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Abstract In this paper, we fabricated atomic layer depo-

sition (ALD) ZnO films to modify indium tin oxide (ITO)

electrode for the purpose of the efficient and stable inverted

polymer solar cells (PSCs). The role of thickness and the

deposition temperature of ZnO layer on the performance of

the device was investigated. The results showed that more

than 10 nm of ALD ZnO film was required to improve the

photovoltaic performance of PSCs. When the deposition

temperatures of the ZnO films were varied from 60, 110 to

190 �C, the chemical compositions, the crystal orientations

and the mobility of the ZnO films were quite different,

while, the work functions of modified ITOs were similar. It

was found that the ZnO film could reduce the work func-

tion of ITO and turn it into an electron-collecting electrode.

The performances of inverted polymer solar cells with the

ZnO films deposited at different temperature were identi-

cal. We then concluded that the work function of thin ZnO

played a crucial role when nano-thickness of ALD ZnO

was used as the electron transport layer. As a result, the

ALD ZnO films showed a promising interface layer for

achieving air-stable plastic cells with roll-to-roll mass

production potential.

1 Introduction

Polymer solar cells (PSCs) are rapidly developing due to its

substantial advantages such as flexible substrates, light

weight, large area fabrication process and low-cost poten-

tial [1–4]. Recently the main works are focusing on the

efficiency improvement, the stability and energy conver-

sion mechanism of PSCs. Although the power conversion

efficiencies of conventional PSCs have reached 10 %, the

poor stability has always prevented its applications [5–8].

The low work function metal anode such as aluminum or

calcium is easily oxidized when it is exposed to air.

Besides, indium tin oxide (ITO) can be corroded by

poly(3,4 ethylenedioxylenethiophene): poly(styrene sul-

fonic acid) (PEDOT: PSS), and results in the decrease of

the device performance [9–12]. Inverted PSCs overcome

these shortcomings because of the use of the high work

function metal as the top hole-collecting electrode

[10, 11, 13–15]. However, the ITO as a cathode electrode

does not demonstrate a good electron collection capability

due to the energy level mismatch between the cathode and

the LUMO of the acceptor in the active layer. Therefore,

the surface modification of ITO with an electron transport

layer was performed by the materials such as PEO [16],

Al2O3 [17], Cs2CO3 [18, 19], TiO2 [20, 21], ZnO [22–25]

to adjust the work function. In these materials, the ZnO has

been widely used because of its high electron mobility and

the suitable energy level [22, 26]. Atomic layer deposition

(ALD) method, based on the self-limiting characteristic of

the reaction between reactant gas and solid surface, can

deposit the uniform, dense, pinhole-free ZnO films at low

temperatures [27]. And this method can also control the

thickness of the films accurately by varying the number of

the deposition cycles. Therefore, ALD is suitable for the

fabrication of metal oxide films as electron transport layer
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in polymer solar cells. [28]. In this work, we used ALD

technique to deposit ZnO films as electron transport layer

in inverted PSCs, and investigated the influence of the

thickness and deposition temperature on the characteristic

of ZnO films and the performance of the devices.

2 Experimental

Patterned ITO glass substrates (120 nm thickness of ITO

glass with a sheet resistance of 15 X/sq) were cleaned in an

ultrasonic bath with detergent, alcohol, acetone and de-

ionized water sequentially for 10 min, respectively. Then

the substrates were dried by N2 stream and exposed to

ultraviolet light for 5 min. The ZnO thin films were

deposited on the cleaned ITO substrates by ALD, using

diethyl zinc (DEZ) and water as the precursors. The pulse

times of the precursors of DEZ and water were both set as

0.1 s, and the N2 purging times (100 sccm) were set as 30 s

and 60 s for DEZ and water, respectively. When we varied

the thickness of the ZnO film, all the films were deposited

at 110 �C and the deposition cycle of ZnO films were 5, 10,

50, 100 and 500, respectively. Since the deposition ratio

was 0.2 nm/cycle, as a result, the thicknesses of the ZnO

films were about 1, 2, 10, 20 and 100 nm, respectively.

Then we varied the deposition temperature from 60, 110 to

190 �C. The corresponding deposition rates of ALD ZnO

were 0.218, 0.2 and 0.16 nm/cycle, respectively. The

thickness of ALD ZnO layer was adjusted to 10 nm by

controlling the growth cycle number. Subsequently, the

ZnO-coated ITO substrates were transferred into a nitrogen

atmosphere glove box, and a 1,2-dicholorobenzene (DCB)

solution composed of P3HT (17 mg/ml, Rieke Metals) and

PCBM (17 mg/ml, Nano-C) was spun onto the coated ITOs

at 800 rpm for 30 s. Then the samples were baked at

110 �C for 10 min. Finally, the MoO3 layer (10 nm) and

Ag anode (100 nm) were sequentially deposited onto the

active layer by thermal evaporation. The area of device was

4.5 mm2.

