8 % [4], and a tandem polymer solar
cell can reach the PCE higher than 10 % [5] nowadays.

Conventional organic solar cells usually contain an
anode buffer layer, typically poly(3,4-ethylenedioxythio-
phene)—poly-(styrenesulfonate) (PEDOT:PSS) on indium
tin oxide (ITO) glass as the anode, and a low work-function
metal, typically Al, and a photoactive organic blend layer
as an active layer was sandwiched between the anode and
the cathode. However, PEDOT:PSS is unstable because it
is easy to adsorb water and form the insulating domains,
and the interface between ITO and PEDOT:PSS is not
stable because PEDOT:PSS is acidic and can etch ITO,
thus degrading the performance of devices [6-8].

One approach to resolve the problems is to adopt the
inverted geometry. In the inverted structure the interface of
ITO/PEDOT:PSS can be avoided by using various high
band gap n-type of oxides [9-12], such as ZnO, TiO, and
SnOx. Among these materials, ZnO is more attractive for
its high optical transparency, environmentally friendly
nature, relatively higher electron mobility, Ohmic contact
with the organic layer and blocking capability for the UV-
light induced photodegradation of organic materials. To
add a thin layer of ZnO into inverted organic solar cells,
different methods, including the magnetron sputter,
MOCVD, CVD, ALD, sol-gel, solvothermal and ZnO
(NPs) methods, can be utilized [13, 14]. From the consid-
eration of the economy, process and environmental pro-
tection, the solvothermal is the best in these methods.
Moreover, due to simple and effective, the method is the
most widely used solution method in the synthesis of
nanomaterials. ZnO NPs were simply synthesized from
zinc acetate dihydrate with addition of strong bases dis-
solved in methanol and spin-coated onto bottom electrodes
to form buffer layers at low temperature [15, 16]. However,
ZnO NPs synthesized in solvothermal method faced large
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scale coacervated morphology in organic solar cells, which
limited the PCE and stabilities. In particular, the surface
roughness of ZnO buffer layer can affect the photovoltaic
performance of organic solar cells by changing the effec-
tive interfacial area between the active layer and the ZnO
buffer layer. In order to prepare ZnO buffer layers for
highly efficient organic solar cells, homogeneous colloidal
solution of ZnO NPs without aggregation are pivotal [17].

To prepare solution for further deposition process in
organic solar cells, ZnO NPs were dispersed in non-polar
solvents such as chloroform, chlorobenzene, etc.
[16, 18, 19]. Normally, the method of addition surfactant
and polar solvent is used in uniform dispersion of ZnO
NPs. However, significant loss of electron transport is
expected through insulating surfactant interface [20].

In this study, a solution method, the solvothermal, is
used to synthesize the ZnO NPs at a very low temperature
of 65 °C in polytetrafluoroethylene autoclave (TFT). The
size of ZnO NPs synthesized is about 3—-5 nm. Moreover,
we demonstrate that three kinds of mixed solvent, non-
polar and polar, which can remarkably improve dispersion
of ZnO NPs by modifying hydrogen bonding interaction of
solvents. The mixed solvent using methanol and chloro-
form is the most widely used to disperse ZnO NPs in the
inverted solar cell [21, 22]. In this study, o-dichloroben-
zene was used as a dispersant displays better performance
relative to chloroform. It was shown that both morphology
of ZnO buffer layers and the PCE of the organic solar cells
having blend of poly(3-hexylthiophene) (P3HT) and (6,6)-
phenyl-C61-butyric acid methyl ester (PCq;BM) as the
active layer were improved using nearly transparent col-
loidal solution of ZnO NPs.

2 Experimental
2.1 Synthesis

For the solvothermal method, 0.018 mol of zinc acetate
dihydrate (ZnOAc) was dissolved in 50 ml of methanol and
0.04 mol of NaOH solid was dissolved in 20 ml of
methanol. Once all of the ZnOAc and NaOH was fully
dissolved, the all of NaOH solution was dropped to ZnOAc
solution using syringe pump with rate of 2 ml min~'. The
solution mixture was further reacted in polytetrafluo-
roethylene autoclave for 12 h at 65 °C. A white ZnO NPs
was obtained, which was then extracted by precipitation
with centrifugation at room temperature. The precipitate
was further cleaned by centrifugation and washed three
times with methanol to remove excess alkali. Then, the
precipitates were dried in dryer at room temperature to
remove residual methanol. Finally, the ZnO NPs were
dispersed in solvent based on methanol chlorobenzene and

isopropyl alcohol having various volumetric ratio of each
component, including chlorobenzene, isopropyl alcohol
and trichloromethane.

