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Abstract This study investigates the zinc oxide (ZnO)

buffer layer thickness in the photovoltaic performance of

inverted organic solar cells (OSCs) based on an active layer

blend of poly(3-hexylthiophene), (P3HT) and [6, 6]-phe-

nyl-C61 butyric acid methyl ester, (PCBM). The ZnO

buffer layer acts as a protective layer to prevent the pho-

toactive layer interface by UV light from oxidation.

Besides, it reduces the energy barrier to easily transfer

electrons between the collecting electrode and the organic

acceptor lowest unoccupied molecular orbital level. The

buffer layer block holes in P3HT from recombining with

electrons in the collecting electrode. The X-ray diffraction

analysis show that the constant orientation of the grains

according to the c-axis perpendicular to the substrate sur-

face. The optical measurements indicated that all samples

have a transmission higher than 60 % in the visible range.

A slight shift of the absorption edge toward the small

wavelengths was observed as the thickness increased to

over 250 nm. The electrical measurements depended on

thickness. The resistivity decreased from 5.45 to

4.98 9 10-3 X.cm, and the mobility increased from 1.66 to

1.71 9 10-1 cm2/Vs when the thickness increased from

65.6 nm to 107.0 nm. This behavior was explained by the

crystallinity pattern. The optimization of the ZnO buffer

layer caused the short circuit current density to vary from

0.287 to 1.599 mA/cm2 and the fill factor to range between

19.08 and 24.55 %. This result increased the power con-

version efficiency from 0.007 to 0.043 %. The photovoltaic

performance of inverted structure OSCs is strongly

dependent on the ZnO buffer layer thickness.

1 Introduction

Organic solar cells (OSCs) have attracted tremendous

attention among researchers considering the increasing

energy requirements. OSCs have drawn immense interest

and have become a promising energy technology to over-

come the rising global energy demand challenge. This new

technology represents low-cost generation, easy process-

ability, and scalable alternative to high-cost conventional

silicon-based solar cells. Compared with traditional inor-

ganic solar cells, OSCs suffer from limited environmental

stability. This inherent weakness bars the commercializa-

tion process.

In conventional OSCs devices, p- and n-type materials

are mixed, forming a nanoscale interpenetrating network to

enhance charge separation by providing a large interfacial

area, resulting in a photocurrent increment [1]. This

structure is fabricated using a transparent conductive anode

(TCO), an active layer, and a low work function metal

cathode. However, the p- and n-type materials have to be in

contact with the cathode and anode leading to a recombi-

nation at the electrodes [2]. This has been overcome by

inserting a hole blocking layers at the cathode such as the

TiO2 [3] or ZnO [1, 4] because of their low hole conduc-

tivity and high electron mobility. An electron-blocking

layer such as PEDOT:PSS at the anode has been deposited
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on top of the TCO. Unfortunately, this layer is prone to

degradation as it absorbs moisture related to poor envi-

ronmental stability [5, 6]. Furthermore, the hygroscopic

PEDOT:PSS layer may etch the TCO layer given the

acidity of the PSS [6]. In addition, aluminum (Al) was

normally used as back electrode in this type of solar cells;

however, these devices show instability in non-encapsu-

lated devices because of the rapid oxidation of the low

work function electrode [7, 8].

The ‘‘inverted’’ structure geometry of the device,

wherein the charge separation and collection are reversed

in contrast to the conventional structure, is proposed to

solve this instability. By reversing the charge collection,

this configuration eases fabrication because an air-

stable and high work function Au electrode replaces the air

sensitive Al electrode in collecting holes from the active

layer [9]. Furthermore, the PEDOT:PSS is replaced by a

metal oxide to enhance structure stability. ZnO is the most

suitable material as cathodic and hole-blocking layers

owing to its high electron mobility, good optical trans-

parency to visible light, compactness, good blendwett-

ability, and improved environmental stability [10–12].

