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Ion Beam Modification of Al-Doped ZnO Thin Films 

0. Fukuoka1
, N. Matsunami1

, T. Sbimura1
, M. Tazawa2

, M. Sataka3 
1Center for Integrated Research in Science and Engineering, Nagoya University, 

Furo-c:ho, Chikusa-ku. Nagoya 464-8603, Japan 
Fax:81-S2-789-S204, e-mail:n..nudSimami@nucl.nagoya-u.ac.jp 

~ationallnstitute of Advanced Industrial Scienc:e and Tedmology, Nagoya 463-8S60, Japan 
ilepartmentofMaterials Science. Japan Atomic: Energy Research Institute. Tokai.lbaraki 319-ll9S, Japan 

We have investigated ion-beam-induced modifications of Al-doped ZnO thin films with 
c-axis on S~ glass, prepared by using a RF-sputter-deposition method. The samples were 
irradiated at room temperature (RT) by 100 keV-Ne+ ions up to -1017cm"2 and followed by 
annealing at 200-600 °C in vacuum. We find the followings. The conductivity increases by an 
order of magnitude after irradiation of lx1017cm"2 and annealing at 200-400 OC. This 
modification is primary due to the mob~ increase. The optical-absorption-edge spectrum 
becomes less sharp after irradiation of lxlO 7cm"2 due to ion-induced disorder. The disorder is 
not annealed below 500 °C, but the spectrum is nearly recovered ftom the disorder by 
annealing at 600 °C. The conductivity increase is discussed in terms of the crystalline quality, 
grain growth and impurities. 
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I. INTRODUCTION 
Al-doped ZoO (AZO) is known as an n-type 

semiconduc:tor with the band gap of 3.3eV and AZO 
films have been extensively studied for application to 
elec:tric: devic:es and thin fihn solar c:eUs [1-3]. 
Generally, the films c:onsist of grains with size of 
several ten nm. and the elec:tric: mobility is typic:ally 
- I c:m2N • s and smaller by two order of magnitude 
than that of a single c:rystal [4]. It is c:onsidered that the 
mobility is mainly determined by the c:rystalline 
quality. For the applic:ations, it is desired to improve 
the c:rystalline quality of grains and inc:rease the grain 
size in order to inc:rease the mobility and minimin: the 
grain boundary eft'ec:ts. However, these investigations 
are sc:an:e. Rec:endy, Matsunami et al have observed 
the grain-growth and alignment of the grain orientation 
of ZoO thin films with a-axis on MgO substrates by 
ion irradiation [S,6]. It is of interest to investigate 
whether ion irradiation improves the AZO film quality 
or not. 

lbis paper reports the ion irradiation and 
post-irradiation annealed eft'ec:ts on the elec:tric: 
properties, c:rystalline quality, optic:al properties and 
grain growth of AZO thin films on Si{}z glass. 

2. EXPERIMENTAL 
The experimental method is similar to that 

desc:ribed in [S,6]. AZO films were grown on Si{}z 
glass (10 X 10 X O.S mm3

) by using an otf-axis 
RF-magnetron-sputt method with RF 
power of 40 W and AZO target of (Al/Zn=3.2%) in 
S Pa Ar gas. The s~ glass was away by -6 c:m ftom 
the target. 

Ne+ ions of lOO keV were used for irradiation at 
RT. The beam c:urrent and size were -I 1L A and 
-I enr, respec:tively. 

DC c:onduc:tivity and Hall c:oeffic:ient were 
measured by four-probe and the van der Pauw methods, 

639 

respec:tively, to deduc:e the carrier density and mobility. 
The c:rystalline quality and orien1ation were examined 
by X -ray ditJraction (XRD). Optic:al absorption spec:tra 
were measured by using a c:onventional spec:trometer. 
Surfac:e morphology and grain size of the films were 
evaluated by atomic: forc:e mic:rosc:opy (AFM). 
Annealing was performed in vaarum of -lo-3 Pa for lh 
at each temperature. Rutherford backsc:attering 
spec:trosc:opy (RBS) was employed to analyn: the 
c:omposition and film thickness. 

