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Transparent In-doped (1 at.%) zinc oxide (IZO) thin films are deposited by pulsed DC magnetron sputtering

with H2 mixed Ar atmosphere on glass substrate without any heating process. Even at room temperature, highly

c-axis oriented IZO thin films were grown in perpendicular to the substrate. The hydrogenated IZO (IZO:H)

film isolated in H2 atmosphere for 30 min exhibited an average optical transmittance higher than 85% and low

electrical resistivity of less than 2.7 × 10−3 Ω·cm. These values are comparable with those of commercially

available ITO. Each of the IZO films was used as an anode contact to fabricate organic light-emitting diodes

(OLEDs) and the device performances studied. At the current density of 1 × 103 A/m2, the OLEDs with IZO:H

(H2) anode show excellent efficiency (11 V drive voltage) and a good brightness (8000 cd/m2) of the light

emitted from the devices, which are as good as the control device built on a commercial ITO anode. 
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Introduction

Potential applications of organic light emitting diodes

(OLEDs) have driven widespread efforts to fabricate various

kinds of OLEDs with high brightness and high efficiency.1

Among the several parts of OLEDs, transparent conducting

oxide films have been extensively studied because they

exhibit high optical transparency and electrical conductivity,

and are often used in photoelectronic devices such as solar

cells and flat panel displays (FPDs).2,3 Tin-doped indium

oxides (ITO) have been mainly used as anodes in FPDs

because of their high conductivity and transparency over

the visible range and their high work function. However,

the toxic nature and high cost due to the scarcity of indium

have led researchers to seek an alternative candidate for

ITO.4 Recently, ZnO or impurity doped ZnO have been

actively investigated as alternative materials to ITO because

ZnO is a nontoxic, inexpensive, and abundant material.5,6

Generally, ZnO is an n-type oxide semiconductors, the

main defects in the crystal are Zn interstitials (Zni) and

oxygen vacancies (VO). These defects in ZnO are easily

ionized, and electrons produced by ionized defects contri-

bute to the electrical conductivity. Thus, Zni and VO play

important roles in the ZnO film’s electrical conductivity

and act as donors in the crystal. Many researchers observed

that during the deposition process of ZnO films, the supply

of O2 affects the microstructual and electrical properties, 7-9

and therefore demands a careful optimization. In addition,

a previous report shows that the decrease of resistivity

by vacuum annealing is attributed to the increase of VO in

the undoped TiO2 semiconductors.10 

Al doped ZnO thin films have been considered as suitable

anodes because Al doped ZnO thin films are more stable in

reducing ambient in comparison with the ITO films, which

make them appropriate for potential use as anodes in

OLEDs.11,12 Also, various ZnO nanostructures (e.g., nano-

particle, nanowire, nanorod, and nanosheet) are a suitable

material to fabricate the photoanode of dye-sensitized solar

cells (DSSCs).13,14

In the last decade, moreover, ZnO films doped with

impurities, such as Al, Ga, In and Zr, have been actively

studied.11,12,15-17 Since the utilization possibility of In-doped

ZnO (IZO) thin films grown on glass substrates as anodes in

OLEDs is strongly affected by the electrical, optical, and

electronic properties, it is very important to study about

transparent conducting properties of IZO films for improv-

ing the efficiencies of OLEDs. However, no previous reports

on hydrogen controlled atmospheric effect after the deposi-

tion of IZO thin films have been found.

