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Al-doped ZnO (AZO) has been used as an electron transport and hole blocking buffer layer in inverted organic solar

cells (IOSCs). In this paper, the AZO morphology, optical and structural properties and IOSCs performance are inves-

tigated as a function of precursor solution concentration from 0.1 mol/L to 1.0 mol/L. We demonstrate that the device

with 0.1 mol/L precursor concentration of AZO buffer layers enhances the short-circuit current and the fill factor of

I0SCs simultaneously. The resulting device shows that the power conversion efficiency is improved by 35.6% relative

to that of the 1.0 mol/L device, due to the improved surface morphology and transmittance (300400 nm) of AZO

buffer layer.
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Organic solar cells (OSCs) have obtained more and more
attention for solar energy conversion, and they are consid-
ered as promising candidates of renewable energy re-
sources due to the low cost, potential for commercializa-
tion large area production and fast efficiency improve-
ment'"™. Al-doped ZnO (AZO) thin film, used in inverted
OSCs (I0SCs) as electron transport buffer layer™'?, is
easy to be produced by a sol-gel process. The relationship
between Al-doping concentration'”®!, nanostructure!*'* of
AZO and device performance has been carefully studied.
However, the studies on the influence of AZO precursor
solution concentration on OSCs photovoltaic performance
are very limited. In this paper, we analyze the relationships
between AZO characteristics, ISOC photovoltaic per-
formance and precursor solution concentration. Devices
with a structure of glass/indium tin oxide (ITO)/AZO/poly
(3-hexylthiophene) (P3HT): [6, 6]-phenyl Cg; butyric
acid methyl ester (PCBM)/MoO;/Ag show that AZO
buffer layers with Al-doping atom percent of 1% from
0.1 mol/L precursor solution enhance the short-circuit
current (Js.) and fill factor (FF) of IOSC device signifi-
cantly, due to an improvement in the surface morphology
and the increased light transmittance of AZO buffer
layer.

A precursor solution consists of zinc acetate
(Zn(CH3CO,),2H,0) and aluminum nitrate (AI(INO;);-9H,0)
in ethanol'’!. AZO films with Al-doping atom percent of
1% were fabricated by modifying the concentration of

precursor solution as 0.1 mol/L, 0.2 mol/L, 0.3 mol/L,
0.5 mol/L and 1.0 mol/L. After being spin-coated on the
cleaned ITO-glass substrates, the samples were
pre-annealed at 200 °C for 10 min and post annealed at
280 °C for 30 min to obtain AZO films.

The resulting AZO films were cleaned in ethanol and
ultrasonic cleaned in de-ionized water for 5 min. After
baking in an oven at 120 °C for 30 min, the PHT:PCBM
blend containing 20 mg/mL P3HT and 16 mg/mL PCBM
in chlorobenzene was spin-coated onto the top of AZO to
form an active layer (~180 nm). Finally, a 3 nm-thick
MoO; film and a 70 nm-thick Ag film were thermally
evaporated in sequence at 10 Pa through a shadow
mask to form an active layer with area about 8 mm?.

The morphologies of AZO films were characterized by
atomic force microscopy (AFM) (Seiko SPA-400 SPM
UNIT). X-ray diffraction (XRD) patterns of the films
were measured by a Rigaku X-ray diffractometer
(D/max-2500). The transmittance spectra were measured
by a Cary spectrophotometer (Cary S000UV—-VIS). The
current density-voltage (J-V) characteristics of 10SCs
were measured with a Keithley 4200 sourcemeter under
the illumination of an AM 1.5G (100 mW-cm™) solar
simulator.

The surface morphologies of the AZO films are shown
in Fig.1, and the grain size of AZO is reduced from
9.13 nm to 9.03 nm, 7.74 nm, 7.52 nm and 7.48 nm, cor-
responding to the samples with the precursor solution
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concentrations of 1.0 mol/L, 0.5 mol/L, 0.3 mol/L,
0.2 mol/L and 0.1 mol/L, respectively. With decreasing
the concentration of precursor solution from 1.0 mol/L to
0.1 mol/L, the topography tends to be more dense and
homogenous, and the surface root-mean-square (RMS)
roughness is decreases. The performance parameters of
the devices with the AZO buffer layers derived from
precursor solutions with different concentrations are
shown in Tab.1. The dense and homogenous surface of
AZO buffer layer as shown in Fig.1(e) can contribute to
better contact with the active layer and facilitate charge
carrier transport!', and thus affect the device photo-
voltaic performance.
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Fig.1 AFM images of AZO films derived from precursor
solutions with concentrations of (a) 1.0 mol/L, (b)
0.5 moliL, (c) 0.3 mol/L, (d) 0.2 mol/L and (e) 0.1 mol/L
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Tab.1 Performance parameters of the devices with the
AZO buffer layers derived from precursor solutions with
different concentrations

Concentra- prc Thick- Je Voo FF PCE R, R
tion ness

(mol/L) (nm) (am) (mA/em?) (V) (%) (%) (Q-cm?) (Q-cm?)

