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The zinc oxide (ZnO) films were epitaxially grown on sapphire substrates using ion beam sputtering 
process. The effects of ammonium (NH3) radical irradiation and excess Zn supply on the electrical 
properties of the ZnO thin films were studied. The n-type carrier concentration was markedly reduced 
when Zn!ZnO composite targets consisted of Zn metal and ceramic ZnO were used with the NH3 
radical irradiation, while the irradiation of the radicals from N2 and N2 + H2 gases was not effective to 
reduce the carrier concentration. The excess Zn supplied from the Zn!ZnO composite target evaporated 
during the deposition without formation of donor defects when the NH3 radical was irradiated. The 
decrease in the n-type carrier concentration was attributable to the replacement of 0 ions in ZnO with 
N ions or N ions associated with hydrogen. The carrier concentration of the films prepared with NH3 
radical irradiation decreased furthermore by the annealing at 600°C in nitrogen atmosphere, which was 
attributable to the activation of N ion acceptors. 
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1. INTRODUCTION 
Zinc oxide (ZnO) having a direct band gap of 

3.3 eV is one of the candidates for ultraviolet 
optical device [1]. In order to realize 
opto-electronic devices using ZnO thin films, it is 
desirable to fabricate p-type ZnO thin films. 
Although various impurities, such as lithium [2], 
silver [3] and copper [4], have been tried to dope 
into ZnO films as acceptors. These acceptors 
yield deep levels within the band gap, so that the 
trapped holes cannot be ionized thermally. 
Kobayashi et al [5]. predicted that nitrogen (N) 
was a candidate for p-type dopant for producing a 
shallow level in ZnO due to its large 
electronegativety. However, the difficulty in 
realizing p-type ZnO had been remained, because 
some donor defects, such as interstitial zinc (Zn) 
or oxygen (0) vacancies, are formed either 
thermally or to compensate shallow acceptors, 
which is called "self-compensation". 

Recently, some research groups have 
succeeded in preparing p-type ZnO. Butkhuzi et 
al. [6] reported that the p-type conduction was 
realized by incorporating excess oxygen into ZnO 
films. Joseph et al. [7] found that the N20 radical 
irradiation was effective to prepare the p-type 
ZnO films. As for NH3 gas, it was reported that 
the p-type ZnO was formed by a CVD process 
using the mixture ofNH3, H20 and H2 as a carrier 
gas but the process was less reproducible [8]. In 
GaN and ZnSe, the p-type conduction has been 
successfully realized using NH3 gas. They were 
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semi-insulators or n-type semiconductors in the 
as-grown state because most of shallow acceptors 
were compensated and passivated by H ions. To 
activated acceptors for p-type conduction, it was 
necessary to anneal in N2 atmosphere or to be 
irradiated with low-energy electron beam [9-14]. 
It seems that the similar process with NH3 radical 
irradiation is effective to activate acceptors in 
ZnO films. However, the effect of NH3 radical 
irradiation on the structure and electric properties 
of ZnO thin films has not been studied yet. 

The concept of NH3 radical irradiation to dope 
acceptors into ZnO is that 0 ions in the crystal 
structure are first replaced with N ions associated 
with hydrogen (N-H ions) because N-H ions and 
0 ions have the same valence and similar size 
(radius ofN3

" in tetrahedron: 0.146 nm, N-Hbond 
length in NH3(g): 0.101 nm and radius of 0 2

- in 
tetrahedron: 0.138 nm). Moreover, it appears to 
be difficult to replace 0 ions in ZnO with N-H 
ions because of strong Zn-0 bonds. Therefore, 
excess Zn metal has to be supplied over oxygen 
during the deposition process. The ZnO films 
need to be annealed to activate acceptors. In this 
study, the ZnO films were prepared with NH3 

radical irradiation and with excess Zn supply 
using ion beam sputtering, and their effects on 
electrical properties were studied. 

2. EXPERIMENTAL PROCEDURE 
ZnO thin films were grown by ion beam 

sputtering method [15]. A schematic diagram of 
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the apparatus used for the growth of ZnO thin 
films is shown in Fig.l. The target was fixed 
about 100 mm below the substrate and faced to a 
Kaufman-type ion beam gun at an angle of 45 o • 

During the growth of films, the thickness of the 
films was continuously monitored with a quartz 
sensor together with monitoring of the refraction 
high-energy electron diffraction (RHEED) 
patterns. A helicon plasma gun was used to 
irradiate the film surface with various radicals 
(NH3, Nz and N2+H2) during the film deposition. 
The flux density of radicals from the helicon 
plasma gun was about lx10 15 atm·cm·2s· 1

. 

Shutter 

Fig.l A schematic diagram of ion beam 
sputtering apparatus. 

