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Abstract

Undoped and fluorine-doped ZnO thin films deposited by spray pyrolysis onto soda-lime glass substrates were electrically and optically
characterized. Resistivities as low as 1 X 10! Q cm, Hall mobility as high as 10 em*/V per s and effective carrier concentration as high as
4% 10" cm™ have been obtained. Relative fluorine concentration was determined by the resonant nuclear reaction method. Electron
concentrations due to the fluorine incorporation as an effective electrically active donor is always lower than fluorine contents on the
films and in the starting solution. Average optical transmisitance on the whole visible range as high as 92% (substrate losses not included)
have been obtained for the best conductive films. The refractive index of layers was found to increase with flucrine doping and substrate
temperature. The fluorine incorporation, at ZnQO thin films, results in a band gap widening effect. © 1998 Elsevier Science S.A. All rights

reserved.
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1. Introduction

Due to their optical and electrical properties metal oxide
semiconductor films have been widely studied and have
received considerable attention in recent years. Some of
them are good candidates for transparent conductive films,
if they are prepared off-stoichiometry or doped with suitable
impurities. Such films have applications in electronic and
optoelectronic devices, photothermal and photovoltaic
conversion, etc. ZnO is one of the metal oxide semiconduc-
tors suitable for use in optoelectronic devices, as an alter-
native material to tin oxide and indium tin oxide. Pure zinc
oxide is an intrinsic semiconductor with high electrical
resistivity and a direct band gap of about 3.2 eV at 298 K
[1,2]. Hence, in the form of thin film, the material can be
made transparent in the whole visible range. The first appli-
cations of zinc oxide compound has been in chemical and
pharmaceutical applications. ZnO is a non-ferroelectric
compound and it has a large enough electromechanical
coupling coefficient. Due to this fact, ZnO is a well
known piezoelectric material which has been used as a
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transducer for surface acoustic wave devices (SAW) [3]
and delay line [4] devices. The emergence on zinc oxide
thin films in the last two decades as a transparent conductor
oxide for photovoltaic applications and as a gas sensor
device [5,6], has generated a renewed interest in their opti-
cal and electrical properties.

ZnO thin films have been prepared by a variety of thin
films deposition techniques, such as vacuum thermal
evaporation [7], reactive DC and RF magnetron sputtering
[8-113, chemical vapor deposition [12-15]}, dip-coating
method [16,17], electrochemical deposition [18], reactive
thermal evaporation [19], pneumatic spray pyrolysis tech-
nique [20-24], ultrasonic spray pyrolysis [25,26], charged
liquid cluster beam [27], etc. It was found that the optoelec-
tronical properties of ZnO thin films depend strongly on the
deposition processes.

ZnO is an n-type semiconductor, its electrical conductiv-
ity is mainly due to zinc excess at interstitial position [28].
Its electric properties could be modified thoroughly by ther-
mal treatment with hydrogen [29], or by an appropriate
doping process, either by cationic [20,21,25] or anionic
[15,30,31] substitution. The electrical conductivity of ZnO
thin films can increase by cationic substitution with positive
trivalent atoms. By using positive monovalent atoms, a

0040-6090/98/$ - see front matter © 1998 Elsevier Science S.A. All rights reserved.

Pl S0040-6090(98)00851-7



A. Sanchez-Juarez et al. / Thin Solid Films 333 (1998) 196-202 ’ o o T197

800 — Ts=425°C

Up to 2300 Intensity
1 i
. 600 -
= A
g (002)
5o 400+
= 4
Z
200 H
O .
M,« A
Ut T M
Ad A
e aaamrat what
/A A 7 1.2
Fi/Zn
20 30 40 50 60

2-THETA (Degrees)

Fig. 1. X-ray diffractograms of ZnO:F thin filins grown at 425°C substrate
temperature at different F/Zn atomic ratios in the starting solution.

decrease in the electrical conductivity results. On the other
hand, anionic substitution with negative monovalent atoms
leads to an increase in the electrical conductivity. Wherever
the impurity is incorporated, the anionic or cationic substi-
tution affects the optical properties of these materials
[21,32].

In a previous paper [31] we reported on the general prop-
erties of fluorine-doped ZnO thin films deposited onto Pyrex
glass by spray pyrolysis. There, we presented and analyzed
the dependence of the properties of these films on the
growth and the crystal structure. In this paper we shall
deal with a detailed analysis of the electrical and optical
properties of the spray pyrolytically deposited fluorine
doped ZnO thin films.

