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F-doped and undoped ZnO nanocrystalline films were prepared from thermal oxidation of ZnF2

films deposited on a silica substrate by electron beam evaporation. The F-doped ZnO film has very
low electrical resistivity of 7.95310−4 V cm and a high optical transmittance. The study also
indicated thats1d the substitutional F atoms in the film serve as donors to increase the carrier
concentration and the optical band gap with respect to undoped ZnO film, ands2d F passivation
reduces the known number of Os

2−/Os
− surface states and increases carrier mobility. ©2005

American Institute of Physics. fDOI: 10.1063/1.1884256g

Zinc oxide sZnOd, as a wide-band-gap semiconductor
s3.37 eVd with a high exciton binding energys60 meVd, is a
promising material for many optoelectronic applications,
such as, ultraviolet lasers,1,2 light-emitting diodes,3 p-n junc-
tion devices,4 thin film transistor,5 solar cells,6,7 acoustic
devices,8 and chemical and biological sensors.9 For applica-
tions of transparent and conducting electrode in solar cells
and thin-film transistor, the development of the low-resistive
ZnO films with high transparency is important.

Studies10 have showed that the surface of ZnO nanocrys-
tals can play an important role in carrier transport. The un-
bonded oxygen chemisorbed on nanocrystal surface serves as
traps for charge carriers, thus, increasing the interfacial po-
tential and lowering carrier mobility. Doping with H, Mn, P,
and halogens,10–13can be very effective in preventing oxygen
adsorption on surfaces. For example, efforts have been made
to develop an experimental strategy by incorporating F ions
into ZnO nanocrystalline films via reverse doping process—
oxidation of ZnF2. The results indeed show that the presence
of F ions inside and outside of nanocrystals can effectively
eliminate the well-known defect-associated visible
emission.14

Zinc fluoride sZnF2, 5Nd was used as a source material
for electron beam evaporation. ZnF2 thin films were fabri-
cated by deposition of the source materials onto silica sub-

strates. The substrate was precleaned in an ultrasonic bath
with acetone. The evaporation pressure was kept at 5
310−5 Pa, and the temperature of substrate was maintained
at 400 °C during the deposition yielding an average deposi-
tion rate 70 nm/min. After deposition, the thin film was ther-
mally oxidized at temperatures of 300, 400, and 500 °C in an
ultrapure O2 atmosphere. Typically, a 30 min thermal anneal
was used at each set temperature. The film thickness is de-
termined by an ellipsometer. X-ray diffractionsXRDd mea-
surements were carried out with a D/max-RA x-ray spec-
trometer sRigakud with Cu Ka line of 1.540 56 Å. X-ray
photoelectron spectroscopysXPSd measurements were also
performed with a VG ESCALAB MK II X-ray photoemis-
sion spectrometer to identify the chemical composition of the
films. Optical transmission spectra were obtained by an UV
360 spectrophotometer in the range of 190–900 nm. The re-
sistivity r and Hall coefficient RH parameters were obtained
by the van der Pauw method with indium metal as electrical
contacts.

Figure 1 shows XRD spectrasu,2ud of an as-deposited
ZnF2 thin film along with the samples annealed at three dif-
ferent temperatures of 300, 400, and 500 °C. For the as-
grown sample, the diffraction peaks reflect a typical ZnF2
film with a rutile structure, suggesting the formation of a
polycrystalline ZnF2 film. When the sample was annealed at
300 °C, three new diffraction peaks appeared in XRD spectra
at 2u=31.68°, 36.24°, and 56.75°, respectively. They corre-
spond to thes100d, s101d, ands110d diffraction lines of ZnO
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with a hexagonal wurtzite structure, respectively. XRD re-
sults clearly showed a coexistence form of both ZnF2 and
ZnO phases. The mix phases of the two are the result of a
partial transformation from ZnF2 to ZnO through thermal
oxidation process. When the sample was annealed at 400 °C
for 30 min, all of the diffraction peaks associated with ZnF2

disappeared and a single phase of ZnO resulted. The XRD
spectra also indicated that the ZnO film has no preferred
orientation. As the annealing temperature was increased to
500 °C, the diffraction peaks of the ZnO film became sharper
and stronger due to the improved crystal quality.