Sapphire single crystals with (000 1) 
orientation were used as substrates. They were 
pretreated before the growth by ultrasonic rinsing 
in acetone followed by ethanol and heated at 
1050 ·c in air for 2h to make the surface 
atomically clean (16]. During the deposition, 
substrate temperature was kept at 4oo·c and N2 
radical, Nz+Hz (mixing ratio N2/H2= 1) radical or 
NH3 radical was irradiated. A ceramic ZnO target 
(99.999%) or Zn/ZnO composite targets were 
used for the deposition. In the composite targets, 
a Zn metal (99 .99%) plate was placed at the 
center of the ceramic ZnO target. The Zn/ZnO 
ratio of the target was changed by the size of the 
Zn metal plate. The accelerating voltage of ion 
beam and ion beam current were 900 V and 18-22 
mA, respectively. The pressure during the growth 
was l.l-1.4xl0"4 Torr. After the depositions, 
some of the films were annealed at 6oo·c for 30 
min in a nitrogen partial pressure of 3.0xlo·5 

Torr. 
The thickness of the films was measured with a 

surface profiler (DEKTAK). The structure and 
c~ystall~nity of the films were analyzed by X-ray 
d1ff~act10n (XRD) method. The electric resistivity, 
c_arner concentration and Hall mobility of the 
f1lms were determined by Hall coefficient 
measurement using a standard van der Pauw 
four-probe square geometry. Electrical contacts 
we~e ~ade using indium ion-plating electrode, 
which 1s known to form good ohmic contact with 
ZnO. The N concentration in the films prepared 

with NH3 radical irradiation was measured by 
secondary ion mass spectrometry (SIMS). 

3. RESULTS AND DISCUSSION 
3.1 Epitaxy of ZnO films 
The thickness of all films prepared in this study 
was about 50 nm. Figure 2 shows a XRD profile 
and an RHEED pattern of a ZnO film prepared 
without the irradiation of radicals. Diffraction 
peak of ZnO (0002) and a -Al20 3 (0006) were 
observed in XRD profile. The RHEED pattern 
shows an assemblage of streak. These results 
indicate that the ZnO films are grown epitaxially 
on the sapphire substrates, and the surface of the 
films is relatively smooth. The epitaxial relation 
between the ZnO film and the substrate is as 
follows: 
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Fig.2 XRD profile (a) and RHEED pattern (b) 

of the ZnO film grown at 4oo·c. 

3.2 The effects of NH3 radical and the composite 
target 

Table I shows electrical properties of the ZnO 
films prepared at 4oo·c using the ceramic target 
or the composite targets with the irradiation of 
various radicals. The ratio of Zn/ZnO in the 
composite target was 0.1 and 0.7. The n-type 
carrier concentration was markedly reduced when 
the film was prepared using the composite target 
and the NH3 radical irradiation. The carrier 
concentration was increased when the film was 
prepared without NH3 radical irradiation. This 
indicated that the NH3 radical irradiation was 
essential to reduce the carrier concentration. 
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Table I Electric properties of ZnO films 
prepared using ZnO target 
and composite target. 

Target Radical p Nh /.1. 
source (Qcm) (cm·3) (cm2V"ls·') 

8.4 2.5xl017 3.0 

ZnO 
N2 32 4.2xl016 4.7 

N2+H2 8.9 1.7xl0'7 4.1 
NH 14 1.3x1017 3.3 

1.9 1.5x1018 2.2 
N2 21 1.7xl0'7 1.7 Zn/ZnO=O.l N2+H2 21 6.8xl017 2.7 

NH3 480 1.3x1016 0.97 
Zn!Zn0=0.7 NH3 22000 4.4x1014 0.64 

Figures 3 and 4 show photographs and XRD 
profiles of the films prepared with N2 or NH3 
radical irradiation, respectively. The film with the 
N2 radical irradiation was neither homogeneous 
nor transparent. The intensity of the ZnO (0002) 
diffraction decreased with increasing ZnlZnO 
without the shift of the diffraction angle. On the 
other hand, transparent films were obtained using 
the NH3 radical irradiation. The intensity of the 
ZnO (0002) diffraction decreased with increasing 
Zn/ZnO but the shift of the diffraction angle was 
observed in this case. The shift of the diffraction 
angle indicated that the c-parameter of ZnO 
increased with increasing Zn/ZnO ratio. Figure 5 
shows the growth rate of ZnO film at 400oC as a 
function of the ZnlZnO ratio in the composite 
target. The growth rate decreases with increasing 
Zn/ZnO ratio in the target. Zn metal has a 
relatively high vapor pressure, therefore, the 
result in Fig.5 indicates that the excess Zn metal 
evaporated from the film during the deposition. A 
small portion of Zn metal reacted with NH3 

radicals and incorporated into the crystal lattice 
with N ions or N-H ions. The N-H or N ions 
replaced the 0 ions in the crystal lattice and acted 
as acceptors. The shift of the diffraction angle 
observed in Fig.4 may indicate the change of the 
lattice parameter due to the replacement. The 
composite target was necessary to decrease the 
n-type carrier concentration (Table I) because 
strong Zn-0 bonds formed in the case of the 
ceramic ZnO target may prevent the reaction 
between Zn and NH3 radicals. 