3. RESULTS AND DISCUSSION 
The films were prepared at the subslrate 

temperature Ts=RT to 800 °C. The deposition time was 
30 min. RBS shows that the film thic:kness is 100 (± 
20) nm. the 0/Zn c:omposition is nearly stoic:hiometric: 
and AI/Zn=S %. The films grown in this study have 
c:-axis orientation (c:-axis, perpendic:ular to the basal 
plane of the hexagonal struc:ture. is perpendic:ular to 
the substtate surface). This orientation is c:ommonly 
observed and c:an be explained in terms of the lowest 
surfac:e-ftee..energy [1]. 

The elec:tric: properties of the pm!Cilt films are 
similar to those in [1 ]. Both the c:onduc:tivity and 
carrier density at Ts=RT exhibit the maximal 
2-10 S/c:m and SxtOZO/c:m3

, respec:tively. A t8ctor of 
-s is observed for the c:onduc:tivity variation on sample 
and this is partly due to the fact that the c:onduc:tivity 
and mobility depend strongly on the fihn thickness. 
The carrier density is muc:h larger than the value of 
-2xt019/c:m3 estimated ftom the solubility limit of 
O.OS % for AI in the AZO single c:rystal [4], assuming 
that all Al's are in the Zn substitutional sites and 
generate a carrier (an elec:tron) for eadl Al. The 
c:onduc:tivity reaches the minimum at Ts=400 OC and 
inc:rease at Ts=SOO OC. The carrier density and mobility 
reach their minimum values at Ts=400 OC and inc:rease 
for higher Ts. The mobility at Ts=IU is -o.t c:m2N • s 
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Fig. I (a) Conductivity:<r, (b) carrier density:n and (c) 
mobility: ll vs annealing temperature. Open circles, 
triangles, crosses indicate unirradiated, irradiated 
(Sxl0

16
cni) and irradiated (lxl0

17
cm"

2
) films, 

respectively. 

and this is much smaller than that of a single crystal, 
100 cm2

/ V • s (4], as already mentioned. 
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Fig. 2 (a) XRD intensity and (b) FWHM of the rocking 
curve of AZAJ vs annealing temperature. The symbols 
are the same as in Fig. I. 

The FWHM (full width at the balf maximum) of 
the XRD rocking curve of (002) diftfaction peak 
(difli'action angle -17 ")shows the maximum of -20 ° 
at Ts=RT, reaches the minimum of -4 ° at 
Ts=400-600 °C and then increases to -7 ° at Ts=800 OC. 
The XRD intensity exhibit maximum at T~ °C. 
These indicate the film at Ts=RT is the poorest in view 
of the XRD. With increasing Ts up to SOO °C, FWHM 
decreases, i.e, the crystalline quality is improved, 
while the mobility decreases. Thus the crystalline 
quality is not a nugor factor for the mobility change in 
this case. 

For irradiation, the films of RT deposition were 
chosen, because the conductivity is the maximum. Fig. 
I shows the conductivity, carrier density and carrier 
mobility of unirradiated and irradiated films vs the 
annealing temperature Ta. After 100 keV-Ne+ 
irradiation, the conductivity increases by a factor of 4 
as shown in Fig. l(a). It is noticed that the 
conductivity increase depends on the starting film as 
mentioned above. The intensity and FWHM of 
the XRD vs annealing temperature are shown in Fig. 2. 
The FWHM slightly decreases from the unirradiated 
value of -20 to -18 ° and the XRD intensity decreases 
following the Ne+ irradiation. Figs. 3 and 4 show 
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Fig. 3 (a) Optical-absorbance spectta ofunirradiated, 
irradiated (5xl0

16cm·) and post-irradiation annealed 
(600 °C) AZO films. (b) Similar to (a) except for 
irradiation of lxl017cm·2 and followed by annealing at 
300 and 600°C. 

optical absorption spectra and AFM images of the 
unirradiated, irradiated and post-irradiation annealed 
samples, respectively. The absorption spectrum of a 
Si02 !!_ass without AZO film after irradiation of 
lxl01 cm-2 is nearly the same as the unirradiated one 
and thus the change in the absorbance is due to that in 
AZO films by ions. Optical absorption spectta of the 
band edge become less sharp by ion irradiation of 
1017/cm2

, as shown in Fig. 3(b). Grain growth is not 
observed but the grain size is reduced for high dose, as 
seen in Fig. 4(e). RBS shows that the composition is 
nearly unchanged under ion irradiation. 

