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Hydrogen-doped zinc oxid&nO:H) films were deposited by rf magnetron sputtering as transparent
conductive films. The resistivity of ZnO:H film was significantly reduced by the addition,ahH

Ar during rf sputtering. The electrical resistivity of ZnO:H films reached 20* () cm. The carrier
concentration increased with increasing Eoncentration during deposition. X-ray diffraction
results showed that thayy, interplanar spacing increased with increasingddncentrations. The
carrier concentration was significantly reduced in two orders of magnitude by increasing the
substrate temperature from 150 to 250 °C during deposition. Both results suggested that the increase
of carrier concentration by adding,Hluring sputtering was due to the hydrogen donor rather than
the oxygen vacancies in ZnO films, consistent with the theoretical predictions by Van de Walle.
UV-visible spectroscopy further showed that the transmittance is high up to 100% in the visible
range. The band gap determined by optical absorption increased with incregsamgmidosition.

The phenomenon is interpreted as the filling of conduction band by electronstype
semiconductor. @004 American Institute of PhysiddOl: 10.1063/1.1835991

Zinc oxide (ZnO) is a wide-band-gap semiconductor Various post-treatment methods have been reported on
with many technological applications, including piezoelec-the fabrication of hydrogen-doped ZnO films. Bagk all?
tric transducers, gas sensor, phosphors, and transparent careated the ZnO films deposited by metalorganic chemical
ducting electrodes of optoelectronic devicesin serving as  vapor deposition in KHunder UV illumination in a mercury-
the transparent electrode of optoelectronic devices, ZnO filnsensitized photo chemical vapor dcyosition system. The re-
owns several advantages including high transmittance isistivity of the H-treated film decreased fromx11072 to 2
low-wavelength region, abundance in natural resource, an& 102 Q cm. Ip et al!? investigated the electrical conduc-
amorphous structure. However, it remains difficult to growtivity of hydrogen in ZnO finding that exposure of ZnO tg H
ZnO films with stable and sufficiently high conductivity. Fur- plasma caused an increase in donor concentration. The effect
thermore, although all experimental results have shown thawas attributed to hydrogen passivation of acceptor impurities
the undoped ZnO is-type, whether the donor is zinc inter- present in the as-grown ZnO layérs:* Kohiki et al. en-
stitial (Zn;) or oxygen vacancyV ) remains controversidl>  hanced the conductivity of ZnO film through hydrogen dop-

Recently, using first-principles calculation based on théng by ion implantatiort® The resistivity decreased from 1
density functional theory, Van de Waléhas found strong X< 10" Q cm for the as-grown ZnO to 1:8107° Q cm for a
evidence that hydrogen acts as a source of conductivity foRydrogen doping level of ¥ 10" cm™2 .
ZnO. H' is the stable and the lowest-energy state for all  In this study, hydrogen-doped ZnO thin filnt8nO:H)
Fermi-level positions and can be incorporated in high conwere deposited directly in a rf magnetron sputtering system
centrations as a shallow donor in ZnO. This behavior is very
different from hydrogen in other semiconductors, in which it
only acts as a compensating center and always counterac
the conductivity. The above-noted prediction was experimen-
tally confirmed by Coxet al® and Hofmannet al’® using
muon spin rotation and electron paramagnetic resonanci
technique, respectively. The molecular structure was furthel W rate
confirmed by infrared spectroscofiyKilic et al'* general- ]
ized the hydrogen doping behavior in various oxides recog-

nizing that there exists a “hydrogen pinning level” at about Pump—j [l—Iﬂ—rgﬂ—l ]

gas input

3.0+0.4 eV below vacuum for all oxides. Van de WAlfer-

ther suggested the existence of a universal alignment for the
hydrogen energy level in various semiconductors, insulators
and even aqueous solutions.
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PElectronic mail: hong@mail.ncku.edu.tw FIG. 1. A schematic diagram of rf magnetron sputtering system.
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TABLE I. Conditions for the deposition of ZnO:H thin films.

0%
Target ZnO powder - 20% €02
Sputtering gas AT 40% %
Pressure % 1073 Torr e DR 60% ©
rf power 55-100 W &, k
Substrate S{100), fused silica et et Setobetlemtosebttiied-
Substrate temperature 150, 250 °C % N 28
o T . \
L /7
by incorporating H in the sputtering gas, Ar. Figure 1 shows ///
the schematic diagram of the sputtering system employed. W
The film deposition conditions are listed in Table I. The elec- I e o

trical resistivity, Hall mobility, and carrier concentration
were measured at room temperature using the van der Pauw
method. The crystal orientation and surface morphology 20
were inspected by x-ray diffractigiXRD, Rigaky and scan-

. . . : . FIG. 3. X-ray diffraction patterns of ZnO:H films deposited at 150 °C sub-
nlng electron mlcroscopy Hitachi F42D0e§pectlvely. The strate, 5 mTorr, and various,Htompositions. The insert shows the ZnO:H
optical transmittance was measured using an UVNisiblgnin fiim crystallite with preferred orientation alongaxis.

spectrometer in a spectral range of 200-900 nm.