2.2 Solar cell fabrication

The layer structure of the device in this work featured a
inverted structure, ITO/ZnO NPs/P3HT:PCBM/MoOs/Ag.
The solution of P3HT:PCBM (1:0.8 by weight,
20 mg ml™") in 1,2-dichlorobenzene was prepared by
stirring for 12 h at 50 °C. Indium-tin oxide (ITO: the
thickness is 120 nm, the sheet resistance <15 Q/square)
substrates were cleaned by ultrasonication with acetone,
distilled water, detergent, distilled water, acetone and iso-
propanol each for 10 min and was subsequently dried in
oven at 90 °C. The substrates and the reagent were then
moved into a nitrogen-filled glove-box. The next procedure
is carried out in the nitrogen-filled glove-box. The ZnO
NPs dispersed in mixture solvents with the concentration of
20 mg/ml were spin-coated onto cleaned ITO substrates,
and the film thickness was around 30 nm, followed by
annealed in the heating stage at 80 °C for 20 min. The
solution of poly-3-hexylthiophene (P3HT) and (6,6)-phe-
nyl-C61-butyric acid methyl ester (PCBM) in 1,2-
chlorobenzene with the concentration of 20 mg/ml and
1:0.8 weight ratio was spin coated on the top of ZnO films
at 800 rpm for 45 s to from the active layer. The devices
were then annealed at 150 °C for 10 min. Finally, the
MoOs/Ag anode was thermally evaporated onto the top of
the active layer through a shadow mask in a vacuum of
about 2 X 10~* Torr. The thicknesses of MoO 5 and Ag
were 7 and 120 nm separately.

2.3 Characterization

The shape and the crystal structure of ZnO NPs were
characterized by transmission electron microscopy (TEM)
on a JEM-2100 and X-ray diffraction(XRD) with XD-2
(CuKa, 36 kV, 20 mA), respectively. Electronic absorp-
tion spectra were checked by a HP 8453 UV-Vis spec-
trophotometer. Surface topography and roughness of the
ZnO NPs were measured using atomic force microscopy
(AFM). AFM measurements were operated in tapping
mode using a Veeco dimension V atomic microscope. Film
thickness measurement was carried on profile meter
(Dektak150). The current—voltage (J-V) characterization
was measured at an illumination intensity of 100 mW/cm?
with an AM1.5 solar simulator. The current density—volt-
age (J-V) characteristics of the OSC devices in the dark
and under illumination were measured with a Keithley 236
source-measure unit. The power conversion efficiency
(PCE) and fill factor (FF) were calculated according to the
following equations [23-25]:
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PCE = FF X Jy. X Ve /Py
FF = 1,Vyn/JsVoe

where P;, is the incident radiation flux, J,. and V. are the
short circuit current and open circuit voltage, respectively.
I, and V,, are the current and voltage at the maximum
power output, respectively.

3 Results and discussion
3.1 Characterization of ZnO NPs and film

XRD patterns of as-prepared sample is shown in Fig. 1a, in
which the reflection peak can be assigned to the pure
crystalline of ZnO NPs, and it exhibits hexagonal wurtzite
structure. The broad peaks displayed in the spectra indicate
the small size of the ZnO NPs and the more defect of
crystal. TEM images of the ZnO NPs synthesized by using
solvothermal method at 65 °C were shown in Fig. 1b. The
nanocrystals were spherical, which size from 3 to 5 nm.
This indicates that the solvothermal method can be used to
provided monodispersed nanorods, which is helpful to
fabricate solar cell.

Figure 2a presents UV-Vis absorption spectrum of ZnO
NPs dispersed in mixed solvent. The excitonic shoulder
peak at around 360 nm is related to the near band edge
emission of ZnO. This indicated that the ZnO thin film only
bolcks the light with a wavelength shorter than 370 nm,
which allows maximum amount of light to pass through the
active organic layer. Figure 2b shows the PL spectrum of
the ZnO films spinning on quartz glass. The intrinsic peak
at the 330-370 nm range is related to the near band edge
emission of ZnO, this also reflects on UV-Vis absorption
spectrum of ZnO NPs. The wide peaks at the 370-650 nm
range are due to the defects, including Zn; (interstitial Zn
atom), O;, Vo (oxygen atom vacancy), Vz,, Vo, V42, and

intensity (a.u.)

T T T
10 20 30 40 50 60 70
2theta (degree)

so on [26-28]. Figure 2c shows UV-Vis transmittance
spectrum of ZnO NPs dispersed in mixed solvent and
spinning on quartz glass. The transmittance is about 95 %
at the 370-1000 nm. As is known, the ZnO NP films is
used as an excellent optically transparent interlayer in the
visible light range as cathode buffer layer. However, The
transmittance drops rapidly at the 200-370 nm (<5 %). It
shows the excellent quality of ZnO NPs dispersed in mixed
solvent.

