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Room temperature deposition of high crystal quality zinc oxXideO) films was realized by the
filtered cathodic vacuum ar@~CVA) technique. Detrimental macroparticles in the plasma as
byproducts of arcing process are removed with an off-plane double bend magnetic filter. The
influence of oxygen pressure on the structural, electrical and optical properties of ZnO films were
investigated in detail. The crystal structure of ZnO is hexagonal with higkdyis orientation.
Intrinsic stress decreases with an increase of chamber pressure, and near stress-free film was
obtained at X 10 3 Torr. Films with optical transmittance above 90% in the visible range and
resistivity as low as 4410 2 cm were prepared at pressure ok 50 * Torr. Energetic zinc
particles in the cathodic plasma and low substrate temperature enhance the probability of formation
of zinc interstitials in the ZnO films. The observation of strong ultraviolet photoluminescence and
weak deep level emission at room temperature manifest the high crystal quality of the ZnO films
prepared by FCVA. Enlargement of the band gap is observed in the absorption and
photoluminescence spectra, the band gap shifts towards lower energy with an increase of oxygen
pressure. This phenomenon is attributed to the Burstein—Moss effec2008 American Institute

of Physics. [DOI: 10.1063/1.159200Q7

I. INTRODUCTION bility, and in turn enable the deposition of dense high crystal
quality films at relatively low substrate temperatdité:!*
Vacuum arc deposition is a well-established film prepa-Tetrahedral amorphous carbbpolycrystallineh-AIN film
ration technique with increasing importanic@ The cathodic  and rutile phase Ti©film'® have been prepared by vacuum
arc plasma is characterized by a high ionization ratio anyrc technique at room temperature.
high ion drift energy. Various single element films including ~ ZnO is a multifunctional semiconductor material that has
metals, silicon, and tetrahedral amorphous carbon have beggen used in various areas, including phosphors, piezoelec-
deposited using this technigie’ With the introduction of  tric transducers, surface acoustic wave devices, gas sensors
reactive gases into the system chamber and using a corand varistors.~**With a band gapE,=3.3 eV) it is similar
pound target, vacuum arc can be extended to deposit many that of GaN but with higher exciton binding energ30
ceramics coatings, semiconductor films and even highmev). ZnO is a promising material for short wavelength
temperature ~ superconductor filth$. Macrodroplets of  Jight emitting devices and daylight-blind UV detectdt<?
0.1-10um are unavoidable byproducts of the cathodic arcsjnce it is an important transparent conducting oxide, ZnO
process, which can easily reach the substrate and cause cqjim has high transmittance in the visual region and low elec-
tamination of the films:*° This drawback hinders broad ap- trical resistivity with intrinsic defects or the dopant, and is an
plication of films using the cathodic vacuum arc in opticaljdeal window material for solar cell and flat panel displ&ys.
and electronic regimes, where uniformity and smoothnesgno films have been synthesized by numerous methods such
are prerequisites. Several attempts have been made to ovelk metalorganic chemical vapor depositféA> molecular
come this problem, among them use of curved magnetigegm epitaxy® magnetron sputteringf;2° pulsed laser
ducts is most effective in filtering out macroparticfe§:'* depositior® atomic layer depositioft spray pyrolysis?
The plasma is guided through ducts by the magnetic fieldang so on. Low temperature deposition is preferred in some
and macroparticles moving along nearly straight trajectoriegrocesses in order to avoid reactive and elemental diffusion
are trapped at duct walls. The ions in the plasma obtain highy giferent layers and to protect substrates such as polymers.
energies of 10-200 eV at the cathode depending on the i08mong these methods, ZnO films can be synthesized at tem-
mass,” such high energy ions enhance the surface atom MG5erature as low as 100 °C by metalorganic chemical vapor
deposition and atomic layer depositittt and even at room
dElectronic mail: esplau@ntu.edu.sg temperature by magnetron sputtering and pulsed laser
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gas Inlet used cut to required angles of 65° and 45°, with the major
radiusR and minor radius 135 and 50.8 mm, respectively.
arcpizsma ‘°°“sl‘"8°°"s substrate The bend was electrically isolated from the rest of the sys-