Several extensive researches have lately focused on OSC

performance. Noh et al. [13] has fabricated an inverted

polymer solar cell using ZnO as an electron transport layers

prepared by spray pyrolysis. They obtained a solar cell with

a 3.22 % efficiency using ZnO annealed at 350 �C. More-

over, inverted polymer bulk heterojunction (BHJ) solar cells

with a 5.29 % power conversion efficiency has been fabri-

cated using n-type mixed (ZnO:Cs2CO3) electron transport

layer and blend of poly (3-hexylthiophene):Indene-C60

bisadduct [14]. The good performance of their device is

attributed to the improved interfacial contact between the

photoactive and electron extraction layers, the low leakage

current, and the suitable surface morphology for electron

extraction and transport.

Yu et al. [15] applied a polyvinylpyrrolidone (PVP) thin

film on top of Al-doped ZnO as an interface modifier in

inverted polymer solar cells. Utilizing PVP reveals a sig-

nificant increase in solar cell conversion efficiency between

2.86 and 4.08 %. Furthermore, Thambidurai et al. [16]

reported the effect of In doping on OSC performance. They

found that the solar cell with 6.74 % In-doped ZnO

exhibited a power conversion efficiency of 5.58 %. The

morphologies and thicknesses of metal oxide layers in

inverted BHJ solar cells significantly influence the perfor-

mances of OSCs [17, 18]. In this study, inverted-type OSCs

are fabricated using different ZnO thicknesses to investi-

gate the performances and energy efficiencies. Examining

the effects of thickness, structural morphology, optical and

electrical properties of the buffer layer is crucial for a

maximum carrier transport.

2 Experimental details

2.1 ZnO buffer layer growth deposition

In this experiment, indium tin oxide (ITO) substrates

with a dimension of 20 mm 9 20 mm 9 1 mm were

cleaned ultrasonically in acetone for 3 min. These sub-

strates were further cleaned with deionized water to

remove the residual contaminant. The substrates were

subsequently dried by a stream of nitrogen gas. The ZnO

precursor for the sol–gel preparation was formed by

dissolving zinc acetate dihydrate (Zn(CH3COO)2�2H2O)

and monoethanolamine (MEA, C2H7NO), mixed with

exactly the same mole ratio, in 2-methoxyethanol

(C3H8O2). The details of the sol preparation and the

deposition process have been revealed in a previous

report [19]. The chelating agent MEA increases solution

stability through the formation of soluble acetate and

MEA complexes. The zinc acetate concentration was

fixed at 0.4 mol/L. The ZnO precursor solution was

stirred and aged for a certain time prior to deposition.

After being aged, the ZnO precursor was spin coated on

the ITO substrate by spin-coating technique at room

temperature with a speed of 3000 rpm for 30 s. After

spin coating, the samples were heated in a furnace to

evaporate the solvent and to remove the residual organic

material. Each sample was subjected to this procedure

between 1 and 10 times to obtain various buffer layer

thicknesses. After coating the required number of layers,

the ZnO thin film was annealed at 500 8C for 1 h before

air cooling at room temperature. The structural mor-

phologies and thicknesses of the films were characterized

using a field emission scanning electron microscope

(FESEM, model: JEOL JSM 6701F) with an operating

voltage between 0.5 and 30 kV and a transmission

electron microscope (TEM, model: FEI’s TecnaiTM G2).

The additional supporting thickness measurement was

estimated by KLA Tencor P-6 profilometer. The thin

film crystal structure properties and phases of ZnO

buffer layers were investigated using a PANalytical

X’Pert3 Powder X-ray diffractometer in a standard h–2h
Bragg–Brentano geometry configuration with a

monochromatic Cu Ka (k = 0.154 nm) radiation. Scan

pattern data were collected between 25� and 60� with

0.02� step lengths. The optical transmittance properties

of the sample were characterized using a UV–Vis–NIR

spectrometer (model: Varian Cary 5000), whereas the

film thicknesses were verified from the cross-sectional of

the samples by FESEM characterization. Hall mobility,

carrier concentration, and electrical resistivity were

evaluated using ECOPIA HMS-3000 Hall measurement

system.
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2.2 Fabrication of solar cell devices

