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Abstract

Al and F-doped ZnO films of 200 nm thicknesses were prepared on glass substrates by co-sputtering ZnO targets composed g2, wt.% Al
1.3wt.% ZnF and pure ZnO targets, respectively. After annealing in vacuum pressure® @bi0at 300°C for 2 h, the resistivity of ZnO
films decreased down to 4.2510~4 © cm and ZnO film which composed of Al-doped ZnO 25% and F-doped ZnO 75% by volume fraction
showed the highest mobility of 42.2 éiW's. From XRD measurements it was found that F dopants improved crystallization of ZnO films.
Form XPS spectra of oxygen 1 s binding energy and Hall measurements it was confirmed that by vacuum annealing chemisorbed oxygens at
the grain boundary desorbed and reduced grain boundary scattering. Also figure of merit (FOM) defined as ratio of electrical conductivity to
optical absorption coefficient increased up to 267 after post annealing.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction using CVD technique by Hu and Gordon, in which the resis-
tivity as low as of 4x 10~* © cm and high mobility as high
ZnO thin films doped with Al, Ga or In have low elec- as 40 cri/V s were reported. The low resistivity combined
trical resistivity and high optical transmittance due to their with high mobility of FZO film was attributed to the restricted
high carrier concentrations above??@m—2 and wide op- perturbation effect of fluorine anion to valence b&ndnlike
tical band gap energy of above 3.3&Recently, Al doped metallic dopants, however, fluorine is known to be difficult
ZnO thin films (AZO) have drawn a great deal of attention to be incorporated into ZnO films by PVD technique like
due to their low material cost, non-toxicity and the stability sputtering®
under the hydrogen plasma compared to ITO (Sn-doped in-  In this study, to make advantage of Al dopants which can
dium oxide)? Most of the studies on doped ZnO thin films be easily incorporated into Zn sites and F dopants which can
were carried out using trivalent cation dopants such as Al, not be easily incorporated but give high mobility, Al and
Ga and B3 However, only a few studies on fluorine doped F dually doped ZnO films (AFZO) were prepared by co-
ZnO (FZO) can be found in the literature despite the fact that sputtering of ZnO target containing AD3z (AZO) and ZnO
fluorine can be an adequate anion doping candidate due tadarget containing Zni|{FZ0), and their electrical, optical and
its similar ionic radius to the oxygen. Most of the studies on structural properties were investigated.
FZO thin films were made using chemical process of sol-gel
or spray pyrolysis, and the resistivity of FZO prepared by
spray pyrolysis was in the range of 70to 102 Q2 cm? The

2. Experimental details
most notable result was obtained for FZO thin films deposited P

AZO, FZO and AFZO thin films were deposited on corn-
* Corresponding author. ing glass substrates (Eagle 2000) by rf magnetron sputtering
E-mail addressinhok@kist.re.kr (I.H. Kim). with 2 in. diameter targets. ZnO:4D3 (AZO) and ZnO:Znk
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(FZO) targets contained 2.0 wt.% 03 and 1.3 wt.% Znk,
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respectively. By varying the rf power applied on each target (002) Ea D (s o]
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during co-sputtering, ZnO films with five different chemi-
cal compositions were prepared (AFZO series). The volume
ratios of FZO to AZO in AFZO film series, which were deter-
mined from deposition rates of each film, were 1:0, 3:1, 1:1,
1:3,and 0:1, and the corresponding AZO volume fraction was
0% (FZO), 25% (AFZ025), 50% (AFZ050), 75% (AFZO75)
and 100% (AZO), respectively. Only Al doped ZnO films
(APZO series, co-sputtered with pure ZnO and AZO tar-
gets), in which AZO volume fraction was varied 0% (ZnO),

b
c
d

(103)  (004)

2%2

25% (APZ025), 50% (APZ050) and 75% (APZO75) were \

also prepared by co-sputtering of pure ZnO and AZO targets, e i (a)
and their electrical and structural properties were compared I L L L —
with those of AFZO films. Sputter deposition was carried out 20 % 4 50 60 0 80
at working pressure of 1 mTorr using pure Ar gas and the Diffraction angle (26)

substrate was not heated intentionally during the deposition.
Annealing test of the deposited films was performed at the
temperature of 300C for 2 h inside the vacuum chamber
pumped down to below I® Torr. The electrical resistivity, ~ uum annealing resulted in slight reduction of FWHM. These
Hall mobility and carrier concentration were determined from implies that the average crystallite size with (00 2) orienta-
the Hall effect measurement equipment using van der Pauwtion increases with increasing Al contents in the films, and
method. For all the films, the thickness was kept at about that annealing causes an increase of the average crystallite
200 nm. The grain sizes of films were analyzed using X-ray size with (0 02) orientation. Before annealing and also after
diffractometer with Cu k& radiation ¢. = 1.540562&). The annealing AFZO films had lower FWHM than APZO films
optical transmittance and reflectance spectra were obtainedn the same AZO volume contents. These observations imply
on UV-vis spectrophotometer in the wavelength range from that the addition of Al, F enhances crystal growth in ZnO
250 to 1100 nm. For analysis of chemical binding energy of films.

oxygenions, XPS characterization was made for as-deposited i ,

and annealed films after surface pre-cleaning for 3 min by 3-2- Electrical properties

Fig. 1. X-ray diffraction pattern of AFZO25, AZO films as-deposited and
vacuum annealed at 30C.

sputtering. In Fig. 3(a)—(c), the carrier concentration, Hall mobility
and the resistivity obtained for both AFZO and APZO series
films before and after annealing are compared, respectively.