tem. The toroidal magnetic field for steering the plasma
beam through the filter was produced by copper coils
""""""""""" wrapped around the bend and was kept at 40 mT during
' experiments.
The ZnO films were deposited on §01) and a glass
substrate, which were mounted perpendicular to the direction
% of the plasma beam about 10 cm away from the outlet of the
' [ Cryopump filter bend. The substrates were cleaned ultrasonically using
vacuum gauges acetone, methanol and ionized water consequently, and then
miggen, | 4 blown dry with nitrogen gas. Oxyge(purity 99.99% was
: used as the reactive gas; its flow rate was controlled by a
mass flow meter kept at 60 sccm during deposition. The
chamber was evacuated to a base pressurexdf@ © Torr
before deposition. The working pressure was adjusted by

cooling ——

water varying the pumping rate. The chamber pressure decreases
FIG. 1. Schematic diagram of the filtered cathodic vacuum arc depositiodpON ignition of the arc, because oxygen gas is pumped by
system. zinc plasma in a manner similar to that of a Ti sublimation

pump; the pressure value used here was measured during the

q itior2®The hiah kineti , ¢ i deposition process with arcing. The depositions were carried
epositior’.>*"The high kinetic energies of growing precur- o+ o yarious pressures ranging from#a@o 10-3 Torr. The

sors in the Igst two methods are believed t_o_ play a key role _"Eieposition time was adjusted to obtain films with thicknesses
the reahzgﬂon of low tgmperature deposition. By compar-gt apout 200 nm. No external heating was used; however, the
son, the filtered cathodic vacuum &fCVA), another ener- substrate temperature was increased slightly during deposi-

getic deposition technique, has received little attention fot; 1o process temperature was measured to be below
the preparation of ZnO films. Naoe and Nakagawa prepareg5 °C by a thermocouple attached to the substrate surface.

ZnO films at temperature-600°C by vacuum arc without The structural features of the ZnO films were studied by
macroparticle filtering®> Takikawa et al. depositedc-axis x-ray diffraction (XRD) (Shimadzu XRD-600Din 6—26
oriented ZnO films by a simple shielded vacuum arc withoutmode using C« radiation. The film thickness was mea-

) : 5
exte[nzal heating in the. pressure range OKID °-4 aured by a stylus surface profiléfencor P10. A field emis-
X 10 “Torr, where the distance between the cathode an ion scanning electron microscog8EM) and an atomic

substrate was 20 cﬁ‘l.Recent!y a FCVA.equped with an force microscope(AFM) (Nanoscope I, Digital Instru-
off-plane double ben(DPDB) filter, by which ma(?rodroplet- mentg were used to characterize the surface morphology of
free amorphous carbon_fllms%can be synthesized, was €M5e fijms. Optical transmittance measurements were per-
plpyed o prepare ZnQ f|Ir_n§: The behavior of the FCVA_ formed with a double beam spectrometer in the wavelength
with a long filter duct is distinct from other vacuum arcs in range of 250—1050 nm. A photoluminesceriBe) spectrum
that it has background gas pressure dependence, an ion &Das acquired in the wavelength range of 350-850 nm at

ergy dist.rip.ution and ion transport efﬁc‘e”@“" this articlg, room temperature; the excitation light was the 325 nm line of
the feasibility of room temperature deposition of ZnO films ;1o _ 4 jaser. The resistivity, carrier density and Hall mo-

by the FCVA is demonstrated, and the influence of the Oxybility were measured at room temperature by the van der
gen pressure on the structural, optical and electrical Propels, iw method

ties is investigated systematically.