In this work, therefore, to investigate the effect of

atmospheric controlled hydrogen on the physical properties

of the films, hydrogenated In-doped ZnO (IZO:H) films

were grown without any heating process by pulsed DC

magnetron sputtering method for the flexible substrate

application of OLEDs. In addition, the work functions of

the as-grown hydrogenated IZO films were investigated

and the performance characteristics of OLEDs with vari-

ous atmospheric hydrogen controlled IZO films as anode

were also compared with those of a commercial anodic ITO

film. 
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Experimental

IZO films were deposited on glass by asymmetrical bi-

polar pulsed DC magnetron sputtering, maintaining the

chamber pressure at 7 mTorr during the sputtering. The

targets were prepared by sintering the mixed ZnO and In2O3

powders (4 N purity each) with In fraction of 1 at.%. The

sputtering chamber was pumped down less than 1 × 10−6

Torr by turbo molecular pump. During sputtering, the DC

power and DC pulsed frequency as well as substrate to target

distance and substrate temperature were kept at 50 W, 30

kHz, 7 cm, and room temperature, respectively. During the

pure IZO film deposition, the sputtering gas was only used

Ar gas without hydrogen. The IZO:H films were used as a

fixed H2/(H2+Ar) flow ratio of 0.33 between H2 and Ar gas-

flow rates with fixed total (H2+Ar) flow rate. Particularly,

we attempted to control over the chamber condition of the

optimized process condition after the film deposition, which

is a way to investigate the hydrogen effects on the IZO films

in the isolating condition. Of the two IZO films incorporated

with hydrogen during the sputtering, the one is maintained

under a condition of ultra high vacuum (UHV) and the other

is maintained under a condition of H2 atmosphere (50

mTorr) in the chamber for 30 min after deposition. The

thicknesses of deposited films determined by the field

emission scanning electron microscopy (FESEM) were in

the range of 200 ± 10 nm. 

In order to determine the suitability of an anodic material

in OLEDs, the work functions of ITO, pure IZO, and IZO:H

films were measured by using a digital Kelvin probe (see

Table 1). We have used IZO thin films as an anode contact

for OLED devices. The structures of OLEDs were perform-

ed as aluminum (Al), lithium fluoride (LiF), tris-(8-hydroxy-

quinoline) aluminum (Alq3), N,N'-diphenyl-N,N'-bis(3-methyl-

phenyl)-1,1'-diphenyl-4,4'-diamine (TPD), and In-doped zinc

oxide (IZO), which were used as the top cathode, cathode

buffer layer (CBL), emitting layer (EML), hole transport

layer (HTL) and bottom anode, respectively. The emitting

area was 2 × 2 mm2. The LiF and Al cathode was deposited

using thermal evaporation at the pressure of 6.8 × 10−6 Torr,

and TPD and Alq3 were deposited by thermal evaporation at

7.3 × 10−6 Torr, respectively. 

For current density versus voltage characteristics, a Keithley

2400 electrometer was used as a voltage source and current

measurement equipment. The brightness of the OLEDs was

investigated by using a Keithley 485 picoammeter to mea-

sure the photocurrent induced by light emission from the

OLEDs. All the experiments were performed under ambient

atmosphere at room temperature. 

Results and Discussion

In Figure 1, the crystalline structure and orientation of the

deposited films were investigated by XRD. ω-2θ scans of

pure IZO and IZO:H thin films are plotted. Figure 1(a)

shows XRD spectrum of pure IZO film synthesized without

hydrogen. Figures 1(b) and (c) show XRD spectra of IZO

films deposited with hydrogen. After deposition, sample (b)

is maintained under a condition of UHV, and sample (c) is

maintained under a condition of the H2 atmosphere (50

mTorr) in the chamber for 30 min, respectively. The films

were well oriented to the c-axis without showing any In2O3-

and/or ZnH2- related peaks in their XRD spectra and hardly

exhibit any shift of the (0002) peak (2θ ≈ 34.42o). Based on

the calculations by Van de Walle18 and Wardle et al.,19 we

expected that the any shifts of the peak for the IZO:H (UHV)

and IZO:H (H2) films can be interpreted in terms of the

maintaining of c-axis lattice constant due to the interstitial

hydrogen between the oxygen and zinc positions, pointing

along the direction of the c-axis. The full-width at half-

maximum (FWHM) from the (0002) peaks for the pure IZO,

IZO:H (UHV), and IZO:H (H2) films are determined to be

1.27o, 1.26o, and 1.25o, respectively. The grain sizes estimat-

ed from the results of FWHM using the Scherrer’s formula

are about 6.84, 6.90, and 6.95 nm, respectively. Since the

value of FWHM is inversely proportional to the grain size,

the increase of the grain size as well as the improvement of

the crystallinity lead to the decreasing the resistivity and the

improving the Hall mobility due to diminishing in grain

boundary scattering (see Table 1).