Fig.3 Photographs of the films prepared using 
composite target with N2 radical 
irradiation (a) and NH3 radical 
irradiation (b). 
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Fig.4 XRD profile of the films prepared using 
composite target (ZnlZnO=O.l ,0.5) with 
N2 radical irradiation (a) and NH3 
radical irradiation (b). 
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Fig.5 The relationship between growth rate 
and target composition Zn/ZnO 
at 400°C. 

Figure 6 shows the change in the resistivity of 
the ZnO films with the RF -power of the helicon 
plasma gun used for producing NH3 radicals. The 
Zn/ZnO ratio in the composite target was 0.7. The 
resistivity shows a maximum at RF-power of 20W. 
At higher RF-powers, N-H bonds in NH3 radical 
are broken and it becomes difficult for N ions to 
get incorporated into the ZnO crystal. In Table 
I , N2+H2 radicals was not effective to reduce the 

n-type carrier concentration because N-H bond 
was hardly formed in N2+H2 radicals. 
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Fig.6 The relationship between resistivity 
and RF -power of helicon radical gun. 
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3.3 The effects of excess Zn supply and annealing 
The relation between the carrier concentration 

and the Zn/ZnO ratio in the composite target is 
shown in Fig.7. It is obvious that the change in 
the carrier concentration with the Zn/ZnO ratio is 
larger in the case of the NH3 radical irradiation 
than that of N2 radical irradiation. The carrier 
concentration in the films prepared using the NH3 

radical irradiation reduced with increasing 
Zn/ZnO ratio. This indicates that the Zn metal in 
the composite target enhances the reaction with 
NH3 radicals and excess Zn metal evaporates 
during the deposition without forming donor 
defects in the films. However, when the Zn!ZnO 
increased above 0.8, the crystallinity of films 
reduced markedly. The XRD profile of the poor 
crystalline film was that of amorphous and the 
film was not transparent. The results of SIMS 
indicated that the N concentration in the film 
prerared without radical irradiation was less than 
101 cm·3

, while that with NH3 radical irradiation 
was 1019-10 21 cm·3

. Experimental results obtained 
in this study consistently indicate that both the 
NH3 radical irradiation and the excess Zn supply 
are indispensable to dope N into ZnO films. 
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Fig. 7 The relationship between the carrier 
concentration and the Zn/ZnO ratio 
in the composite target. 
Closed triangles (a) show the results 
of the film prepared with N2 radical 
irradiation and closed circles (b) 
show the results of the film prepared 
with NH3 radical irradiation. 

The ZnO films prepared with NH3 radical 
irradiation were annealed in a low nitrogen 
pressure (3.0x10"5 Torr) to activate acceptors. 
Figure 8 shows the relation between the carrier 
concentration and the Zn/ZnO ratio in the 
composite target before and after the annealing. 
The n-type carrier concentration in the films 
prepared using ceramic ZnO target (Zn/ZnO=O) 
increased by the annealing. It was also observed 
that the carrier concentration in the films 
prepared with Hz, N2 or N2+H2 radical irradiation 
was increased. In these films, N-H or N ions are 
hardly replaced with 0 ions during the deposition. 
Therefore, there are no acceptors to be activated 
and the annealing simply increases the oxygen 

vacancies. On the other hand, the carrier 
concentration in the films prepared using the 
composite target and NH3 radicals decreased by 
the annealing. We considered that this is due to 
the dissociated N-H ions and activation of N ion 
as acceptor that was compensated and passivated 
by H ion in as-deposited ZnO thin films. 
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Fig.& The relationship between the carrier 
concentration and the Zn/ZnO ratio 
in the composite target before (a) 
and after (b) annealing. 

We have observed the decrease in the n-type 
carrier concentration but could not obtain p-type 
semiconductor. However, N-H bond of NH3 was 
effective inN doping into ZnO. The NH3 gas and 
activation process seems to be essential to invert 
conduction type. 

4. SUMMARY 
The effects of NH3 radical irradiation and 

excess Zn supply on the electrical properties of 
ZnO thin films were examined. The results are 
summarized as follows: 
1) The electrical properties of the films using 
ceramic ZnO target were almost independent of 
the N2, N2+H2 and NH3 radical irradiation. 
2) Then-type carrier concentration was decreased 
using NH3 radical irradiation and the excess Zn 
supply. 
3) The excess Zn metal from the Zn/ZnO composite 
target evaporated during the deposition with NH3 radical 
irradiation. In this case, the excess Zn hardly formed 
donor defects. 
4) NH3 radicals with N-H bonds and excess Zn 
supply were necessary to incorporate N or N-H 
ions in the crystal. It was considered that N-H 
ions could replace 0 ions in the ZnO because 
N-H ions and 0 ions had the same valence and 
similar size. 
5) The carrier concentration of the films prepared 
with NH3 radical irradiation decreased 
furthermore by the annealing at 600 oc in 
nitrogen atmosphere, which was attributable to 
the activation of N ion acceptors. 
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