The ZnO buffer layer growth on the ITO substrate was then

initiated for the device fabrication. The active later solution

was formed by dissolving regioregular poly(3-hexylthio-

phene) (P3HT) and [6,6]-phenyl-C61 butyric acid methyl

ester (PCBM) in a vial of 1,2-diclorobenzene (C6H4Cl2),

mixed with a weight ratio of 1:1. The P3HT and PCBM

purchased from Sigma Aldrich were used as is with no

further purification. The solution in the vial was stirred

overnight at room temperature under the dark. The

P3HT:PCBM blend was then spin-coated on the ZnO

buffer layer films and preheated at 60 8C for 5 min. The

device structure was completed by depositing a gold (Au)

layer as the counter electrode. Au anode was thermally

evaporated through shadow mask to control the work

function between the P3HT HOMO level and the metal

electrode energy level. Finally, the photovoltaic device was

thermally annealed at 150 8C for 5 min. The ITO/ZnO

buffer layer/P3HT:PCBM/Au inverted OSCs layout is

illustrated in Fig. 1. The current density versus voltage (J–

V) was measured by a Keithley 2420 digital source meter.

The photocurrent was generated under air mass 1.5 global

(AM 1.5 G) condition with an illumination intensity of

100 mW/cm2 from an Oriel Sol 1A solar simulator cali-

brated with a standard crystalline silicon solar cell.

3 Results and discussion

3.1 Properties of ZnO buffer layer

The ZnO buffer layer surface morphology was presented in

Fig. 2a–d (100 k magnification at 5 kV applied voltage).

The number of buffer layer evidently modifies the surface

morphology as the layer changes from 1 to 10 layers. An

abrupt change in the surface morphology of the films can

be seen from the FESEM micrographs when the buffer

layer increased. The surface of the single ZnO buffer layer

is covered with an irregular spherical grain and a porous

disorder granular. A more uniform coverage of a faceted

granular grain structure with irregular shape appeared as

the prevailing porous structure remained evident as the

buffer layer increased to three layers. Furthermore, the

buffer films observed were deposited with 10 layers, as

well as a compact and less porous surface covered by wavy

grains. Thus, the number of ZnO buffer layer increases as

the voids around the grains decrease and cause a more

efficient physical contact. A cross-section image of the

ZnO thin film was shown in the inset of Fig. 2 (50 k

magnification; 7 kV applied voltage). Owing to an

increased in number of buffer layer deposition, the ZnO

buffer layer film thickens. The cross-section micrograph

reveals the ZnO buffer layer thickness between 65.6 and

521 nm. The thickness variation measured by both FESEM

and surface profiler are presented in Table 1. Furthermore,

Fig. 2e shows a TEM image of the sample deposited with

10 layers, taken with the film perpendicular to the incident

beam. Figure 2f shows a cross section TEM image from a

10-layered ZnO buffer layer and the EDX spectrum

recorded in a point of the selected zone. The marked area

was divided into several zones and an EDX spectrum was

acquired in each zone. The qualitative and quantitative

X-ray microanalyses, as well as the maps of the elements

were obtained using the recorded EDX spectra.

Figure 3 shows the XRD patterns of the ZnO buffer

layer deposited at various thicknesses. All samples exhib-

ited diffraction peaks, which can be indexed as a hexagonal

phase ZnO with a wurtzite structure (JCPDS No. 00-036-

1451). The ZnO buffer layer structure adhesion to the glass

substrate was examined through an ordinary tape peel test

using 3 M Scotch TapeTM. None of the films deposited on

Fig. 1 Schematic configuration

of the inverted organic solar cell
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glass substrates were removed, which indicated the strong

adherence of the films to the glass substrates. The XRD

pattern indicates that the five peaks mostly appeared at

2h * 31.7�, 34.4�, 36.2�, 47.5�, and 56.6� corresponding

to the (100), (002), (101), (102), and (110) crystallographic

planes of ZnO, respectively. All XRD patterns exhibited

the strongest (002) orientation peak centered at 34.48,
yielding the highest intensity compared with other peaks.