By using the well known Scherrer formula, the calcu-
lated average grain sizes of the as-grown ZnF2 and ZnO
films oxidized at 400 and 500 °C were 22, 21, and 30 nm,
respectively.

High-resolution XPS spectrasZn 2p, O 1s, and F 1sd
were also recorded for all samples to identify the chemical
composition of the films. The experimental details have been
reported earlier.14 Figure 2 shows the F 1s XPS bands of the
films annealed at 400 and 500 °C. When the sample was
annealed at 500 °C, the XPS peak of F 1s completely disap-
peared. However, XPS spectra still show a trace of F 1s peak
when the annealing temperature was at 400 °C. The line
shape of the F 1s spectrum is also slightly asymmetric. The
Gaussian line shape fitting suggests two possible bands that
are overlapped with each other. They are centered at 684.3
and 685.9 eV, respectively. It indicates that F ions may have
two distinct local environments. The former is attributed to
the substitutional F ions in ZnO nanocrystal, while the latter
is related to the F ions associated with dangling bonds on the
surface of ZnO nanocrystal.

The resistivityr, carrier concentration N, and Hall mo-
bility mH of abovementioned samples were measured and
summarized in Table I. All films are n-types when annealed
at various temperatures. However, no data were obtainable
for as-prepared sample since ZnF2 is an insulator. When the
ZnF2 film was partly oxidized at the temperature of 300 °C,
the existence of the mixed phases of ZnO and ZnF2 leads to
measurable conduction. The highest mobility and the lowest
resistivity are observed when sample annealed at 400 °C,
that further supports that the film is transformed from a
phase mixture of ZnO and ZnF2 nanocrystalline film into a
F-doped ZnO film. As expected, pure ZnO film should have
higher resitivity and lower mobility values than that of
F-doped film.

From XPS analysis of pure ZnO filmsannealed at
500 °Cd, the elemental ratio of Zn:O was 1:0.94. The nons-
toichiometry suggests the existence of oxygen vacancies
and/or zinc interstitials present in the ZnO film. Photolumi-
nescence studies14 have confirmed that the oxygen vacancies
are indeed the major structure defects. Therefore, for 500 °C
annealed ZnO film, the donors related to the electrical con-
duction are oxygen vacancies and zinc interstitials known as
“native donors.” On the other hand, two kinds of possible
donors may be considered for 400 °C annealed sample: one
is the abovementioned “native donors” and the other is sub-
stitutional F ions. Since the latter has a dominant concentra-
tion, it results in a n-type conduction with a carrier concen-
tration of 1.731020 ions cm−3.

The observation Hall mobility change as a function of
temperature is important. A factor of 5–10 mobility increase
is observed from either the mixture phase samples300 °Cd
s5.5 cm2 V−1 s−1d or pure ZnOs500 °Cd s9.1 cm2 V−1 s−1d to
a ZnO:F nanocrystalline films400 °Cd s46.2 cm2 V−1 s−1d.
Typically, many factors including the grain-boundary scatter-
ing, the ionized impurity scattering, the lattice vibration, and
structure defects scattering can affect the carrier mobility. In
the case of nanocrystalline films, the grain boundary and
nanocrystal surface passivation may be considered to be the
most dominant factors affecting carrier mobility. Many sur-
face dangling bonds can chemisorb and physically trap O2−

and O− ions to form Os
2−/Os

− surface system, which forms a
high potential barrier on the nanocrystal surface and at the
grain boundary. However, F surface passivation saturated
these dangling bonds and prevented oxygen adsorption, thus,
increasing mobility.

Figure 3 shows the optical transmission spectra of as-
grown ZnF2 together with the samples oxidized at different
temperatures. Above 85% transmittance was achieved in all
of the films in the visible region. In the case of the as-
deposited sample, the absorption below 300 nm is largely

TABLE I. Grain size D, thickness, resistivityr, carrier concentration N, and
mobility mH of the as-grown ZnF2 and the thin films annealed at different
temperatures.