3. Results and discussion The carriers of Aland F-doped ZnO films are generated from
both the intrinsic type of donors stemming from the inter-

3.1. Structural properties stitial Zn metals or the oxygen vacancies and the extrinsic

TheFig. 1shows the XRD profiles of the as-deposited and it AFZ0
the vacuum annealed AFZ025, AZO films, respectively. All s —e— As-deposited

the as-deposited and the annealed films show strong (00 2) ¢~ Vacuum annealed

peaks of preferred orientation, together with relatively weak \ AfZEiA denosited
(101) and (103) peaks. It is notable that the intensity of i 8\ B s T
(101) and (103) peaks for the as-deposited films slightly = \
increased with increasing amount of AZO in the films, and E I
that intensity of these peaks increased for the annealed films. b \\\\
Inactive Al atoms in the AZO films have been reported to be ' _N
segregated into grain boundaries and to inhibit the crystal- i \\\&\
lization and preferred orientation of ZnOvery weak (10 1) 0.25)-
and (103) peaks of AZO 100% film could be attributed to
these inactive Al atoms. APZO film series also showed very
similar preferred orientation. B —rp 30 30 50 & e
In Fig. 2, the full width at half maximum (FWHM) of
(00 2) peaks obtained for AFZO series and APZO series sam-
ples are compared. For both AFZO and APZO film series, Fig. 2. Full width at half maximum (FWHM) of AFZO and APZO series
FWHM decreased with increasing AZO content, and vac- films with different AZO volume fraction.

AZO Volume Fraction (%)
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Fig. 3. (a) Carrier concentration; (b) Hall mobility and (c) resistivity of
AFZO and APZO series films with different AZO volume fraction as-
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type of donors stemming from the substitution of Al and F.
By vacuum annealing the oxygen vacancies and the inter-
stitial Zn metals can be created and the carrier concentra-
tion will increase® After vacuum annealing the resistivity of

all ZnO films became lowered due to the increase of both
carrier concentration and mobility. The minimum resistivity
of 4.75x 1074 Q cm could be obtained for AFZO50 films
due to their high mobility and carrier concentration. Vacuum
annealed AFZ025 film showed the maximum mobility of
42.2 cnt/V s.Fig. 4shows the XPS oxygen 1s binding energy
of as-deposited APZ025, AFZ025, annealed APZ025 and
AFZ025 films. The binding energy for O 1s of ZnO structure
is 530 eV and that of AlO3 is 531.6 eV. Chen et al. reported
that the component of the O 1s located at about 531.25eV
is attributed to 3~ ions in oxygen deficient regiorfsThe
components of O 1s in AD3 and oxygen deficient regions
could not be fitted clearly. The small O 1s component located
atabout 532 eV is mainly due to the chemisorbed oxygen im-
purities such as &, O~ and @~ ZnO thin films are chem-
ically active and the oxygen will be adsorbed easily at the
surface and grain boundary. These chemisorbed oxygen acts
as trap site of free electrons and increase the potential barrier
of grain boundary. Minami reported that the mobility of doped
ZnO films with carrier concentrations of 48-10?1cm=3

was mainly limited by the ionized impurity scattering, and
ZnO films with carrier concentrations of 18-10?°cm—3

was dominated by the grain boundary scattefirgince all

the films except pure ZnO film have carrier concentration in
the range of & 107°-5 x 10?°cm3, grain boundary scat-
tering mechanism cannot be excluded completely. After vac-
uum annealing of AFZO25 and APZ025, the reduction of
the high binding energy oxygen peak at about 532 eV can be
seen clearly irFig. 4, which implies that the grain boundary
potential decreases due to the removal of the chemisorbed
oxygen at the grain boundary. It is notable fréig. 3 that
vacuum annealing gives rise to a pronounced increase in mo-
bility while only a slight increase in carrier concentration is
observed for all AFZO series films. This cannot be explained
only by ionized impurity scattering because the mobility of
highly degenerate semiconductor is known to be dispropor-
tional to carrier concentrations asx n~23.10 Although the
average crystallite size estimated from FWHM was all in the
range of 30—40 nm and is larger than the electronic mean free
path of all our ZnO films (below 6 nm), the grain boundary
potential barrier is believed to influence the mobility of our
ZnO films. The mobility decrease of AFZO films with the
increase of AZO volume fraction might be explained by the
ionized impurity scattering together with the grain boundary
scattering. Upon comparing the electrical properties of APZO
and AFZO series films, it is clear that vacuum annealing of
APZO films also give rise to an increase of mobility but not
asmuch asinthe case of AFZO series films. Furthermore, the
carrier concentration and the mobility of APZO series films
lay below those of AFZO series films at the same volume
fraction of AZO. Although Shanthi et al. reported that fluo-
rine did not cause an increase in grain boundary potential in
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Fig. 4. Oxygen 1s XPS spectra of as-deposited (solid triangle) and annealed (open) AFZO25 and as-deposited (solid square) and annealed (open) APZO
films.