These results verified that these ZnO buffer layers pos-

sessed the highly preferred orientation along the c-axis or

perpendicular to the substrate. The highest intensity of the

(002) peak for the ZnO buffer layer was observed depos-

ited at the second layer. As the thickness increased, the

(002) peak weakened with the increases in other peaks,

which may be attributed to the imperfect ZnO orientation

alignment on the substrate. These results indicated the

possibility of producing a highly preferred orientation ZnO

buffer layer at lower thicknesses. The relative peak inten-

sity orientation P(hkl) of a particular plane (hkl) of the ZnO

buffer layer was estimated from its XRD pattern using the

following formula (1) [20]:

PðhklÞ¼
IðhklÞ

P
IðhklÞ

ð1Þ

where I(hkl) is the (hkl) peak intensity, and RI(hkl) is the sum
of the intensities of all the diffraction peaks of the ZnO

buffer layer. The relative peak intensity of the ZnO buffer

layer (002) plane is presented in Table 2. A significant

increase in the intensity ratio of the (002) peak, I(0 0 2)/

RI(h k l), demonstrated a preferential growth of the material

along the c-axis crystallographic plane, which introduced

the minimum surface energy. The highest relative peak

intensity for sample deposited for two layers was 0.713. As

the thickness increased to 10 layers, the relative peak

intensity significantly decreased to 0.405 probably because

of the imperfect crystal orientation and crystal structure

observed from the previous FESEM results. The XRD peak

intensity of the (002) plane of the ZnO buffer layer relative

to the sample grown to 10 layer increases in the sample

order, 4#\ 1#\ 3#\ 2#, suggested that a higher degree of

preferred c-axis oriented was optimum for the sample

deposited with 2 layers. The average crystallite size, D of

the ZnO buffer layer deposited at various thicknesses was

obtained by the following Scherrer’s Eq. (2) [21–23]:

Dð002Þ¼
0:94k

bð002Þcosh
ð2Þ

where k, b, and h are the X-ray wavelength (1.54 Å), the

Bragg’s diffraction angle in degrees, and the full width at

half maximum (FWHM) of the peak corresponding to the

‘‘h’’ value in the radians, respectively. The FWHM values

of the ZnO buffer layer decreased as the buffer layer

thickened because of the crystallite size increment. Table 2

summarizes the relative peak intensity to the ZnO (002)

plane, the X-ray intensity of the diffraction peak (002)

relative to the ZnO buffer layer deposited at the 10th layer,

as well as the FWHM and the average crystallite size of the

ZnO buffer layer.

The lattice constant, c for the ZnO at various layers were

calculated according to Braggs law [24], as follows:

2dhkl sin h ¼ nk ð3Þ

where dhkl is the spacing between the lattice planes of

Miller indices (h, k and l), n is the order of diffraction

(usually n = 1), k is the X-ray wavelength of CuKa radi-

ation (1.54 Å), and h is the Bragg’s angle (half of the peak

position angle). In the ZnO buffer layer, the following

expression relates the lattice plane spacing to the Miller

indices and the lattice constant, c [25]:

1

d2hkl
¼ 4

3

h2 þ hk þ k2

a2

� �

þ l2

c2
ð4Þ

bFig. 2 FESEM morphology (100 k magnification; 5 kV applied

voltage) and thickness (50 k magnification; 7 kV applied voltage)

of the ZnO buffer layer at various thicknesses a 1 layer; 65.6 nm, b 2

layers; 107 nm, c 3 layers; 276 nm, and d 10 layers; 521 nm, e TEM
image of cross section ZnO buffer layer sample with 10 layers and

f EDX spectrum recorded in the marked point from the image

Table 1 Thicknesses of ZnO buffer layers

Sample Number of ZnO

buffer layer

FESEM

thickness (nm)

Surface profiler

thickness (nm)

1# 1 65.6 69.3

2# 2 107.0 110.8

3# 3 276.0 283.2

4# 10 521.0 528.7

25 30 35 40 45 50 55 60

(d) 10 layer (521 nm)

(b) 2 layer (107 nm)

(c) 3 layer (276 nm)
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(a) 1 layer (65.6 nm)