The electrical properties of ZnO:H films as a function of
H, compositions(in Ar) are shown in Fig. 2. The ZnO:H
films are n-type with carrier concentration increased with

increasing H composition d_urlng film deposition. '_I'he n- by increasing H composition during deposition, as indicated
crease of carrier concentration can be due to the mcorpor%-y the increase of the full width at half maximum of the

ot o b s o st ety o Socpecl Beides (8002 peak 1 hited o a owervabe,
reduction with hydrogen plasma. The maximum mobilitymdlcatmg an increase of interplanar distandg,, with the

value is 40 cri/V s, where the carrier concentration remainsincrease of K composition. Previously we mentioned that

. A e ' .. the increase of carrier concentration in ZnO with increasing
high around 6< 10?° cm3. Hall mobility increases first with during d o ither d h fh
. : i, 0 d th tarts to de-H2 uring deposition was either due to the presence of hy-
Increasing H composition up to 40%, and then s drogen donor or due to the formation of oxygen vacancy
crease upon further increasing ldomposition above 40%. '

The decrease of mobility is likely due to the increase of thel_urthermore, Leet al. reported that thelygo, Spacing de-

density of electron scattering centers. However, the reas greased with increasing oxygen vacancy in Zno fifhs.
Y erng y ’ " Therefore, the observed increase dgfy, spacing with in-
for the increase of mobility for a semiconductor material is . S :
oo e . . creasing H composition in Fig. 3 suggests that the increase
that the resistivity is inversely proportional to the carrier con-

centration and the carrier mobility. Thus, the lowest resistiv—Of carrier cancentration must result from the increase of H

. . o donor rather than the increase of oxygen vacancy. Our results
4

ity, 2X10™ () cm, was .qbtalned at a2|—|comp05|t|on of are consistent with those reported by Van de Walle, who

40%, where the mobility is at the maximum value,

: SN performed extensive calculations to conclude that the H do-
iglgznjé\r;_sg, and the carrier concentration is high around 6nor is a shallow donor in Zn®.

' The effect of substrate temperature on the conductivity
of ZnO:H thin films was also studied to investigate the be-
havior of hydrogen in ZnO. Figure 4 shows the Hall mea-
surement results for the ZnO:H films deposited at 150 and

33.6 340 344 348 352

spectrum has only one peak around 34°. The results confirm
that the ZnO:H films consisted of crystallites with preferred
orientation along the axis. The ZnO grain size is reduced

XRD results in Fig. 3 show all ZnO films prepared at
various H compositions. From the inset of Fig. 3, the XRD
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FIG. 2. The electrical properties of ZnO:H films varied with ébmposition FIG. 4. The electrical properties of ZnO:H films deposited at 150 and

in Ar. 250 °C by Hall measurements.
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measured by UV-visible spectroscopy is consistent with the
electrical properties by Hall measurements.

In summary, the resistivity of ZnO film is significantly
reduced by the addition of Hin Ar during rf sputtering,
likely due to the hydrogen donor of ZnO. The resistivity
reaches X 10°* () cm when H composition is around 40%.
The corresponding carrier concentration and Hall mobility
are 6x10°°cm3 and 38.9 cri/V s, respectively. XRD re-
sults show that théy, Spacing increases with increasing H
composition due to the increasing amount of hydrogen donor
in ZnO crystallites. The carrier concentration in ZnO is

o greatly reduced by increasing the substrate temperature from
R 25?,0 150 to 250 °C. Both results suggest that the hydrogen donor,
—————— 40% instead of oxygen vacancies, is responsible for the increase
T 60% of carrier concentrations by increasing ebncentration dur-
- 8% ing deposition. They are consistent with the theoretical pre-
0 T A T R S R— dictions proposed by Van de Waflé. The optical transmit-
2000300 400 300 600 700 800 900 tance of the hydrogen-doped ZnO film is high up to 100% in
Wavelength (nm) the visible range. Furthermore, the transmittance edge shifts
toward the lower wavelength with increasing Ebmposition

FIG. 5. Optical transmittance spectra of the ZnO:H films deposited at variduring  deposition, likely due to the Burstein-Moss
ous H, compositions. The inset shows the optical band gaps, determine%ﬁectN,lS
from the transmittance spectra, vs Ebmposition. '
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