Il. EXPERIMENTS lll. RESULTS AND DISCUSSION

A schematic diagram of the vacuum arc apparatus use’é' Structural properties

in this study is shown in Fig. 1. The cathode is a 60 mm diam  The main drawback that prevents wide application of the
99.99% purity zinc target mounted onto a water-cooled copvacuum arc method for depositing optical and electronic
per plate. The arc is ignited by a contact method using dilms is the formation of macrodroplets in the arcing process.
retractable carbon striker. The arc was operated in dc mod€he off-plane double bend filter removes the droplet effec-
with current of approximately 60 A. The anode wastively and enables the preparation of clean films. The film
grounded to keep the plasma potential close to the groundurfaces were analyzed by optical microscopy and SEM, and
The OPDB filter was inserted between the plasma source antb droplet was detected on the ZnO films. Figure 2 presents
the main chamber, macroparticles produced in the cathoditypical surface and cross-sectional SEM images of the film
arc plasma were removed effectively and the transport effideposited under oxygen pressure of 80 * Torr. The film
ciency of this bend was similar to a commonly used singledisplays a very smooth, uniform grain size and void-free
90¢ filter bend. The magnetic filter consisted of three straighsurface. No droplet is observed, confirming the high filtering
pieces and two tori; these two tori are actually 90° bendsfficiency of the filter used here. From the cross-sectional
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(a)

FIG. 3. AFM images of ZnO films deposited at oxygen pressureg)o?
X104, (b) 5x 1074, (c) 8x10™* and(d) 1x 10 2 Torr. The dimensions
are X1 um?.

tion peaks corresponding td00 and (110 directions are
observed at around 31.5° and 56.4°. The grains in the films
are randomly oriented; no diffraction peak of the metallic
zinc crystallite structure is detected. With a further decrease
of the oxygen pressure, the films become opaque and display
a metallic color, and peaks of zinc are detedteat shown.
The diffraction intensity of th€002) direction increases with
FIG. 2. SEM ima_ges showing th@) surface andb) crtzss-sectional mor-  the oxygen pressure up to an optimum pressure of 8
phology of ZnO film grown at oxygen pressure ok@0 * Torr. X 10 *Torr, and then decreases at higher pressures. This
behavior can be understood by two competing processes; the
. . o increase of oxygen pressure in the chamber improves the
image, it is seen that the film is composed of small columnigichiometry of the films and the crystal quality. On the
like structures, which is consistent with the high@01) tex-  other hand, the kinetic energy of the reactive particles in the
ture growth evidenced by XRD analysis. Films deposited-athodic plasma decreases due to high oxygen pressure,

under different oxygen pressures were also evaluated byich limits surface diffusion of the growing atoms and thus
AFM. The AFM measurement was carried out in air, for eachyegrades the film quality.

sample, and several locations with different scanning areas
ranging from 0.50.5 um? to 10x10 um? were checked.
Figure 3 shows typical images of films deposited at 2

X104, 5x10°4, 8x10 % and 1x 10 3 Torr. The films are

composed of well faceted grains, the sizes of which generally A (®

decrease with an increase of oxygen pressure. The root mean

square(rms) roughness decreases from 8Hg. 3(a@)] to 0.9

nm[Fig. 3(d)]. In the FCVA, the collision of zinc particles in —_

the plasma with oxygen gas decreases the drift velocity and =

thus the kinetic energd/. The evolution of the grain size can G (e)

be attributed to the variation of kinetic energy of the deposi- 2

tion atoms; at low oxygen pressure, the arriving particles &2 J\ (d)

have a higher kinetic energy, which enhances the diffusion of g ©

growth species on the film surface and favors the growth of = A\ By X710

larger grains. DA Wb Are e e

Figure 4 showsl/20 XRD spectra of the ZnO films de- rr\m“ ETITTIOR NE. AL S

posited at different oxygen pressures. For oxygen pressure

higher than 6.5 10 * Torr, only the (002 diffraction peak 30 35 40 45 50 55 60 65
260 (degree)