Fig. 3 XRD patterns of the ZnO buffer layer at various thicknesses
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Thus, for a first order approximation, where n = 1, the

relationship between Eqs. (3) and (4) can be expressed as

follows [26]:

sin2 h ¼ k2

4a2
4

3
h2 þ hk þ k2
� �

þ a

c

� �2

l2
� 	

; ð5Þ

For the (002) plane orientation, the lattice constant, cfilm
is determined according the following equation

cfilm ¼ k
2 sin h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

3

c

a

� �2

h2 þ hk þ k2ð Þ þ l2;

r

ð6Þ

cfilm ¼ k
2 sin h

ð7Þ

The lattice constant, cbulk for the strain-free bulk ZnO

was 5.2066 Å, as taken from the JCPDS No. 00-036-1451

data card. The lattice parameter values for the ZnO buffer

layer were calculated using Eq. (7); they are presented in

Table 3. The cfilm values were observed to be less than the

bulk value. Furthermore, the cfilm was found to increase at

the beginning before decreasing and then increasing at

higher thicknesses indicating the c-axis compression. The

spin-coated strain, ezz on the glass substrate of the ZnO

buffer layer along the c-axis was obtained using the fol-

lowing equation [27, 28]:

ezz ¼
cfilm � cbulk

cbulk
� 100% ð8Þ

where cfilm and cbulk are the lattice constants of the ZnO

buffer layer obtained from the XRD data and the standard

lattice constant for the unstrained ZnO (JCPDS No. 00-

036-1451), respectively. Afterwards, the residual stress on

the ZnO buffer layer was calculated to understand the

effects of growth time on the preferred c-axis orientation

and the crystal-growth properties. For hexagonal crystals,

the residual stress, rfilm in the plane of the ZnO buffer layer

can be determined by the following biaxial stress model

expression [29, 30]:

rfilm ¼ 2C2
13 � C33ðC11 þ C12Þ

2C13

:ezz ð9Þ

where ezz is the average uniform lattice strain along the c-axis

and Cij are the elastic stiffness constants of bulk ZnO, i.e.,

C11 = 208.8 GPa, C12 = 119.7 GPa, C13 = 104.2 GPa, and

C33 = 213.8 GPa [31]. This equation yields the following

numerical relationship for stress: rfilm = -233ezz (GPa).
The calculated values of strain, ezz and stress, rfilm of the

ZnO buffer layer are listed in Table 3. The compressive

strain and the tensile stress of the synthesized ZnO buffer

layer decreased for the films spun twice with a thickness

of 107 nm, which indicated high crystal quality film

structure.

The effect of buffer layer thickness on the optical

transmittance of the ZnO thin films were studied in the

wavelength range of 300–2200 nm. Figure 4 shows that the

average transmission in the visible-NIR region ranged from

60 to 99 % depending on the buffer layer thickness. The

transmission decreases sharply near the ultraviolet region

at about 375 nm because of the band gap absorption. The

highest transmittance was obtained for the samples pre-

pared with single layer thickness, whereas the lowest was

observed for films deposited at 10 layer thicknesses. The

higher transmittance properties of ZnO thin film prepared

at less buffer layers may be attributed to the extra voids

around the grains discussed in the FESEM results. When

the buffer layer number increased ([1 layer), the ZnO thin

films were reduced in the optical transmittance because of

the optical scattering at the grain boundaries. Moreover, the

increased films thickness at higher buffer layers increases

Table 2 Variation of the structural parameters at various ZnO buffer layers

Sample Number of ZnO

buffer layer

Relative peak

intensity (002)

X-ray intensity of diffraction peak (002) relative to ZnO

buffer layer deposited at 10th layer

FWHM

(degree)

Crystallite

size (nm)

1# 1 0.475 1.17 0.4690 18.5

2# 2 0.713 1.76 0.4189 20.7

3# 3 0.642 1.59 0.4141 20.9

4# 10 0.405 1.00 0.3894 22.3

Table 3 Lattice parameters, 2h position, interplane distance, strain, and stress on the ZnO buffer layer

Sample Number of ZnO buffer

layer

Lattice parameters, cfilm
(Å)

2h
(Degree)

Interplane distance,

d (Å)

Strain of c-axis

(%)

Stress

(GPa)

1# 1 5.1801 34.589 2.5901 -0.506 1.18

2# 2 5.1846 34.559 2.5923 -0.422 0.98

3# 3 5.1837 34.565 2.5918 -0.439 1.02

4# 10 5.1812 34.582 2.5906 -0.487 1.13
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the optical scattering which reduces the transmittance of

the thin films.