Next, we bave performed annealing of irradiated 
and unirradiated AZO films. As shown in Fig. l, the 
conductivity of the irradiated samples increases by an 
order of magnitude after annealing at 200-300 °C, but 
decreases at higher annealing temperature Ta. 
Surprisingly, the conductivity of the unirradiated 
samples increases by two order of magnitude at 
Ta=SOO "C. The conductivity modifications are 
primary due to the mobility changes. 

The XRD intensity and FWHM of both the 
unirradiated and irradiated films show no appreciable 
change after annealing (see Fig. 2). These indicate no 
improvement of the crystalline quality by annealing. 
Hence the conductivity increase shown in Fig. l is due 
to factors other than the crystalline quality, contrary to 
the general expectation. 

The degree of the absorption-edge-sharpness 
represents the crystalline quality of grains, because the 
absorption-edge spectrum of the RT deposition films 
(the crystalline quality is the poorest) is less sharp. The 
absorption spectrum around the band P! is slightly 
modified by irradiation of 5xl016/cm and also by 
post-irradiation annealing. A drastic modification is 

Fig. 4 AFM images ofAZO films with c•axis orientation: (a) before irradiation, (b) after annealing ofunirradiated 
film at 500 °C, (c) after irradiation of 5xl016cm-2, (d) after irradiation of 5xl016cm'2 irradiation followed by annealing 
at 300 °C, (e) after irradiation oflxl017cm·2 and (t) after irradiation oflxl017cm·2 followed by annealing at 300°C. 
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seen for irrndiation of and this is caused 
ion-induced disorder, but is not reflected in the XRD. 
The absorption after irradiation of 
t:d017cm·2 is not annealing below 500 °C 
and the recovery occurs annealing at 600 "C. Again, 
the conductivity increru;e at 20()..400 "C does not 
correspond to the of the ion-induced disorder. 

The gmin size of film on deposited at 
RI is 50..100 nm. No growth at Ta=500 "C is 
observed for the samples The 
samples after irradiation of 5 X and 
post-irradiation annealing show oo grain-growth. In 
contrast, the grain is reduced a factor of 2 after 
irradiation of ~md increases to -200 nm at 
Ta=300 "C (Fig. 4(c) ~md It is speculated that 
migration of defects generated ion irradiation leads 
to the grain-growth. The of AZO films is 
observed by annealing at 300 in [8]. The details 
of mechanism and of the gmin-growth are to 
be investigated. 

Mean free path (mfp) for the electronic 
conduction is estimated u order of 0.1 nm for the 
carrierdensity=lcfl/cm3 ~md mobility=l cm2N • s [2]. 
This value is much smaller than the grain size and thus 
the grain growth is not for the improvement 
of the conductivity but crystalline quality 
improvement As already mentioned, the increru;e of 
the conductivity or does not originate from 
the improvement of the crystalline quality. If the 
electric conduction at surface is dominant and the 
surface conductance is independent of the film 
thickness, the conductivity decre!llles with increasing 
the film thickness. This is not the C!llle, because 
experiments show that the conductivity incre!llles with 
the film thickness. of the conductivity 
modification is not known at present, but possibilities 
are the followings. Since the carrier density is 
-to2%m3

, the fraction of Al's at substitution& sites 
(Zn sites) is ....0.2 o/o. The majority of the remaining 
Al's are at nonsubstitutional sites (interstitial, gmin 
boundary and/or surface). Al's at interstitial sites may 
act as the scattering center for the electric conduction 
and the fraction may vary by ion irradiation and 
annealing. Furthermore, RBS shows no appreciable 
impurities heavier than aluminum. Thus, another 
possibility is the low atomic-number impurities. 
According to preliminary results of nuclear reaction 
analysis (NRA) with 1.2 d and elastic recoil 
detection (ERD), of carbons and 
considerable amount of hydrogen's (-l017/cm2) are 
detected. These impurities might play important roles. 

4. CONCLUSION 
Effects of 100 ion irradiation and 

post-irradiation annealing on M-doped ZnO on Si02 
glass have been investigated. We demonstrate the 
conductivity increru;e by an order of magnitude and 
grain-growth by a factor of S. No simple relationship 
is observed between these modifications and the 
crystalline quality in view of XRD and optical 
absorption of the band 
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