Samples
r

sV cmd
m

scm2 V−1 s−1d
N

scm−3d
D

snmd
Thickness

snmd

As-grown sZnF2d 22 730
300 °C sZnF2:ZnOd 6.25310−1 5.5 1.831018 750

400 °C sZnO:Fd 7.95310−4 46.2 1.731020 21 800
500 °C sZnOd 1.56310−2 9.1 4.431019 30 780

FIG. 2. P 1s XPS spectra of the nanocrystalline films annealed atsad 400 °C
and sbd 500 °C, respectively.

FIG. 1. XRD spectra of the as-grown ZnF2 and the thin films annealed at
different temperatures.
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due to the silica substrate absorption. However, when the
samples were annealed in oxidized environments, clear ab-
sorption onsets were observed,360 nm even at 300 °C
which is due to an interband transition of ZnO nanocrystals
formed in the film which is confirmed as illustrated in XRD
study in Fig. 1. The optical absorption edge of ZnO:F films
s400 °Cd absorbs higher energy photons compared with that
of pure ZnO film s500 °Cd. Due to the fact that ZnO is a
direct band-gap semiconductor, the optical absorption coef-
ficient a of ZnO can be estimated with the following equa-
tion:

a = Ashn − Eoptd1/2, s1d

where A is a proportional constant, hn is photon energy, and
Eopt is the optical band gap. Thus, Eopt can be determined by
plotting a2 as a function of photon energy hn. The values of
Eopt calculated from Eq.s2d are 3.453 and 3.285 eV for
ZnO:F film and pure ZnO film, respectively. A widened op-
tical band gap is observed for ZnO:F over pure ZnO by 168
meV.

Several factors, such as the stress effect, the quantum
confinement effect,15 and the Burstein–Moss effect,16 can af-
fect the optical band gap. For the nanocrystalline conducting
film, the quantum confinement effect and the Burstein–Moss
effect can play an important role in the shift of the optical
band gap. The energy shift induced by the quantum confine-
ment effect sDEQCd can be calculated by following
equation:17

DEQC =
"2p2

2d2m
−

1.8e2

«D
, s2d

where D is the grain size, 1/m=1/me+1/mh sme and mh
being the electron and hole effective mass, respectivelyd and
« is the dielectric constant. For ZnO, the effective masses of
electrons and holes are 0.38 and 1.80m0, respectively, and
«=8.75.17 From Eq.s2d, the values ofDEQC are calculated to
be 82 and 21 meV for the samples annealed at 400 and
500 °C. The relative blueshift between the F doped ZnO and
pure ZnO is estimated to be 61 meV, which may only ac-
count for 1/3 of the observed energy shift.

It is also known that for the n-type conducting semicon-
ductor, the electronic states near the bottom of the conduc-
tion band are filled because of the high carrier concentration.

This, in turn, will induce the Burstein–Moss shift of the op-
tical band gapsDEBMd. DEBM can be obtained by the follow-
ing equation:18

DEBM = h2N2/3/s8mep
2/3d, s3d

where N and me are carrier concentration and effective mass
of electrons. The values calculated from Eq.s3d were 154
and 62 meV for the samples annealed at 400 and 500 °C.
Energy shift of the two samples is 92 meV, which accounts
for more than 50% of the total shift. By considering both
Burstein–Moss and quantum confinement effects, the total
optical band-gap shiftsDEopt=DEQC+DEBMd is 153 meV,
which is consistent with the experimental result of 168 meV.

In summary, the ZnF2 thin film was deposited on the
silica substrate by e-beam evaporation. By thermal oxidation
of the ZnF2 films, the transparent conducting ZnO:F film
with a wurtzite structure was formed at the annealing tem-
perature of 400 °C. The residue F ions present in the sample
act as effective dopant and surface passivation agent, which
leads to both the carrier concentration and mobility increase,
and resistivity decrease. In addition, the widened optical
band gap of ZnO:F film was observed in the optical trans-
mission spectra. A simple calculation based on both
Burstein–Moss and the quantum confinement effects has
very successfully explained the experimental data.
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FIG. 3. Optical transmission spectra of the as-grown ZnF2 and the thin films
annealed at different temperatures.
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