2. Experimental

The preparation of undoped and fluorine-doped ZnO thin
films by spray pyrolysis has already been described [31].
The films were deposited onto soda-lime glass slices and
single crystal Si of 1.5 X 2.5 ¢cm, chemically and ultrasoni-
cally cleaned. A 0.05 M solution of zinc acetate dehydrated
dissolved in a mixture of three parts of methanol and one
part in volume of deionized water was used. The substrate
temperature (7,) was varied from 300 to 500°C in 25°C
steps. Fluorine doping was achieved by adding ammonium
fluoride to the starting solution. The doping level in the
solution, designated by F/Zn atomic ratio, was varied
from 0.0 to 1.0 in 0.1 steps. The thickness of the film was
measured by means of a profilometer Alpha Step model 100
from Tencor Instruments. The required step was made
during the deposition of the film by blocking part of the
substrate by a thin coverglass. The measured thickness
was confirmed by an ellipsometric technique. The optical
and electrical characterizations were made on films having
200 = 25 nm in thickness. Electrical contacts to the films

were made with four indium strips deposited by vacuum
thermal evaporation. The lateral electrical conductivity
measurements of the films were automatically carried out
by the four-point probe method. Resistivity, Hall mobility
and effective carrier concentration, have been calculated
from Hall-Van der Pauw measurements.

The optical transmittance at normal incidence and spec-
ular reflectance of the films, were measured with a double-
beam spectrophotometer Shimadzu model 3101PC in the
UV-vis-NIR region (300-2500 nm). All optical measure-
ments were performed having air as the reference. The aver-
age optical transmittance in the visible region for a naked
clean substrate was 91%. From these data, and using an
analytic technique developed by Manifacier et al. [33], we
have calculated the film thickness and the evolution of their
refraction index (n) in the whole explored range. The optical
band gap (E,) of the films has been calculated from the
dependence of the absorption coefficient («) on the photon
energy (hv) taking into account that ZnO is a direct band
gap semiconductor [1,2]. All the electrical and optical
measurements were carried out at room temperature.

The structural properties were studied by X-ray diffrac-
tion measurements (Siemens D-500) using the CuK« radia-
tion with A =1.5405 A. The average dimension of
crystallites was determined by the Scherrer method from
the broadening of the diffraction peaks taking into account
the instrumental broadening.

In order to understand the influence of the fluorine incor-
porated at ZnO thin films on the physical properties, we
applied the resonant nuclear reaction (RNR) technique to
determine the fluorine content and its distribution in the
film. For this experiment ZnO:F thin films with a thickness
of 90 nm were used. RNR technique has shown to be a
sensitive probe when applied to fluorine doped tin oxide
thin films [34,35]. It consists of bombarding the sample
with protons having an energy in the vicinity of an isolated
resonance in a reaction with fluorine. We used the proton
beam from the 700 keV Van de Graaff accelerator of Insti-
tuto de Ffsica, UNAM, to excite the 19F(p,ay)‘60 nuclear
reaction, in the vicinity of the well known, high cross
section, 2.4 keV wide resonance at a proton energy of 340
keV. Since the resonance energy is characteristic of this
particular reaction, and no competition reactions with
zine, oxygen. or other possible contaminants appear in the
energy interval covered, there is no doubt as to the identifi-
cation of fluorine. The 6.14 MeV vy-rays and two escape
peaks from the reaction were detected in either a 10.2 X
10.2 cm or a 5.1 X 5.1 cm Nal(T1) scintillation detector. A
schematic diagram of the experimental set-up was reported
elsewhere [35].

3. Results and discussions

In our previous paper [31] we have reported on the struc-
tural properties and its correlation with the general proper-
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Fig. 2. Dependence of the deposition rate and grain size on the F/Zn atomic
ratio in the starting solution.

ties of the films. It was found that, undoped and fluorine
doped zinc oxide thin films prepared at 425°C, show the
highest electrical conductivity. In this work the effects of
the fluorine incorporation on the optical and electrical prop-
erties are presented, for films deposited at that substrate
temperature.