Table 1. Resistivities, Hall mobilities, and carrier concentrations
and work functions of pure IZO, IZO:H (UHV), and IZO:H (H2)
films determined from Hall effect measurements and digital Kelvin
probe, respectively, at 300 K

Pure IZO IZO:H (UHV) IZO:H (H2)

Carrier concentration (cm−3) 4.4 × 1019 3.5 × 1020 3.6 × 1020

Hall mobility (cm2/Vs) 2.9 6.2 6.5

Resistivity (Ωcm) 4.9 × 10−2 2.9 × 10−3 2.7 × 10−3

Work function (eV) 4.60 4.76 4.98

Figure 1. XRD spectra of IZO films grown on corning 7059 glass
substrates under different conditions: (a) pure IZO, (b) IZO:H
(UHV), and (c) IZO:H (H2). 
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The resistivities, Hall mobilities, and carrier concentrations

for pure IZO, IZO:H (UHV) and IZO:H (H2) films as deter-

mined from the Hall effect measurements using the van der

Pauw technique, are summarized in the Table 1. The present

pure IZO, IZO:H (UHV) and IZO:H (H2) films were found

to have n-type electrical conductivity. It can be seen that

both Hall mobility and carrier concentration of the IZO films

varied with the atmosphere used in the film preparation. In

general, ZnO exhibits an n-type conductivity rising from the

electrons in the conduction band. It has been widely

considered that this n-type conductivity originated from the

native defects such as Zni and VO. Increasing the number of

the native defects in the film gives rise to an increase in the

carrier concentration and a decrease in the resistivity.

Recently, it has been predicted that the incorporated hydro-

gen during the deposition of ZnO plays a role of a shallow

donor by increasing the free carrier concentration.18,20 The

resultant IZO:H (UHV) and IZO:H (H2) films were definite-

ly consistent with hydrogen being introduced as an inter-

stitial and acting as a shallow donor. Hao et al. shows that

the presence of hydrogen can enhance the Al doping effi-

ciency that confirmed by measurement of the secondary ion

mass spectroscopy and enhances thus the conductivity of

ZnO:Al films due to carrier concentration increasing.21

Thus, the increase in carrier concentration can be attributed

to the native defect, substitution of the Zn2+ sites by In3+ ions,

and interstitial hydrogen in the IZO films. The increasing

tendency of mobility as well as resistivity and work function

is also consistent with that of carrier concentration, expect-

ing a hydrogen effect on OLEDs devices performance. Parti-

cularly, the electrical property of the IZO film maintained in

UHV is similar than that of the IZO film maintained in H2.

For fabrication of IZO:H anodic film, the IZO:H anode layer

was deposited on glass substrate by pulsed DC magnetron

sputtering with the H2 reactive gas, which may affects into

the carrier concentration of the IZO:H film. This means that

the growing IZO:H film was exposed to an H plasma (so

called H plasma injection), signifying that the H plasma

injection can increases the reduction rate of IZO. We could

interpret that hydrogen diffuses into the anodic film via grain

boundaries at the surface and replaces the oxygen vacancies

and thus considerably disturbs the increasing of oxidation

state. To investigate hydrogen effects on the surface rough-

ness of the IZO films that grew under various atmospheric

conditions, AFM analysis was carried out. Surface morpho-

logy of the IZO films was sensitive to the hydrogen flow gas

ratio. Surface roughnesses (Rrms) for the pure IZO, IZO:H

(UHV), and IZO:H (H2) films were 10.8, 6.5 and 5.4 nm,

respectively, while the commercial ITO anode exhibited a

surface roughness of 3.65 nm. Noticeable thing is that Rrms

of IZO:H (H2) film is better than that of pure IZO film. Thus,

during the deposition, hydrogen incorporated into the IZO

films resulted in an improvement of the surface smoothness.