3.2 Characterization and analysis of device

Hansen solubility parameters (HSP) theory have offered
useful methods to understand and investigate dispersion or
solubility of pigments and polymers [29]. It can also be
used to explore dispersion of metallic oxide, such as ZnO
NPs. The total solubility parameter (9,), the dispersion
component parameter (d4), the polar component parame-
ter(3,) and the hydrogen bonding component parameter
(dy) were calculated according to the following equations:

8 = [(AH — RT)/V,,]'/?
1/2
8 = (53 + 8+ sﬁ)

where J, is defined as the square root of the cohesive
energy density which is the energy required to infinitely
separate a unit volume of a given species from the other
component, AH is heat of vaporization, R is gas constant, T
is tempreture and V, is the unit of molecular weight,
respectively.

The HSPs of ZnO NPs were determined by solvent
screening through associating the solubility parameters of
the solute with the most successful solvents using HSPiP, a
software developed by S. Abbott and H. Yamamoto based
on HSP theory [30, 31]. The HSPs of ZnO NPs were cal-
culated to be 843 = 17.25 MPa'”?, o, = 6.75 MPa'? and
3, = 10.83 MPa'? with the interaction radius of

Fig. 1 XRD spectra of ZnO nanoparticle powder (a) and TEM of ZnO NPs (b)
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Fig. 2 UV-Vis absorption spectra of ZnO films on quartz glass (a), PL spectrum of ZnO films on quartz glass (b) and UV-Vis transmittance

spectra of ZnO films on quartz glass (c)

Ro = 6.7 MPa'?. Here, the Ro is the interaction radius of
the dispersion of ZnO NPs in solvents which designates
the radius of the sphere in HSP space indicating max-
imum tolerance of the solution. Table 1 reveals solu-
bility parameter (HSPs) and boiling point of solvents
and ZnO NPs which is used in this study. For a specific
solvent distance between ZnO NPs (Ra) is defined as
equations:

Ra% = 4(34, — 5d0)2+(5p1 - 6p0)2‘|'(5h1 — 81)’

where subscripts 1 and O represent the solvent and the
solute(ZnO NPs). Then, for a solvent, the solute will be
dispersed when Ra < Ro which means that the HSPs of
solvent is within the Ro of the solute.

In this study, the ZnO cathode buffer layer is deposited
from the solution of ZnO NPs dispersed in mixed solvent
(non-polar and polar solvent) [32]. The non-polar solvent
we used is dichlorobenzene and chloroform, and the polar
solvent is methanol and isopropanol. For mixtures of two
solvents, due to the solubility parameters of mixtures are
linear [29], the HSPs can be calculated according to the
following equations:

& =x81 + (1 —x)dp(i=d,p,h; O0<x<1)

Here, subscripts 1 and 2 represent two different solvents;
“x” is the volumetric fraction of one of solvents. So, for
two different solvents distance between ZnO NPs (Ra) is

defined as equations:

Ra? =4[x3y; + (1 — x)8¢ — dao)’
+ [x8p1 + (1 = X)8p2 — 8p0]”
+ [x8n1 + (1 = x)8p2 — Sno)”
Through the inequality of Ra < Ro and the equality of

Ro = 6.7 MPa'? (ZnO NPs), the following quadratic
inequations can be obtained:

ax> +bx +¢c<0

Here, coefficient of “a”, “b” and “c” are calculated as

equations:

a =434 — da2) +(3p1 — 5p2)2+(5h1 — )’

b= S(Sdl — Sdz)(sdz — Sd()) + 2(5p1 — 6p2) (6p2 — Sp())
+2(3h1 — On2) (Sn2 — Sho)

¢ = 4(3p — 840)*+ (82 — 5po)2+(5h2 — 80)°—Ro?

A =b? — 4ac

Under the condition of 0 < x < 1 and A > 0, the solution

of quadratic inequation is the dissolved components we

need. Combined with a minimal solution of quadratic

equations, the most appropriate dissolved components can
be calculated according to the following equations:

Xmin = —b/2a

In the end, the HSPs and “x” of mixtures are obtained
according to the preceding method and HSPs of Table 1

g;zrlelterT(hI;SSI(’)sl;lzlrigyboiling 84 (MPa'?) &, (MPa'?) &, (MPa?) & (MPa’?» Ra  Boiling point (°C)
point of solvents and ZnO NPs  cyjor0form 17.8 3.1 5.7 19 639 615
o-Dichlorobenzene 19.2 6.3 3.3 20.5 8.49 180.4
Methanol 15.1 12.3 223 29.6 1345  64.7
Isopropanol 15.8 6.1 16.4 23.5 6.31 82.45
ZnO NPs 17.25 6.75 10.83 21.46
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Table 2 The solubility 172 172 12 172
parameter (HSPs) and the Solvent dq (MPa ') dp MPa™™) o, (MPa ™) o, (MPa ') X Ra
volumetric fraction of mixtures A 16.98 5.91 10.76 20.95 0.695 1
B 16.79 4.61 11.09 20.64 0.496 1.49
C 17.63 8.60 10.58 22.29 0.617 1.95
D 17.25 6.19 10.84 21.29 0.426 0.56
The “A” “B” “C” “D” are the mixtures of chloroform—methanol, chloroform—isopropanol, o-

dichlorobenzene—methanol and o-dichlorobenzene—isopropanol, respectively
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Fig. 3 Illuminated (a) and dark (b) J-V characteristics of the
inverted organic solar cells with buffer layers deposited from the
7ZnO NPs solution with different ratios mixture of methanol/o-
dichlorobenzene solvents. The number “100:0” “20:80” “40:60”
“50:50” “0:100” are the mixtures of 100 % o-dichlorobenzene,

reveals. As shown in Table 1, The Ra of pure solvent are
approximated to Ro(Ro = 6.7) or outnumber Ro, it shows
that the pure solvent is difficult to disperse ZnO NPs.
Solubility parameter(HSPs) and the volumetric fraction of
mixtures calculated by the preceding method are revealed
in Table 2. As shown in this table, the best mixtures are
“D” (o-dichlorobenzene-isopropanol) which HSPs is in
good agreement with HSPs of ZnO NPs. The Ra of mix-
tures of chloroform—methanol, chloroform-isopropanol and
o-dichlorobenzene-methanol are far less than Ro, it means
the three mixtures are also “good” solvents showed highly
improved dispersion of ZnO NPs.

@ Springer
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20 % methanol 4+ 80 % o-dichlorobenzene, 40 % methanol + 60 %
o-dichlorobenzene, 50 % methanol + 50 %  o-dichlorobenzene,
100 % methanol. ¢ the photographs of ZnO NPs solutions with
different methanol/o-dichlorobenzene ratios

Table 3 The photovoltaic properties of the inverted organic solar
cells with buffer layers deposited from the ZnO NPs solution dis-
persed in different mixture of methanol/o-dichlorobenzene (DCB)
solvents

Methanol:DCB ~ J. (mA/em® V.. (V) FF (%) PCE (%)
100:0 7.39 0.46 0.44 1.48
20:80 6.37 0.50 0.54 1.71
40:60 7.76 0.52 0.55 2.22
50:50 7.66 0.52 0.55 2.19
0:100 7.19 0.43 0.35 1.07
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Current density—voltage (J-V) characteristics of OSC
with ZnO buffer layer under AM 1.5G irradiation with
intensity of 100 mW/cm? and in dark are shown in Fig. 3.
ZnO films are deposited from mixture solvents of metha-
nol/o-dichlorobenzene with different composition. The
photographs of ZnO NPs solutions with different methanol/
o-dichlorobenzene ratios are shown in Fig. 3c. It can be
seen that when the volume ratio reaches 40:60 %, ZnO NPs
are easily dispersed in the mixture solvents of methanol/o-
dichlorobenzene without any sign of aggregation. Table 3
summarizes the data of device parameters. It can be
observed that the device based on ZnO NPs dispersed in
pure methanol exhibits the lowest PCE of 1.07 %. With the
volume ratio of methanol/o-dichlorobenzene changing
from 100:0 to 40:60 %, the V., J., and FF of devices
increase gradually, the PCE increases from 1.07 to 2.22 %.
When the volume ratio reaches 40:60 %, the device
achieves V. of 0.52 'V, J,. of 7.76 mA/cm?, and FF of
0.55, giving the highest PCE of 2.22 %. However, when
the volume ratios are under 40:60 % and eventually change
into pure o-dichlorobenzene, OSCs show obvious degra-
dations in the J, V.., FF and PCE. Moreover, the opti-
mized volume ratio of binary solvents is 40:60 %, which is
conform to the volumetric fraction of o-dichlorobenzene-
methanol calculated by the preceding mathematical

15 20 25 30

5 10
) N f

15 20 25 30 35 40

0 1.0 2.0

Fig. 4 AFM images of ZnO cathode buffer layer derived from ZnO
NPs solutions with different methanol/o-dichlorobenzene ratios (v/v),
a 0:100 %, b 20:80 %, c¢ 40:60 %, d 50:50 %, e 100:0 %.

um

method. It indicates that this calculation method is correct
and very meaningful for other devices.