at 34.4° appears in the spectra, which indicates the ZnO films
are of hexag(_)nal wurtzite crystal structure and with theeir FIG. 4. XRD spectra of ZnO films prepared at oxygen pressure)ct
axis perpendicular to the substrate surface. At low oxygernk10-4, (h) 3.5x10°%, (c) 5x10°%, (d) 6.5x10°%, (e) 8x 104, and ()
pressure, the diffraction intensities are very low and diffrac-1x 1072 Torr. Curves(a) and (b) are enlarged 18.
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FIG. 5. Variation of the diffraction peak position and FWHM in tt@02 Oxygen pressure (X10 TOI’I’)

direction with the oxygen pressure. . . . o
FIG. 6. Stress of the film estimated from the position of 0@2) direction

as a function of the oxygen pressure.

Figure 5 shows the full width at half maximu@WHM)

and position of th€002) diffraction peak as a funcFion of the stays below 45 °C during deposition; the thermal stress due
oxygen pressure. The FWHM was corrected for instrumentaly various linear thermal expansion coefficients of the sub-
broadening using thé111) diffraction peak of the silicon grate and the ZnO film is negligible compared to the stress
monocrystal. It displays pressure dependence similar to thgeasured. The variation of stress in the film with the pres-
diffraction intensity; the smallest FWHM value of 0.23° is gre by the FCVA is similar to that by the sputtering
from the film grown at 810" Torr. The FWHM of XRD'iS  methoc?®38|n general, energetic bombardment of the grow-
influenced by many factors such as grain size, inhomogeng film leads to compressive stress because of atomic peen-
neous stress distribution and crystal quality. From the AFMing’ an energy dependent process. High oxygen pressure
results, the grain.si.ze Qecreases with an increase of the OXyayses thermalization of the energetic species and so de-
gen pressure. This indicates that the observed changes of thgsases the kinetic energy of the species that induces atomic
FWHM with oxygen pressure cannot be explained by theyeening. In the FCVA, this loss of energy is significant, due
grain size. It is well known that the nonuniform stress distri-iq the fact that the distance from the target surface to the
bution will induce FWHM broadening; the films deposited at gpstrate is about 1 m which is much longer than the distance
low pressure have higher stress as discussed later, and a lajg&yeen the target and substrate in sputtering and laser depo-
FWHM can be expected. Another possible reason is due tgjtion systems. The films display no tensile stress in the pres-
defects and imperfections in the grains; at low oxygen presgyre range studied. In sputtered ZnO films, no tensile stress
sure the oxygen deficiency is more serious and more defeci§as detected over a wide range of pressure either, and this
are present in the grains. Thus, this widens the diffractionyas attributed to additional oxygen incorporated into the
peak. Compared with standard data of t882) peak, it is  fjms 39 On the other hand, from analysis of the energy of the
obvious that the peak position shifts towards low valuegpecies it is indicated that even at high pressure, there still
which manifests itself by the existence of compressive stresgyists a small percentage of high energy ions in the plasma
in the films, especially in the films deposited at low oxygenyjch can induce slight compressive stress in the ¥ifihat
pressure. The stress in highly texturized films can be calcug why no tensile stress is present in the films.
lated based on the biaxial strain model using interlayer spac- The deposition rate of the ZnO films as a function of the
ing of the films. The stress in the plane of ZnO film with a oxygen pressure is shown in Fig. 7. The deposition rate was
hexagonal crystal structure can be expresséd as estimated from the film thickness and the corresponding
deposition time. The growth rate decreases with an increase
(1) of the oxygen pressure. The transport efficiency of the filter
bend decreases with an increase of the chamber pressure be-
The values of the elastic constant from single crystallinecause of an increase in collision frequency of ions with gas
ZnO are used,C;;=208.8 GPa, C33=213.8GPa, C;,  atoms. The brightness of the plasma weakens with an in-
=119.7 GPa an€,3=104.2 GPaC, is the interlayer spac- crease in pressure. When the pressure reaches 2
ing of thec axis. Substituting these values in the above equax 10 2 Torr, no film can be deposited.
tion giveso=—233(c—cqy/cy) GPa. Figure 6 shows stress
versus the deposition pressure; the error bar shows the uB-
certainty of the lattice parameters of the ZnO and experimen-"
tal errors. The stress is compressive and varies from 3.2 GPa Figure 8 shows variations of the resistivity, Hall mobility
to nearly free of stress when the oxygen pressure increasesid carrier concentration of the ZnO films with respect to the
from 2x 1074 to 1x10 3Torr. The substrate temperature oxygen pressure. All the films are imtype conduction; their