3.1. Film structure and composition

The X-ray diffraction spectra for fluorine doped ZnQ thin
films prepared at 425°C, shown in Fig. 1, indicate that the
films are of polycrystalline nature. These films show a
strong peak along [002] direction; therefore the crystallites
are highly oriented with their c-axes perpendicular to the
plane of the substrate. This result is in agreement with those
reported for ZnO thin films prepared by the same and other
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Fig. 3. Experimental excitation curves of the “*Fip,ay)'°O reaction of
fiuorine in ZnO thin films prepared at different F/Zn atomic ratios in the
starting solution. It shows the fluorine concentration in the films for each
value of the F/Zn atomic ratio in the starting solution.

process [8,10,12,13,20]. On the other hand, from Fig. 1 an
increase in F/Zn atomic ratio does not affect the preferential
growth of the films, and hence the dopant level in the start-
ing solution does not affect the lattice parameters of ZnO
crystalline structure [36]. The crystal grain sizes were deter-
mined from the full width at half-maximum of the (002) X-
ray peak using standard procedures. There is a fluorine
incorporation in the films as long as the F/Zn atomic ratio
increases in the starting solution, and its effect, is shown on
the deposition rate and the grain size of the films. The beha-
vior of the deposition rate and the grain size of the films as a
function on the F/Zn atomic ratio are shown in Fig. 2. It can
be seen that the deposition rate decreases when the F/Zn
atomic ratio increases, whereas high dopant levels in the
starting solution, prevent the grain growth in the [002] direc-
tion. The grain size follows the behavior shown in Fig. 2.

The reduction of deposition rate for films deposited at that
substrate temperature can be explained if it is considered
that the bond dissociation energy of H—F (136.2 kcal/mol)
is bigger than those of F—Zn (88 kcal/mol) and O—Zn
bonds (67.9 kcal/mol) [37], thus the formation of H—F
molecules is more probable than the formation of F—Zn
and O—Zn molecules. Then, if the concentration of NH,F
increases in the starting solution, the formation of HF is
presented and a chemical etch could take place at the
same time that deposition. On the other hand, the behavior
of the grain size shown in Fig. 2 can be explained if it is
considered that fluorine atoms do not substitute oxygen
atoms, instead they are segregated at grain boundaries or
at the film surface and hence, the number of the nucleation
centers is reduced; or formation of ZnF, compound which is
growing at the same time that ZnO:F films is probable [38].
Taking into consideration the preferential growth shown in
Fig. 1, it can be concluded that fluorine incorporation in the
Zn0O thin films is taking place at oxygen sites in the ZnO
lattice without effecting the lattice parameters and also,
fluorine atoms are incorporated at the grain boundaries or
at the film surface as its has been observed for other dopants
[39]; meanwhile reduction in the crystal grain size could be
due to the formation of ZnF, compound.

Fluorine has been identified as an impurity which
improves the electrical properties of ZnO [15], but a large
amount of F affect the crystalline structure. In consequence,
it is important to determine its concentration as precisely as
possible. The fluorine atomic concentration values reported
here (see Fig. 3), obtained by RNR technique, are relative
values to a target of LiF with a known amount of fluorine.
With this target it was possible to assign a scale to the
vertical axis of ZnO:F excitation curve in units of flucrine
atoms per cubic centimeter: 220 y-ray counts/20 .C (above
the background) correspond to 10 F atoms/em’® [34,35].
Fig. 3 shows the v excitation curves obtained from four
ZnO:F samples prepared at different F/Zn atomic ratios.
No good signal-to-background ratio was “obtained for
samples prepared with F/Zn values lower than 0.7 due to
the sensitivity of the technique. Fig. 3 shows that there is a
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Fig. 4. Electrical resistivity for undoped and fluorine doped ZnO thin films.

rise in the signal near 340 keV, which correspond to the
surface of the films. All the curves show a fluorine accumu-
lation layer near the surface, and a reasonably flat concen-
tration in the bulk of the film. In the high energy region, a
fall-off appears that corresponds to the film-substrate inter-
face, indicating that fluorine did not penetrate the substrate.
It has been found that the fluorine concentration in these
films is always smaller than that of the starting solution.
This behavior is expected due to the high volatility of the
fluorine compounds which are produced during the film
deposition. The fluorine concentration on the ZnO:F thin
films surface, that is evident from Fig. 3, are supporting
our argument for the incorporation of fluorine atoms at
film surface.