The atomic force microscopy (AFM, Veeco DI Innova)

was employed to characterize the morphology of ZnO film.

X-ray diffraction (XRD, Bruker D8-Advance) were used to

evaluate the crystal structure of the films. The thickness of

ALD ZnO layer was measured by spectroscope ellipsom-

etry (SE, HORIBA-UVISEL). The X-ray photoelectron

spectroscopy (XPS) and ultraviolet photoelectron spec-

troscopy (UPS) were performed on Thermo ESCALAB

250 by using Al Ka X-ray source and He discharge lamp

(21.22 eV), respectively. The electrical properties of the

ZnO films were measured by a Hall measurement system

(ECOPIA HMS-300) using the Van der Pauw method. The

current density–voltage (J–V) characteristics of the devices

were measured with a Keithley 2400 source measurement

unit using a 100 mW/cm2 AM 1.5G solar simulator.

3 Results and discussion

We measured the optical transmittance of ITO films

modified with various thicknesses of ZnO in the UV–vis-

ible wavelength range (300–800 nm), which were shown

Fig. 1. According to the transmittance spectra, the sharp

absorption edge of modified ITO films shifted from about

370 nm to 390 nm when the thickness of ZnO film

increased, which should be attributed to the high UV

absorbance property of ZnO film at wavelength below

390 nm. In the visible wavelength range, the transmittance

of ITO/ZnO film was similar with the uncoated ITO (about

85 %) when the thickness of the ZnO film was less than

20 nm. When the thickness of the ZnO film increased to

100 nm, the transmittance of ITO/ZnO layer in the range of

550–800 nm decreased to about 75 %. At the same time,

the transmittance at around 480 nm was higher than the

bare ITO. The increased transmittance should result from

the antireflection which caused by the ZnO coating on the

surface of the ITO film.

Figure 2 showed the AFM images of ITO films depos-

ited with various thicknesses of ALD ZnO. It could be seen

that the ZnO/ITO film showed the similar morphology to

un-coated ITO when the thicknesses of ZnO film were

1–2 nm. The particle size of the film became larger and

increased from 15 nm to 50 nm when the thickness of ZnO

film increased to 10 nm. Then the particle remained the

same size, about 50 nm, when the thicknesses of the ZnO

film changed from 10 nm to 100 nm. Although the particle

size of films changed with the varied thickness, the root

Fig. 1 The transmittance spectra of ITO (reference) and ITO/ZnO

layers
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mean square (RMS) values of all the ITO/ZnO layers were

very small, changing from 1.50 to 2.08 nm, due to the ALD

theory [27]. It was known that the RMS of ZnO films could

make a direct impact on the contact between the active

layer and the ZnO layer in the polymer solar cells, and thus

influenced the performance of the device [29]. In our work,

the low RMS value of the ALD ZnO film was beneficial for

the solution-process of the active layer and the contact

between the active layer and the cathode.

Figure 3(a) shows the current–voltage (J–V) curves of

inverted devices with different thicknesses of ZnO layer.

The thicknesses of ZnO films and devices parameter are

summarized in Table 1. The results showed that the

thickness of ALD–ZnO played an important role in the

5.0 nm 7.2 nm6.1 nm

4.9 nm 6.3 nm 5.7 nm

0 0.2 0.4 0.8 1 um0.6 0 0.2 0.4 0.8 1 um0.6 0 0.2 0.4 0.8 1 um0.6

RMS=1.61nm

0 0.2 0.4 0.8 1 um0.6

(a) (b) (c)

(d) (e) (f)

RMS=1.85nm RMS=2.08nm

RMS=1.50nm RMS=1.87nm RMS=1.66nm

0 0.2 0.4 0.8 1 um0.6 0 0.2 0.4 0.8 1 um0.6

Fig. 2 The AFM images of ITO films modified with various thicknesses of ALD ZnO films (a 0 nm, b 1 nm, c 2 nm, d 10 nm, e 20 nm,

f 100 nm)