The optical band gap energy, Eg values were estimated

from the absorption edges of ZnO thin films as shown in

Fig. 5. The absorption edge for the direct interband tran-

sition is given by Eqs. (10) and (11), as follows:

ahv = B hv - Eg

� �1=2 ð10Þ

ahvð Þ2¼B
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hv� Eg

p
ð11Þ

where a is the absorption coefficient, hv is the photon

energy, Eg is the optical band gap, and B is the energy-

independent constant with values between 1 9 105 and

1 9 106 cm-1 eV-1 [32]. The slight displacement is evi-

dent between the absorption edges of the films directly

related to the band gap energy variation. The absorption

coefficient a should be assumed to satisfy the band gap

direct material equation shown in Eqs. (10) and (11) to

calculate the band gap energy of the films. The optical

energy gap, Eg can then be obtained from the intercept of

(ahv)2 versus hv for direct transitions. The inset in Fig. 5

shows the band gap variation with respect to the number of

buffer layer. Tauc’s plot demonstrated that as the number

of buffer layer increased from 1 to 10 layers, the optical

band gap energies of the ZnO buffer layer are 3.270, 3.260,

3.275, and 3.280 eV, which closely agreed with the values

reported by the other researches on polycrystalline ZnO

thin films and the published values of the ZnO electronic

transition band gap data [33]. The optical band gap varia-

tion at different buffer layer number may be attributed to

the optical scattering by grain boundaries and aggregates.

Furthermore, the interatomic spacing of ZnO was also

reported as being influenced by the strain that affects the

band gap energy [34].

The electrical behavior of the ZnO buffer layer relative

to their thicknesses was measured through the electrical

resistivity and Hall effect (carrier concentration and

mobility). The electrical properties were measured with the

van der Pauw and Hall method with an applied magnetic

field of 0.55 T. The electrical properties of ZnO buffer

layer are presented in Fig. 6. The two ranges of thickness

included a resistivity that exhibits two different behavior

patterns. The first range belongs to the low thicknesses less

than *250 nm and a decreased resistivity was observed.

However, as the thicknesses increased to over *250 nm,

the resistivity starts to increase. The resistivity is closely

related to the carrier mobility and concentration through

the following relation:

q¼ 1

NelH
ð12Þ

where N is the carrier concentration, e is the electron

charge, and lH is the carrier mobility. Table 4 clearly

shows that the carrier concentration and mobility depict

inverse relations. The results obtained indicate that carrier

concentration seems to be less dependent on thickness,

whereas resistivity is primarily caused by mobility. The

improved crystallinity and the increased grain size were

observed from the previous XRD spectra for films with

thickness below *250 nm that may reduce the carrier

diffusion by the grain boundaries, which help increase

carrier mobility. However, the crystallinity was reduced as

the thicknesses were further increased; at the same time,

particle agglomeration was observed in the SEM images.

Consequently, these can be the reasons for the decrement

in carrier mobility. The relationship showed that the

resistivity increased mainly because of the decreased

mobility at a thicker buffer layer.
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3.2 Performance of solar cell devices

Four series of photovoltaic (PV) devices were fabricated in

the same method to investigate the influence of the ZnO

buffer layer thicknesses on PV performance. The inverted

OSCs consisted of a blend polymer donor (P3HT) and a

fullerene acceptor (PCBM) deposited in different ZnO

buffer layer thicknesses between the ITO as an electron

collecting electrode and a metal (Au) as a hole collecting

electrode. The ZnO buffer layer acted as a protective layer

to prevent direct contact between the ITO and active layers.

If the layer is too thin, a penetration between the under-

lying ITO occurs with the active layer through the buffer

layer. Thus, the dependence of the solar cell efficiency on

the buffer layer thickness was investigated. Figure 7 shows

the current density–voltage (J-V) curves characteristics of

the ITO/ZnO/P3HT:PCBM/Au solar cell devices with

various ZnO buffer layer thicknesses.