2
_ 2¢737Cg3(C111 C1p) C—C
2Cy3 Co

Electrical properties
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120 reactive chamber is large enough and it acts as a determining
A factor in the electrical properties of the films, we would not
expect the carrier concentrations of the films to display such
regular strong oxygen pressure dependence behavior. For the
same reason, the effects of other impurities, such as alumi-
num, can also be excluded, so the zinc interstitial should be
the most likely to explain the observed high carrier concen-
trations. Hall mobility reflects the scattering processes of car-
a__ riers in the films. In an undoped polycrystalline film, carriers
are scattered mainly by intrinsic defects and grain bound-

“\ aries, and other mechanisms such as lattice vibration scatter-

100

/

]
o

Growth rate (nm/min)
F-N
o

ing can be neglected. The grain boundary scattering depends
A on the grain size and electron mean free path in the films.

. . . . ) . The mean free path of electrons in the films can be roughly

0 2 4 6 8 10 12 14 estimated by the highly degenerate electron model using the

47
Oxygen pressure (x10™ Torr) formula,
h\/3n
2e)\
wheren is the carrier concentration andis the Hall mobil-
resistivities first decrease with an increase of the oxygery- Using the dzta 'E F;)g.|8, tge me_?ﬂ free path of the efc'
pressure and reach a minimum resistivity of 4.17ONIs estimated to be below 2 nm. The grain sizes are about
%103 () cm at pressure of about&10~% Torr and then in- tens of nanometers as characterized by AFM, so intragrain

crease. The electrons in undoped ZnO films are normall cattering is dominant. The defects within the grains cause

attributed to intrinsic donors, but oxygen vacancies and zin&n€ observed low Hall mobility. The H?'L mobility increases
interstitials have frequently been invoked as the source ogradually \_N'th the_ pressure up @0 _Torr, and it de-
electrons”4° From Fig. 8, we see the carrier concentration r€ases slightly with a further increase in pressure. T_he mo-
decreases with an increase of the oxygen pressure. The 0>§!_I|ty values are lower than those of the films deposited at
gen vacancy was originally considered responsible for th igh temperature, but are similar togthe films dgposned at
observech-type conduction in Znd® Recently more experi- 00M témperature by other methdds® The ZnO films are
mental and theoretical work has found that the zinc interstiStaPle in air after storage for several months. Their conduc-

tial is the main cause of electrons in undoped ZnO. ElectrofjVitieS remain unchanged. Annealing experiments indicate
irradiation experiments by Lookt al. showed that the zinc 1t the films can withstand temperatures up to 200 °C in air

interstitial is most likely the cause of a shallow donor in without changing their electrical and optical properties.

ZnO* Theoretical calculations indicate that the zinc inter-

stitial is a shallow donor, and that the oxygen vacancy IS & Optical properties

deep donor about 0.6 or 0.7 eV from the conduction

band?%43 Hydrogen acts as a shallow donor and is suggested Transmittance spectra in the ultraviolet and visible

to be responsible fon-type conduction in nominally un- ranges of ZnO films grown under different oxygen pressures

doped ZnO film&*~*6 However, in our case, the hydrogen On @ quartz substrate are shown in Fig. 9. It is seen that the

concentration in the film should be very trivial if it even transmittance of the films improves with an increase of the

exists. If the background hydrogen partial pressure in th@xygen pressure. A steep falloff is observed at around 380
nm in the films deposited at oxygen pressure above 3.5
X 10" * Torr, which is characteristic of high crystal quality