their F-doped tin oxide film&? this could not be confirmed ~ wavelength 400-800 nm, where no absorption band occurs:
in our films. As shown irFig. 2, FWHM values of annealed

APZO series films are lower than those of AFZO series films. , _ 1 In (1 — R)
This indicates that the fluorine dopant promotes the crystal- d
lization of ZnO films and reduces grain boundary scattering, _ .
which eventually would lead to higher mobility observed in whereT andR are the optical transmittance and reflectance

— ®

AFZO films. of the films andd, the thickness of the films. By vacuum
annealing, the average absorption coefficients of all the films
3.3. Optical properties reduced for the most of visible and near IR range measured in

this study. The decrease of absorption in the short wavelength

Fig. 5 shows the plot of the absorption coefficients ob- €gion (about 400-600 nm) after annealing is due to the in-

tained for the as-deposited and the annealed AFZO, APZOCrease ofthe optical band gap accord_mg to Burstein—Moss ef-
film series. The absorption coefficient was calculated from fect. After vacuum annealing, the optical band gap of AFZO,
the measured optical transmittance and reflectance accord/PZO films all increased due to the increase of the carrier

ing to the following relation and averaged from the visible concentrations. The_decrease of absorption coefficient in the
long wavelength region (about 600-800 nm) for the vacuum

5000 annealed films is thought to be caused by the increase of mo-
I —a— APZO (as-dep.) bility as this can be explained by the decrease of the low free
4000 —»— APZO (annealed) . . . . .
L —a— AFZO (as-dep.) carrier absorption. Free carrier absorption has been described
3000} —°~AFZO (annealed) by Eq.(2) following Drude modek?
I “—————_____‘ N
2000f T e o= ne®s? )
4723 N pegm*2

. wheren, 1, ¢, N, s, m and . are carrier concentration,
1000} \Q\\\ﬂ\\ 5 yvavelength, light speed, re_fractive indgx, vacuum permitt_iv-
“\D ﬁ/ ity, effective mass and mobility, respectively. The free carrier
absorption is proportional to/x and the increase of mo-
bility reduces the free carrier absorption. Annealed AFZO
A e . O films have lower absorption coefficients than annealed APZO
AZO Volume Fraction (%) film series because_ of higher mobility and higher optu?al
band gap of AFZO films. Good transparent and conducting
Fig.5. Average absorption coefficients of as-deposited and vacuum annealec@Xides (TCOs) should have low resistivity and visible ab-
AFZO, APZO films with different AZO volume fraction. sorption. Quantitative measure of performance of transparent

Avrage Absorption Coefficent (cm-1
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conducting oxide is figure of merit (FOM) defined&s: References
FOM = i (3) 1. Singh, A. V., Mehra, R. M., Buthrath, N., Wakahara, A. and Yoshida,
po A., Highly conductive and transparent aluminum-doped zinc oxide

After annealing, FOM of all ZnO films increased notice-
ably due to lower visible absorption and higher conductivity
than before annealing and FOM of AFZO films series are
higher than APZO films at the same AZO volume fraction.
AFZ050 had the highest FOM value of 2.87* after an-
nealing.

4. Conclusions

Transparent and conducting ZnO films doped with Al and
F have been deposited on glass by co-sputtering ZnQ:ZnF
and ZnO:AbO3 ceramic targets. After annealing at 3@for
2 h in vacuum, the minimum resistivity of 4.2510~% 2 cm
was obtained for AFZO50 film, and the highest mobility of
42.2 cnt/V's was found in AFZO25 thin film. From XRD
measurements it was found that fluorine dopants enhanced

the crystallization of ZnO and reduce grain boundary scatter- 8.

ing. The analysis of XPS spectra for the as-deposited and the
annealed AFZ025 films revealed that chemisorbed oxygen
ions reduce the mobility of ZnO films, and that after vacuum
annealing most of chemisorbed oxygen was removed giving
in the increase in mobility. Vacuum annealing of the AFZO

films resulted in the decrease in both the optical absorption 10.

and the resistivity, giving the highest FOM of 2.7 for
AFZO50 thin film. It can be concluded that dual doping of F
and Al might be a plausible method for obtainment of trans-
parent conducting ZnO films with higher performance.
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