Figures 8 and 9 present the variation of these parameters

with the ZnO buffer layer thicknesses. The solar cell power

conversion efficiency (PCE or g) and the fill factor (FF)

were evaluated with the following relations (13) and (14)

[35]:

FF¼ Jmax � Vmax

Jsc � Voc

ð13Þ

PCE¼ Jsc � Voc � FF

Pin

ð14Þ

where Vmax is the maximum voltage, Jmax is the maximum

current density, Jsc is the short circuit current density, Voc is

the open circuit voltage, and Pin is the incident light power

density. The Pin was standardized at 100 mW/cm2 for a

solar cell testing with a spectral intensity distribution

matching that of the sun on the earth’s surface at an inci-

dent angle of 48.2� called the AM 1.5 spectrum [36]. The

average performance characteristics of the inverted ITO/

ZnO/P3HT:PCBM/Au solar cells are displayed in Table 5.

An electron was transferred to the lowest unoccupied

molecular orbital (LUMO) by irradiation leaving a hole in

the highest occupied molecular orbital (HOMO). Electrons

were collected at the transparent cathode and the anode

holes.

An increment in Voc was observed in Fig. 8 as the ZnO

buffer layer increased. The increased Voc of the devices can

be directly correlated with the ZnO buffer layer thickness

which introduced more charge carrier in the device. Fur-

thermore, the high Voc clearly indicated that the buffer

layer is at a high quality hole-blocking layer. The average

PCE value for the ZnO buffer layer with one-cycle spin-

coating was 0.007 %. The recombination of the holes in

P3HT with the electrons in the collecting electrode can be

attributed to the thin ZnO layer. Hence, a direct contact

between the ITO and the active layer was possible.

Increasing the buffer layer to two improves the Jsc value.
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Fig. 6 Thickness dependence of the ZnO buffer layer electrical

parameters (resistivity, mobility, and carrier concentration)

Table 4 Electrical resistivity, carrier concentration, and mobility variations with various ZnO buffer layers

Sample Number of ZnO buffer layer Resistivity, q (X.cm) Carrier concentration, N (cm-3) Mobility, lH (cm2/Vs)

1# 1 5.45 9 103 6.90 9 1015 1.66 9 10-1

2# 2 4.98 9 103 7.34 9 1015 1.71 9 10-1

3# 3 6.62 9 103 5.83 9 1015 1.62 9 10-1

4# 10 8.75 9 104 2.70 9 1015 2.64 9 10-2
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Fig. 7 J–V curves of the inverted organic solar cell based on various

ZnO buffer layer thicknesses
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This increase significantly improves the FF of devices,

which increases the average PCE to 0.043 %. The ZnO

buffer layer completely covered the ITO and provided a

better contact to effectively extract electrons from the

device. This explains the increased PCE and the dramatic

improvement in the device performance. This finding can

also be attributed to the band gap energy shift reported

above in Fig. 5. However, the spin-coating cycle increased

led to the film thickening, and the power conversion effi-

ciency decreased from 0.043 to 0.024 %. Moreover, a

significantly decrease Jsc was also observed. In addition,

the charge transfers maybe the biggest reason for the

increasing Jsc, whereas the decrease in Jsc at a thicker ZnO

buffer layer may be attributed to the poor morphology

confirmed in the FESEM images as shown in Fig. 2. In this

case, the large amount of zinc ions in the film layers

aggregates and prevents charge carriers to transfer through

the bulk and to reach the contacts.

Figure 9 shows the variation of FF and PCE values for

devices with different ZnO buffer layer thicknesses. An FF

increment was observed as the ZnO buffer layer increased

from 1 to 3 layers. The PV device composed of the three-

cycle spin-coating of the ZnO buffer layer revealed the

highest FF at 24.55 %, although the PCE indicated other-

wise. This finding is strongly related to the effect of

thickness on the charge transport and extraction. Interest-

ingly, the device with the two-cycle spin-coating of ZnO

buffer layer showed the highest efficiency at 0.043 % with

an FF of 20.85 %, resulting in much improve charged

extraction and consequently PCE, even when no significant

difference in Voc was observed. However, the FF

decreased when we further increased the ZnO buffer layer

to 10 layers. The thicker ZnO buffer layer led to a larger

contact resistance at the ZnO and active layer interface.