10" 35 ZnO films. The oscillations in the spectra are caused by op-

N
o

1/3
FIG. 7. Dependence of the growth rate of the ZnO films on the oxygen | = w 2

pressure.

o Besistivity  on //' 20 — tical interference on the smooth surface. The average trans-
£ ~-¥- Hall mobility / ] g 100 5 mittance in the visible region of the films deposited at 1
e 102l S {2 g X 10 % and 2< 10 * Torr is 30% and 50%, respectively. The
s \ ‘/ -2o§ s two spectra are similar to those of amorphous material and
g .\o\.::/ ______ v = § no sharp absorption edge appears in them. This confirms
ki e A 152 3 102°§ again that the crystal quality deteriorates for strong oxygen
§ 10° v \ v J108 5 deficiency conditions at low gas pressure. For the films de-
v "o T 5 posited at pressure higher than 8.50 % Torr, the average
\ [ 10190 transmittance is above 90%. By applying the Tauc mdtiel,
10*0 v ; y s s 1'.0 ) the band gap of the films with steep falloff can be deduced

from a plot of the square of absorption coefficierft versus
photon energyhv, and extrapolating the straight line portion

FIG. 8. Carrier concentration, Hall mobility and resistivity of znO films as Of this plot to the energy axis. The optical band gaps of the
a function of the oxygen pressure. samples prepared at pressures of31B 4, 5x10 %4, 6.5

Oxygen pressure ( x1 04Torr)
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FIG. 9. Optical transmittance of ZnO films prepared at different oxygen 3.42 b 240
pressures(a) 1x107%, (b) 2x107%, (c) 3.5x107%, (d) 5X107%, (e) 6.5 3.40} - peak positon ¥ (b)
X 1074, and(f) 810 * Torr. ’ —w— FWHM v//——'/"
3.38 ) 1220
3336 = / <
X104 and 8<10 “Torr are 3.32, 3.31, 3.28 and 3.27 eV, == / l200 3
respectively. The variation in band gap with the oxygen pres- .2 3.34| / £
sure has the same tendency as the carrier concentration, anné 3.32} ' l / %
the film with higher carrier concentration displays a larger e 1180 =
. . < 3.30} ;o
band gap. This phenomenon, known as the Burstein—Moss ® /
effect, is induced by the blocking of low energy transitions in ~ 3.28} \_ / W@ 1460
the conduction band of a degenerate semiconductor with free 326} v
electrons, and it has been reported in ZnO fifth$. 54 . . _ . 1o
PL spectra were acquired at room temperature. Lumines- " 3 4 5 6 7 8
cent peaks are observed in the films deposited at oxygen Oxygen pressure (10 Torr)

pressures of 381074 5x10°4 6.5x10 % and 16, 10. (8 Room ¢ e PL <ocita of 210 il v
10" Tor, as shown in Fig. 18)- No signal can be ob- F1%, @ Reer mperste £ speee o 270 e o, o veroes
served from the films grown under other conditions. Similary 1y«
to the reported PL spectrum of ZnO deposited as high tem-
perature, the spectra are composed of two parts, an excitonic
related near band edgdBE) emission peak in the ultravio- pressure of % 10 “ Torr. A similar discrepancy between PL

let region and a broad deep level emission band at arounand XRD was also reported by let al. in pulsed laser de-

610 nm(2.03 e\).2% At room temperature, the NBE is domi- posited ZnO films?2 It possibly originates from the fact that
nated by free excitonic recombination. The origin of the deephe sensitivity of PL and XRD is different for different kinds
level emission band is still not well understood and has beeof defects. The excitonic Bohr radius of ZnO is 1.8 nm, and
ascribed to oxygen vacancies, oxygen interstitials and Cit is more sensitive to the density of point defects; XRD is
impurities!8°%1The intensity of this band increases with an more sensitive to imperfections of relatively large scale, such
increase of the oxygen pressure. The appearance of NB&s dislocations, grain boundaries and mutual orientation of
emission in the room temperature spectra and the high intergrains in the film. Another possible contribution to this phe-
sity ratio of NBE to deep level emission show the ZnO filmsnomenon is different carrier concentrations; the carrier con-
are of high crystal quality. The high electron concentrationscentration in the film deposited at>&10 *Torr is 1.2