1.0 2.05 ~70 9.08 0.55 41.6 2.05 2825 239.68
0.5 191 ~45 921 0.57 422 2.14 26.06 269.66
0.3 1.77 ~35 9.42 0.55 45.8 238 23.76 274.68
0.2 1.38 ~20 9.54 0.56 48.8 2.62 22.76 301.02
0.1 1.13 ~10  10.06 0.55 49.6 2.78 19.55 486.57

Meanwhile, the morphology and grain size play im-
portant roles in the transmittance spectra of AZO layer as
shown in Fig.2. These films show an average transmit-
tance of over 80% when the wavelength is larger than
400 nm. However, the transmittance is decreased re-
markably from 300 nm to 400 nm with the increase of
precursor solution concentration. The AZO film with
precursor solution concentration of 1.0 mol/L (~70 nm)
possesses a mean transmittance of only 59.2% from
300 nm to 400 nm. The AZO buffer layers derived from
precursor solutions with different concentrations of
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0.5 mol/L, 0.3 mol/L, 0.2 mol/L and 0.1 mol/L have the
mean transmittances of 66.8%, 71.1%, 73.6% and 78.7%
in the wavelength range from 300 nm to 400 nm, respec-
tively. Large grain size and surface RMS lead to more
light scatting at the interfaces and the decrease of trans-
mittance!”®!. Thus the AZO film derived from precursor
solution with concentration of 0.1 mol/L with small grain
size and smooth surface shows a higher transmittance
than other films, especially at the wavelength from
300 nm to 400 nm, where the absorption spectrum of
P3HT:PCBM active layer is located.
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Fig.2 The transmittance spectra of AZO layers derived
from precursor solutions with different concentrations

The XRD patterns of AZO layers are shown in Fig.3.
The evident diffraction peaks of (002) of AZO films are
at 20 of 34.45°, 34.33°, 34.29°, 34.17° and 34.07° with
increasing precursor solution concentration from
0.1 mol/L to 1.0 mol/L. It indicates that the diffraction
peak of AZO films shifts a little toward lower 26 by in-
creasing AZO precursor solution concentration. The shift
is related to the uniform state of stress with tensile com-
ponents parallel to c-axis!'®. The relative intensity of
(002) peak is very weak when the film was prepared by a
single coating with thickness less than 100 nm!'7".
Therefore, the average crystalline sizes and the peak in-
tensities of all the AZO films are less than those in pre-
vious reports!'®. Also, the oriented crystal growth of
AZO films can be disturbed by the substrate.
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Fig.3 XRD patterns of AZO layers derived from precur-
sor solutions with different concentrations of (a)
0.1 mol/L, (b) 0.2 mol/L, (c) 0.3 mol/L, (d) 0.5 mol/L and (e)
1.0 mol/L
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In order to further explore the influence of AZO films
on the optoelectronic performances, we investigate the
J-V characteristics and the photoelectric conversion
properties of the IOSCs as shown in Fig.4(a), and a
summary of the device performance is given in Tab.1.
The device with AZO buffer layer derived from precur-
sor solution with concentration of 1.0 mol/L exhibits the
J.. of 9.08 mA/cm?, the open circuit voltage (V) of
0.55V, the FF of 41.6% and the power conversion effi-
ciency (PCE) of 2.05%. The series resistance (R;) is
28.25 Q-em?, and the shunt resistance (Ryn) 18
239.68 Q-em’.

The device with AZO buffer layer derived from pre-
cursor solution with concentration of 0.1 mol/L exhibits
a significantly increased PCE of 2.78%. The improve-
ment is mainly due to the higher J. and the increased FF.
The enhanced J is attributed to the efficient light ab-
sorption, electron transport and collection associated
with the smooth morphology of AZO film with precursor
solution concentration of 0.1 mol/L. The AZO film with
precursor solution concentration of 0.1 mol/L shows
higher transmittance than other AZO films. The incident
light goes through the AZO buffer layer, leads to the en-
hanced absorption of active layer, and is reflected in the
device. The improvement is also presented in the exter-
nal quantum efficiency (EQFE) as shown in Fig.4(b).
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Fig.4 (a) J-V characteristics of I0SCs; (b) EQE of the
device with AZO buffer layer derived from precursor
solution with concentration of 0.1 mol/L
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Meanwhile, the AZO film with precursor solution con-
centration of 0.1 mol/L possesses a thickness of about
10 nm, which means that the transport path of the charge
carriers is shorter than those of the other AZO layers, and
it is beneficial for efficient charge separation, it can re-

duce the carrier recombination and enhance J,. and FFY,

Moreover, the AZO film with precursor solution concen-
tration of 0.1 mol/L demonstrates a smooth and uniform
surface morphology, which leads to a compact contact
with active layer for decreasing R, (from 28.25 Q-cm® to
19.55 Q-cm?) and increasing Ry, (from 239.68 Q-cm? to
486.57 Q-cm®). Therefore, the FF of the device is im-
proved simultaneously.

The effect of AZO precursor solution concentration on
the performance of IOSCs is carefully studied. Com-
pared with the AZO buffer layer derived from precursor
solution with concentration of 1.0 mol/L, the 0.1 mol/L
AZO (~10 nm) with an especially smooth surface exhib-
its efficient light transmittance, which can contribute to
the enhancement of optoelectronic performance of the
IOSC device. The resulting device shows that Js. and FF
can be improved simultaneously, and PCE is also im-
proved by 35.6%.
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