Figure 2 illustrates the optical transmission spectra and the

resultant band gap energy shift (insert) of the IZO films that

grew under different atmospheric conditions. In the trans-

mission spectra, the absorption edge was about 350 nm and

optical transmittance was about 85-90% in the UV-visible

range. These results indicate that all IZO films could trans-

mit UV and visible lights, and the IZO film would be a better

anodic material for OLEDs. The optical absorption coeffi-

cient α is defined as I = I0e
-αd, where I is the intensity of

transmitted light, I0 is the intensity of incident light, and d is

the thickness of the IZO:H film. In the direct transition

semiconductor, α and the optical band gap energy (E0) are

related by α = (hυ − E0)
1/2, where h is the Plank’s constant,

and υ is the frequency of the incident photon.22 In order to

determine the E0 energy, square of the absorption coefficient

(αh•υ)2 was plotted (see insert). Extrapolation of the linear

portion of α2 to zero gives the value of the E0 energy. In our

study, E0 energies of IZO films were determined to be 3.23,

3.37, and 3.56 eV, respectively, for the pure IZO, IZO:H

(UHV), and IZO:H (H2) samples. E0 energy of IZO:H thin

films is larger than that of pure ZnO and it is observed that

the value of E0 energy shift increases with increasing carrier

concentration, which is consistent with Burstein-Moss (BM)

effect23 leading to a blue-shift of optical band-to-band transi-

tion. 

To investigate the characteristics of OLEDs between

commercial ITO and IZO (and IZO:H) anodes, the IZO:H

films were prepared by pulsed DC magnetron sputtering

methods under three different conditions. Three IZO and

ITO films were used as an anode contacts for OLEDs, and

the device configuration of OLEDs as shown in the insert of

Figure 3 is the configuration of IZO or ITO (200 nm)/TPD

(32 nm)/Alq3 (48 nm)/LiF (1 nm)/Al (68 nm). Efficient

electron injection from a cathode into the Alq3 layer can be

obtained when the work function of a cathode is similar to

the electron affinity of the Alq3 layer and efficient injection

closely depends on the work function of LiF/Al in the

OLEDs structure. Figures 3 and 4 show the changes of

current density versus applied voltage (J-V) and brightness

versus applied voltage (B-V), respectively. J-V and B-V

characteristics of all OLEDs except for pure IZO anodic

electrode show typical diode behavior with current and

Figure 2. Optical transmittance spectra of IZO films prepared with
different conditions: (a) pure IZO, (b) IZO:H (UHV), and (c)
IZO:H (H2). The insert shows the evolution of E0 energy shift of
the as-grown IZO:H films.
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power output observed in the forward bias. As shown in

Figures 3, 4, 5, and 6, although the work functions of ITO

and IZO anodes show the same value of 4.6 eV, the device

performance of IZO anode is not happened. It is considered

that in the EML, the charge imbalance between electron and

hole increases due to the worse electrical properties such as

carrier concentration, Hall mobility, resistivity, and work

function and the higher Rrms of IZO anode rather than the

pure ITO and hydrogenated IZO anodes. For the quantitative

comparison in detail, the charge injection voltage and the

turn-on-voltage were determined at the current density of J =

1 A/m2 and at the luminance of B = 1 cd/m2 of Figures 3 and

4, respectively. The turn-on-voltages (and the charge injec-

tion voltages) of IZO:H (UHV) and IZO:H (H2) based

devices show 9.2 V (4.8 V) and 6.2 V (2.2 V), respectively,

while the ITO device exhibits a turn-on-voltage of 3.4 V (1.4

V). This result indicates that the turn-on-voltage shows a

different trend with the charge injection voltage, and this

discrepancy between the charge injection voltage and the

turn-on voltage is probably attributed to the charge imbalance

between the charge injection and the charge recombination

in the EML. These device characteristics are mainly ascribed

to the role of hydrogen doped IZO film in reducing the hole

injection barrier between anode and HTL. From Figure 3,

the drive voltages were also obtained at a current density of

1 × 103 A/m2. The obtained drive voltages for IZO:H (UHV)

and IZO:H (H2) anodes are 15 and 11 V, respectively, while

the ITO anode exhibits a drive voltage of 7.0 V. The slight

reduction in drive voltage for the IZO:H (H2) anodic device

may be due to an increase in the hole injection efficiency

from the IZO:H layer into the TPD layer, as compared with

device based on IZO:H (UHV) anode. In Figure 4, maxi-

mum light output of ~8000 cd/m2 is achieved at 16 V for the

device based on the IZO:H (H2) anode. 

Figure 5 shows the external quantum efficiencies of the

OLEDs. IZO:H (UHV), IZO:H (H2), and commercial ITO

anodes obtained maximum external quantum efficiencies to

be 0.44%, 0.6%, and 0.6% at 18 V, 13 V, and 9 V, respec-

tively. The IZO:H (H2) anode is seen to have an external

quantum efficiency similar to the commercial ITO anode.