in our films may also improve ultraviolet excitonic lumines- X 10?°cm™3, higher than that of 2410*cm™2 in the film
cence by passivating deep level emission related defect ceprepared at & 10~ * Torr; more nonradiative recombination
ters and nonradiative centers. This kind of passivation effeatenters and deep level emission centers are passivated in the
has been found in ZnO with high carrier concentration and irformer film than in the latter.

hydrogen doped Zn®.°2 The variation of NBE with the Figure 1@b) shows the FWHM and position of the NBE
oxygen pressure shows a trend similar to that in the XRDemission. The FWHM has its lowest value of 150 meV in the
data; it first increases and then decreases. However, in corfilm deposited at pressure o510 # Torr. The peak posi-
paring the PL spectra with XRD in Fig. 4, it can be seen thations shift towards lower energies with an increase of the
the NBE emission is not very consistent with the film quality oxygen pressure; this trend is consistent with the variation in
evaluated from the XRD spectra. The strongest XRD peakand gap estimated from the absorption data. The energy of
appears in the film deposited at pressure of1® * Torr, the NBE peak from free exciton recombination is normally
whereas the highest NBE emission is achieved with oxygefower than that of the band gap of the corresponding film,

Torr. (b) PL peak position and FWHM vs the oxygen pressure.
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because of the exciton binding energy60 meV for ZnQ laser techniques. From the above analysis, oxygen gas de-
and Stokes shift. However, as can be seen, the NBE pealteases the kinetic energy of the Zn ion directly through
position is already higher than the corresponding band gapollision and the conversion of Zn ions to neutrals. Neutrals
deduced from the absorption data. Srikant and Clarke comecannot obtain kinetic energy from the sheath region. The
pared the band gap of ZnO from different methods, anthxygen ions and Zn—O bonds can improve the film quality,
found that the band gap derived from optical absorption wasowever their relative densities are very small, so they con-
lower than that from other methods and attributed it to ayjpyte very little to the film quality. Recently, Anders

valence bandf_donor transitiéh.The dispute between the pointed out that, in the FCVA process, the potential energy of
NBE peak position and the band gap may be due to the sam@eta) jons should also be considef&dhe potential ener-
reason. gies of Zn" and Zrt" are 9.39 and 27.4 eV, respectively,
which in fact are comparable to the kinetic energy. The re-
lease mechanism of potential energy is not ctdamhich
prevents us from evaluating the portion of potential energy
From the results, we can see that uniform high qualitythat contributes to film growth. The total potential energies
ZnO films can be synthesized by the FCVA method at roomye determined by the ion density and its charge state, so the
temperature. The film properties q§pend strongly on.the OXYpotential energy should obey the same oxygen pressure de-
gen pressure. Vacuum arc deposition is an energetic depogjangence as the kinetic energy, i.e., a decrease in potential
tion process; metal lons obtain high drift energy In the AN nergy with an increase of oxygen pressure. From the above
of 10200 eV depending on the source material at the Cathénalysis, we can see that film quality is determined by two

ode. For the zinc ion, the drift kinetic ener@y,;; obtained d .
is ~36 eV according to Ref. 13. In our experiment, the Sub_parameters, OXygen pressure and average species energy.

strate is in a floating condition, where sheath volt&Qg. . They behave in opposite ways: as the oxygen pressure in-

measured to be around 10 eV forms between the substrafe®a>c> the stoichiometry of the ZnO films improves; how-

and the plasma. lonized zinc particles that arrive at théver at the same time the energies of growing species, which

growth surface acquire total kinetic energg,=Egp &€ critical for the reali'zation of low temperature growth,.
+€QVenean, and for single ions the value is46 eV: this decreases. .The |r]teract|or1 of the .two .paramete.rs results in
high energy provides a kind of pseudotemperature for thdhe synthesis of high quality ZnO films in a certain pressure
film and improves the mobility of surface adatoms, which infange, which tumns out to be in the range of 88 *-1.0

turn favors the synthesis of crystalline films and eliminates< 103 Torr.