Fig. 3 J–V characteristics of devices with various thicknesses of ZnO films
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performance of the device. When the thicknesses of ZnO

films were about 1 and 2 nm, the device exhibited a poor

performance, with the short-circuit current density (Jsc) of

7.78 mA/cm2, open-circuit voltage (Voc) of 0.28 V, fill

factor (FF) of 0.28, and the PCE of only 0.6 %. However,

with the increase of ZnO thickness, the performance of the

device showed a remarkable improvement, and the device

with 20 nm-thick ZnO yields the best device performance,

providing the PCE of 3.32 %. These results demonstrated

that enough thickness, more than 10 nm, of ZnO layer was

required to enhance the efficiency of the device. Unfortu-

nately, the further increase of ZnO thickness led to a

reduction in Jsc. When the thickness of ZnO layer increased

from 20 nm to 100 nm, the increase in the thickness

resulted in a decrease in Jsc, which was reduced from 8.87

to 7.69 mA/cm2; the Voc remained unchanged. Fig-

ure 3(b) showed the EQE spectra of the device with dif-

ferent thicknesses of ZnO films. For the device with the

100-nm-thick ZnO film, the decrease in EQE over the

range from 300 nm to 800 nm was observed. The decrease

of EQE may partly result from the decrease of the trans-

mittance of ITO/ZnO layer, as the decrease of the trans-

mittance reduced the light intensity inside the active layer.

In addition, ZnO film of 100 nm seems too thick which do

harm to the electron extraction at cathode and result in a

reduction in the device performance.

Figure 4 shows the typical XRD patterns of the ZnO

films deposited at different temperatures by ALD. The

diffraction peaks at 31.9, 34.7 and 36.4o can be assigned to

(100), (002) and (101) crystal planes of ZnO, respectively

[30]. The ZnO films were polycrystalline with the hexag-

onal wurtzite structure, and the preferred crystal orientation

of the films depended on the growth temperature. When the

deposition temperature was 60 �C, the ZnO film showed

strong c-axis-preferred orientations (002) because the

c-axis orientation was the most densely packed and ther-

modynamically favorable plane in the wurtzite structure.

However, the c-axis crystal growth of the film was sup-

pressed and the preferred orientations of the ZnO films

changed from c- to a-axis when the deposition temperature

increased. This XRD pattern behavior was similar with the

work reported by S. H. Park and S. Jeon et al., which could

be explained by the characteristic of the (002) polar surface

[31–33]. The ALD-grown ZnO film using DEZ and water

was controlled by the reaction of metal-precursor mole-

cules and the absorption sites of –OH groups. At higher

temperature, the dissociated ethyl group could be further

broken down into ethyl group fragments such as CH3CH2
-

and CH3
- [34]. As a result, these anions adhered to the

(002) polar surface of ZnO and suppressed the c-axis

growth direction.

Figure 5 showed the AFM images (1 lm 9 1 lm) of

ALD ZnO films deposited at 60, 110 and 190 �C, respec-
tively. The morphology of the ALD ZnO films grown at

different temperatures was similar to each other. The dense

and homogenous ZnO layer formed with nanoscale ZnO

particles could be observed, and the grain size of the ZnO

film was in the range of 40–50 nm. The root mean square

(RMS) values of all the ZnO layers remain nearly the same,

which were separately 1.90, 1.50 and 1.92 nm along with

deposition temperature. The results showed that the depo-

sition temperature had little influence on the morphology of

the ZnO film.

Figure 6 showed high-resolution O 1 s XPS spectra of

the ZnO films deposited at various deposition temperatures.

The oxygen peak for all samples was found to be asym-

metric with two components at around 530 eV and

531.5 eV. The lower binding energy component was

Table 1 Photovoltaic

parameters of the devices with

different thicknesses of ZnO

films

Deposition cycle/thickness (nm) Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

5/*1 0.29 8.22 30 0.72

10/*2 0.28 7.78 28 0.61

50/*10 0.59 8.75 62 3.20

100/*20 0.60 8.87 62.5 3.32

500/*100 0.60 7.69 59 2.72

Fig. 4 XRD patterns of ZnO films grown by ALD at 60, 110 and

190 �C, respectively
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assigned to O2- ions in the Zn–O bonding of the wurtzite

structure of ZnO, whereas the higher energy component

was due to –OH bonds in the ZnO films [32, 35]. The

residual –OH component in ZnO was probably due to the

incomplete reactions between DEZ precursors and surface

–OH groups [32]. The relative area of the –OH bonding

curve decreased with increasing deposition temperature as

opposed to the relative area of the Zn–O bonding curve,

which meant that more –OH bond was left in the film at

low temperature. These residual –OH groups can behave as

acceptor sites in the film matrix, and suppress the forma-

tion of oxygen vacancies [32]. To further investigate the

effects of the deposition temperature on the electrical

properties of ZnO films, the films were analyzed using

Hall-effect measurement. All the ALD ZnO films showed

n-type conductivity. And the mobility of the ZnO films

deposited at 60, 110 and 190 �C were 1.2, 25, 33 cm2/V s,

respectively. The mobility of ZnO film increased with

elevated deposition temperature, which should be mainly

caused by the larger amount of oxygen vacancies at higher

temperature.