To reveal the effect of aggregation variation on the
surface morphology of ZnO nanofilm, the AFM are
employed to investigate the surface morphology of ZnO
nanofilm [33]. As shown in Fig. 4, the root-mean-square
(RMS) roughness value of ZnO films made from the pure
methanol condition is 22.8 nm. The increased pore size and
the aggregation of ZnO NPs can be apparently found in the
film, indicating that the film is an uncontinuous film with
large roughness. When the o-dichlorobenzene is added and
the mixed (methanol/o-dichlorobenzene) volume ratios are
changed into 100:0 to 40:60 %, the RMS roughness and the
void size of ZnO films decrease dramatically and the dense
films were formed. With the solvents ratios changed to
40:60 %, the ZnO films is smoothest with a lowest RMS
roughness of 4.4 nm. And, the dense and homogeneous of
ZnO films is obtained. However, further change of solvent
ratios to 50:50 and 20:80 % results in increased roughness
and void size. And, the dense and homogeneous of ZnO
films is very poor. The RMS variations from AFM mea-
surements are conform to the volumetric fraction of o-
dichlorobenzene-methanol calculated by the preceding
method and the efficiency of the device. More importantly,
it also indicates that our calculation method is correct.

nm

15 20 25 30 35 40

3.0 40 5.0

Comparative analysis images between aggregation variation of ZnO
NPs and RMS roughness variation of ZnO nanofilm
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Fig. 5 Illuminated (a) and dark (b) J-V characteristics the inverted organic solar cells with buffer layers deposited from the ZnO NPs solution

dispersed in different mixture of binary solvents

Table 4 The photovoltaic

. 2

properties of the inverted Mixture Jsc (mA/cm?) Voe (V) FF (%) PCE (%)

organic solar cells with buffer None 5.96 0.33 0.32 0.62

layers deposited from the ZnO . ] ' '

NPs solution dispersed in Methanol/o-dichlorobenzene (40:60) 5.70 0.60 0.63 2.16

different mixture of binary Isopropanol/chloroform (50:50) 6.26 0.61 0.60 2.26

solvents Methanol/chloroform (30:70) 5.76 0.62 0.67 2.40
Isopropanol/o-dichlorobenzene (60:40) 6.20 0.61 0.67 2.55

Current density—voltage (J-V) characteristics of OSC
including ZnO films deposited from solution dispersed in
different composition under AM 1.5G irradiation with
intensity of 100 mW/cm? and in dark are shown in Fig. 5.
Table 4 summarizes the data of device parameters. We
refer to that “x” the volume ratio of the solution mixtures
of Table 2 are applied in this table. Here, the ratio of
mixture of methanol/o-dichlorobenzene is 40:60, the ratio
of isopropanol/chloroform is 50:50, the ratio of methanol/
chloroform is 30:70, and the ratio of isopropanol/o-
dichlorobenzene is 60:40. It can be observed that the
device without ZnO cathode buffer layer exhibits the
lowest PCE of 0.62 % and the device based on ZnO NPs
dispersed in mixed solvent as the buffer layer exhibits the
PCE of from 2.16 to 2.55 %. Chloroform which was
classified as “good” solvent showed highly improved dis-
persion of ZnO NPs in mixing with methanol, a “bad”
solvent [22]. However, in this study, o-dichlorobenzene
was proved to be “better” solvents as non-polar for dis-
persion of ZnO NPs in mixing with methanol or iso-
propanol. With the dichlorobenzene mixing from methanol
to isopropanol, the V., Js, and FF of devices increase
gradually, so the PCE increase from 0.62 to 2.16 and
2.55 %, respectively.

@ Springer

4 Conclusions

In summary, the performance of organic solar cells with
ZnO NPs as buffer layer has been studied. ZnO NPs with a
size of 3-5 nm were synthesized in solvothermal synthesis
at low temperature, which exhibited a relatively wide
photoluminescence peak. More importantly, based on
Hansen solubility parameter theory, a mathematical
method was found to calculate the dispersion of ZnO NPs
in bi-solvent system, and the superior solvent ratios were
obtained. AFM measurement shows that the morphology of
ZnO buffer layers was highly improved by mixed solvents,
and the aggregations and homogeneity of ZnO NPs are
adjustable. The power conversion efficiency of the inverted
device with the improved ZnO buffer layers was enhanced
obviously. The results indicate that the bi-solvent system is
a facile method for the interfacial modification in the
fabrication of high-performance inverted organic solar
cells.
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