the need for substrate heating that is normally indispensable The ZnO films prepared by the FCVA show relatively
in other methods, such as spray pyrolysis, molecular bearlow resistivity compared with the value reportédas dis-
epitaty (MBE) and metalorganic chemical vapor depositioncussed above, the possibility of unintentionally doped impu-
(MOCVD). For synthesis of ZnO film, suitable oxygen pres-rities can be excluded. Under the same experimental condi-
sure is another important parameter as discussed earlier. Thiens, when the substrate temperature is elevated, the
plasma properties in the FCVA are greatly influenced byresistivity of the film increases several orders of magnitude.
background gases, and as of now only a few investigationghe resistivity can be as high as<1.0? Q) cm for the film
have been carried out on this subject. Biktlal. studied the  deposited at substrate temperature of 250°C and oxygen
effects of oxygen and nitrogen gases on the ion energy digsressure of %10~ “ Torr. This further proves that the high
tributions of ionized species of carbon, titanium and alumi-carrier concentration in the low temperature deposited films
num filtered cathodic vacuum arcs; a reduction of 10 eV wagyiginates from intrinsic defects and zinc interstitials, but not
reported for carbon arc plasma nglen the r§2|dual 1g'g2°geﬂom impurities. The zinc interstitial has high formation en-
pressure was increased from<10™> to 1x 10" Torr.™ ergies and low diffusion barrief$;*® and it is unlikely to be
Lepone and co-workers investigated the interaction of COppeIﬁcorporated in stable fashion. This can explain why the re-

c_a_thodic pla_s;ma an_d oxygen _background_gé@é%The Spe- sistivity of undoped ZnO films deposited at high temperature
cifics of the interactions are different for different metals and.

) s normally very high. The resistivity of the film can remain
gases, however the main process that takes place should hﬁchanged only up to 200 °C, which is much lower than that

similar. Generally the variations that take place upon the in- ; ' . ! .
troduction of oxygen gas into a reactive chamber can b f aIummu_m doped ZnQ ﬂlms' Th|s cgnﬁrms .that the zinc
interstitial is unstable and is easily diffused into the ZnO

summarized as followsil) the mean kinetic energy of the i . 4 . .
zinc ions decreases through collision with oxygen gas: crystal lattice. The production of a high concentration of zinc

the total ion current is reduced as the background gas preliterstitials in the films by the FCVA can be attributed to two
sure is increased, while the neutral zinc intensity increasedactors: (1) the high energy of zinc ions an@®) the low

(3) formation of oxygen ions such as;Cthrough energetic substrate temperature, which push the growth conditions
charge exchange collisions of zinc ions with oxygen mol-from equilibrium. High ion energy facilitates the implanta-
ecules, chemical bonding like Zn—O may also be produce(ﬁon of the zinc atom into the interstitial position, and in-
but in small density. High energy species are essential for thereases the formation probability of zinc interstitials. Low
preparation of high quality ZnO films at low temperature, butsubstrate temperature prevents the diffusion of zinc intersti-
to date, near room temperature deposition is only realized btjals into the ZnO crystal lattice and stabilizes the zinc inter-
energetic deposition methods, such as sputtering and pulseatitials.

D. Discussion
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IV. CONCLUSIONS

High transparency (>90%) low resistivity (4.1
X103 cm) ZnO films were grown on silicon and quartz
glass by FCVA at room temperature. Highdyaxis oriented
films were prepared in the pressure range of 1% “—1
x 10 3Torr, and the optimal pressure was around 8
X 10" *Torr. The high carrier concentration in the films is
attributed to zinc interstitials. The high ion energy and low
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