For the application of the ZnO films as the electron

transport layer in inverted solar cells, it was vital to

ascertain the work functions to evaluate their electron

extraction capability. For this purpose, the effect of the

deposition temperature on the work function of the ZnO

films was studied via the UPS measurement. The UPS

spectra of the ZnO films deposited on the ITO substrates

were shown in Fig. S2. The work function of ZnO film was

3.93 eV with the deposition temperature of 60 �C. When

the deposition temperatures increased from 110 to 190 �C,
the work function increased from 3.97 to 4.09 eV. The

variation of the work function may be due to the chemical

differences in the ZnO films under different deposition

temperature [36]. The ALD ZnO films all reduced the work

function of the ITO cathode (4.7 eV), which favored the

Fig. 5 The AFM images of ZnO films grown by ALD at 60, 110 and 190 �C, respectively

Fig. 6 Core level XPS spectra of O 1 s of ZnO films grown by ALD

at 60, 110 and 190 �C, respectively

Fig. 7 J–V characteristics of the inverted organic solar cells with

10 nm ALD ZnO films deposited at temperature of 60, 110 and

190 �C, respectively

10256 J Mater Sci: Mater Electron (2016) 27:10252–10258

123



Ohmic contact between LUMO of PCBM and the cathode

for electron extraction. On the other hand, the slight dif-

ference in work function reduction of ITO/ZnO electrode

didn’t cause a notable difference in device performance, as

shown in Fig. 7 and Table 2.

The J–V curves of the devices with ALD ZnO films as

the electron transport layer is shown in Fig. 7, and the

device performance parameters are summarized in Table 2.

The device with ZnO film deposited at 60 �C exhibited a

PCE of 3.29 % with Voc = 0.59 V, Jsc = 9 mA/cm2, and

FF = 0.62. Similar results were obtained when the depo-

sition temperatures of ZnO films were increased to 110 and

190 �C. This result was comparable to the device with the

ZnO film fabricated by Sol–gel and sputtering [37, 38]. The

efficient performance of the devices indicated that the ZnO

layer could block the hole diffusion and enhanced the

electron collection. We also investigated the charge col-

lection efficiency of the devices. The Jph–Veff characteris-

tics are shown in Fig. S2(a). The curves were plotted as the

net photo-current density (Jph) dependence on the effective

applied voltage (Veff), where Jph was the difference

between the current density under illumination (JL) and in

the dark (JD), and Vappl = V0 - Vappl (V0 was the com-

pensation voltage at which Jph = 0, Vappl was the applied

voltage). It could be seen that Jph reaches saturation for

these devices at a larger verse voltage (Veff[ 1 V), which

indicated that in this range nearly all the photogenerated

excitons in the active layer were dissociated into free

carriers and the carriers were collected without bimolecular

recombination [39]. Then the charge collection efficiency

could be obtained from the photocurrent density from

Eq. (1).

Pc ¼ Jph=Jph;sat ð1Þ

The Pc–Veff curves are shown in Fig S2(b). At the short-

circuit condition, the charge collection efficiencies for the

devices with ZnO films deposited at different temperature

were all about 96 %. And in the low effective voltage

range (Veff\ 0.4 V), the charge collection efficiencies for

the different devices also had the similar results. As men-

tioned above, the deposition temperature played an

important role in the crystal quality and the electrical

properties of ALD ZnO films. However, it seemed to have

little influence on the charge collection ability of the ZnO

films. Then ALD-grown ZnO film could be applied in the

inverted solar cells as the electron transport layer in a wide

range of deposition temperature from 60 to 190 �C.

4 Conclusions

In summary, more than 10 nm of ALD ZnO film was

required to modify ITO for improving the photovoltaic

performance of PSC. Then we prepared ZnO thin films by

ALD at different temperatures and successfully utilized

them as the electron transport layer to achieve efficient

inverted solar cells. The obtained ZnO films all had

excellent morphologies and crystal quality. The XPS and

UPS analysis demonstrated that the ALD ZnO films had

sufficient electronic properties to function as the electron

transport layer. We also found that the performance and the

charge collection efficiency of the devices were indepen-

dent of the deposition temperature of ZnO films. The

efficient performance was attributed to the energy level of

ZnO film, which blocked the hole diffusion and was ben-

eficial for the electron collecting. Since the deposition

temperature of ZnO films could be kept in the range of

60–190 �C, this study should provide a potential approach

to develop low-cost and high-efficiency plastic solar cells

for practical applications.
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