This indicates that the hydrogenated IZO:H (H2) film can

substitute the commercial ITO electrode in the OLEDs.

The luminance efficiency versus current density is shown

in Figure 6. The devices made of IZO:H (UHV), IZO:H

(H2), and ITO anodes have the luminance efficiency of 2.6

cd/A, 3.4 cd/A, and 3.4 cd/A, respectively. It found that the

luminance efficiency of the IZO:H (H2) anode is almost 30%

higher than that of the IZO:H (UHV) anode. The enhanced

efficiency of IZO:H (H2) device was attributed to the improv-

ed carrier balance and recombination. Jiang et al. reported

that the differences in their surface work functions of anode

films might be responsible for the differences in their current

efficiency.11 As shown in the Table 1, the work function of

the hydrogenated IZO anodes measured to be 4.76, and 4.98

eV for the IZO:H (UHV) and IZO:H (H2) films, respective-

ly. However, the obtained work function value (4.6 eV) of

the commercial ITO is lower than that of the hydrogenated

IZO anodes. It is well known that the anodic film with a

higher surface work function leads to a smaller energy

barrier between the work function energy of the anode

surface and the highest occupied molecular orbital (HOMO)

of the HTL, which enhances the hole injection. Thus, the

more electron-hole recombination within EML can be

formed and the higher current efficiency was improved.12

Figure 3. Current density (J) versus voltage (V) characteristics of
the OLEDs: (a) pure IZO, (b) IZO:H (UHV), and (c) IZO:H (H2),
and (d) commercial ITO anodes.

Figure 4. Brightness (B) versus voltage (V) characteristics of the
OLEDs fabricated using the same films as Figure 3. 

Figure 5. External quantum efficiency (QE) versus voltage (V)
characteristics of the OLEDs fabricated using the same films as
Figure 3. 
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Contrary to expectations, Figures 3 and 6 show that in spite

of higher work function in the IZO:H anodes, these films

exhibit slightly lower luminance efficiency and higher turn-

on-voltage than that of a commercial ITO anode, which is

caused by higher surface roughness of IZO:H anodes than

that of commercial ITO anode. We thus suggest that high

surface work function and smooth surface roughness of

IZO:H (H2) film compared with IZO:H (UHV) film are

attributable to improving the carrier injection properties at

the IZO/TPD interface formed by surface modification

technique such as H plasma injection. The relationship bet-

ween the device performance and the work function of

anodic transparent conducting oxide materials could be

explained by the energy barrier height. This leads to more

balanced injection of holes and electrons, and improvement

of their recombination. Hence, the IZO:H film would be a

better anode material for OLEDs. The present results

suggest that optimized IZO:H films should be very useful

and effective for both OLEDs and various other types of

optoelectronic device such as FPDs, solar cells or passive

photo devices. We believe that it is closely related to the

possibility that hydrogenated IZO films may have different

physical characteristics due to the hydrogen existence

between bulk and surface, which is left for further studies.

Conclusions

Transparent conducting In-doped ZnO films were deposit-

ed on corning glass substrates by pulsed DC magnetron

sputtering using a hydrogen-argon gas mixture at room

temperature and controlled over the chamber atmosphere

after deposition. The IZO:H films in the hydrogen controlled

atmosphere showed a lower electrical resistivity of 2.7 ×

10−3 Ω and a high transmittance of higher than 85% in the

UV-visible region. The IZO:H films were used as anode for

OLEDs, and their device performances are also studied. The

result showed that the device performance (charge injection

voltage, turn-on-voltage, and current efficiency) was improv-

ed by hydrogen doping in the IZO anode. The OLED

characteristics of the IZO:H anode show excellent efficiency

(11 V drive voltage) under a current density of 1 × 103 A/m2,

good brightness (8000 cd/m2), and luminance efficiency (3.4

cd/A) of the light emitted from the devices, which is com-

parable to that of the commercial ITO anode. The results

suggest that hydrogen controlled IZO:H films can possibly

be applied to serve as an alternate anode material to ITO for

the next generation of OLED and other optoelectronic devices.
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