Furthermore, the lower FFs of thicker PV devices may be

related to the structural defects of the ZnO buffer layer. As

a result, the electronic coupling between ZnO and the

active layer is declined, which increased the series resis-

tance that impeded electron collection in the OSCs

[37, 38]. In addition, the changes in the FF values may also

be directly related to the loss in carrier transport (electron)

in the interface.

Figure 10 shows the energy band diagram of the

inverted OSCs. P3HT possessed a LUMO value of

*3.2 eV and a HOMO value of *5.2 eV [39]. In contrast,

the PCBM has the LUMO and HOMO values of *3.8 and

*6.6 eV, respectively. In the energy band structure,

electrons can easily transport to the ITO electrode through

the ZnO buffer layer. This diagram shows that the charge

separation was carried out in a good manner. When the

photon energy striked into the device, an electron was

projected from the HOMO to the LUMO, and an electron–

hole pair (exciton) was formed moving through the active
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Table 5 Device performance

of the inverted organic solar

cells with varied ZnO buffer

layer thicknesses

Sample Number of ZnO buffer layer Voc (mV) Jsc (mA/cm2) FF (%) PCE (%)

1# 1 111 0.557 19.72 0.007

2# 2 119 1.599 20.85 0.043

3# 3 177 0.785 24.55 0.036

4# 10 394 0.289 19.08 0.024
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layer that creates an electrical current. However, these

electron–hole pairs travel a certain distance before it either

decays or reaches a boundary with another material. This

process is followed by exciton diffusion and dissociation.

The ZnO buffer layer conduction band is lower than the

LUMO energy levels of the P3HT and the PCBM active

layers. An excited electron in the LUMO of the blend

polymer transferred to the conduction band of the ZnO

buffer layer. The generated electrons were then moved to

the ITO contact through a hole blocking layer. In the

contrary, the holes were created in the HOMO transfers to

the Au electrode. These changes in free energy provided

the driving forces for the dissociation of excitons into free

charge carriers. Upon dissociation from each other, the

electrons migrated by hopping among the LUMO(s) of the

active layer toward a low work function electrode, and the

holes migrate through the HOMO(s) toward a high work

function electrode. Thus, the charge separation was

achieved by the asymmetrical work functions of the elec-

trodes. As the ZnO buffer layer was increased with more

than two layers, the Jsc and PCE decreased. The poor

performance of the device with a thicker film indicated the

negative role of the excessively increased thickness of the

buffer layer. Furthermore, the ZnO buffer layer promoted

the formation of continuous uniform PCBM films to pre-

vent the P3HT from contacting the ITO substrates. Thus,

this prevents the holes in P3HT from being recombined

with the electrons in the collecting electrode [40]. In

summary, this result enriches our understanding on the

buffer layer thickness influencing the inverted OSCs.

4 Conclusion

The performance of ITO/ZnO/P3HT:PCBM/Au solar

cells was demonstrated in this work, by varying the ZnO

buffer layer thicknesses. The ZnO layer serves as an

electron selective and a hole blocking layer in the

inverted structure OSCs. The ZnO buffer layer thickness

can be controlled by varying the deposition layer number.

The ZnO buffer layer should completely cover the

underlying ITO surface to prevent shunting. Furthermore,

the ZnO buffer layer deposition is necessary in the

inverted OSCs to protect the ITO from touching the

active layer. This condition is vital to block the holes

from recombination with the electrons at the collecting

electrode. From the materials properties, the highest rel-

ative peak intensity of 0.713 was achieved for sample

deposited for two layers. Besides, the details XRD

analysis also show that the sample obtained the minimum

strain and stress of -0.422 % and 0.98 GPa, respectively.

The minimum resistivity was achieved at 4.98 9 10-3

X.cm with the mobility of 1.71 9 10-1 cm2/Vs when the

thickness at 107.0 nm. In addition, a slight shift of the

absorption edge toward higher wavelengths was also

observed for that thickness. As a conclusion, the opti-

mum device of the inverted OSC using the ZnO buffer

layer that yields power conversion energy of 0.043 %

with the optimum thickness of 107.0 nm. Numerous

developments have to be accomplished in the future to

improve the performance of the device through phase

processing and fabrication configuration, among others.

Thus, this investigation may be applicable to such future

production efforts.
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