3.2. Electrical properties

Fig. 4 shows the evolution of the electrical resistivity (p)
of the films with substrate temperature. The electrical resis-
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Fig. 5. Effect of F/Zn atomic ratio on the electrical resistivity of ZnO:F thin
films prepared at 7, = 425°C.
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Fig. 6. Hall mobility (O) and effective carrier concentration (()as a func-
tion of F/Zn atomic ratio in the starting solution,

tivity for undoped and fluorine doped ZnQ thin films reach a
minimum for the same specific value of T, = 425°C. But
unlike other published works, we do not find any shift of the
substrate temperature at which this minimum is reached as
the doping level increases (as for SnO, [40], SnO,:F [41]
and ZnO:In [25]). Then, it is possible that the excess of
cation species attributed to this phenomena are not present
in our films, and hence, the reduction on p, shown in Fig. 4,
is only attributed to fluorine atoms incorporated that are
electrically active. The main effect that is expected by the
dopant addition is a strong variation on p of the deposited
films. This is shown in Fig. 5 as a function of the doping
level at the starting solution. It should be noted first, that p
falls as F/Zn increases, but after a critical value, the elec-
trical resistivity goes up. This is an unexpected behavior for
a ﬂdorine-doping. The grain size reduction that we have
observed in this doping range can explain this effect [42]
as it will be described later.

Good transparent conductors with high values of fig.s of
merit should have the highest possible carrier mobility ()
[43]. Then, it is important to study the evolution of p as a
function of various deposition parameters. The electron
mobility has been determined from the product of Hall coef-
ficient and the electrical conductivity. Fig. 6 depicts the
carrier mobility behavior of ZnO:F thin films as a function
of the F/Zn atomic ratio. As we can see, . values are not so
high as required for having a good transparent conductor
even if they are compared with lightly doped single crystal
ZnO (typically value around 180 cm™V per s), but they are
similar to those reported for polycrystalline ZnO undoped
and doped with Al, In, F prepared by several processes
[12,8,14,15]. These lower values may be expected for poly-
crystalline films because the carriers undergo scattering by
the grain boundaries. In fact, this cannot be explained in an
isolated way, because of its dependence on other factors,
like the carrier concentration, the height of the potential
barriers at the grain boundaries, etc. Then, in the following
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we are going to be concerned with these factors in order to
find a reasconable explanation to this behavior,

As expected, the addition of fluorine atoms in the ZnO
thin films may induce modifications on effective carrier
concentrations (n) and their Hall mobility, as it is shown
in Fig. 6. The carrier concentration tends to increase up to a
value of 0.7 for the F/Zn atomic ratio, and from this, we
observe a strong decrement while the carrier Hall mobility
behaves inversely. That means that, the increase in fluorine
concenfration, increases the scattering and therefore,
decrease the mobility, behaves like ZnO ‘single crystal’
[44]. The same behavior has been reported by Hu and
Gordon [15] for ZnO:F prepared by atmospheric pressure
CVD. The grain size follows a similar behavior as that of the
carrier concentration as a function of the F/Zn atomic ratio
while the carrier Hall mobility behaves inversely. As it is
known, the extent of the ‘flat’ region of the bands between
grain boundaries increases as the grain size does. Then, the
height of the potential barriers at the grain boundaries could
also be lowered by that way. This could explain the
improvement on the average electrical transport properties
through the film, even if the mobility carrier is decreased.
Then, the dopant might start to incorporate more efficiently
to the host lattice from a critical value (F/Zn=0.4, see Fig.
6), modifying significantly the electrical and optical proper-
ties of the films. This seems to be supported by observing
that the effective carrier concentration follows an inverse
behavior to that shown by the electrical resistivity, as a
function of the F/Zn atomic ratio. In this way, the increase
in the carrier concentration with F/Zn atomic ratio, up to
F/Zn = 0.7, could be related to the incorporation of fluorine
at substitution sites. The decrease observed in the effective
carrier concentration and the increase in the electrical resis-
tivity with the subsequent addition of fluorine to the starting

solution, can be explained if: (a) fluorine atoms are located
at interstitial sites instead of replacing anion sites giving rise
to a large number of crystalline defects; and/or (b) a
compound other than ZnO is growing at the same time
that of ZnO:F, as it was already suggested [31].

On the other hand, as it was previously reported by Major
et al. [20], in doped ZnO thin films the height of the poten-
tial barriers at the grain boundaries increases with the major-
ity carrier concentration until a given value, then it
decreases after a certain critical value is reached. This
could explain the decreasing trend in the mobility as the
carrier concentration increases up to F/Zn = 0.7. Similarly,
a decrease in the height of the potential barrier givesrise to
the increase of the mobility observed for F/Zn > 0.7 in the
solution. Besides in this range, the conduction might be
controlled by the presence of fluorine atoms at the grain
boundaries [45]. Further studies are in progress to find an
explanation for this behavior.

Similar results have already been reported for fluorine-
and antimony-doped tin oxide [41,45,46] thin films, but not
for doped ZnO ones. Straight line in the upper part of the
graph corresponds to the carrier concentration that we could
expect if each fluorine atom incorporates as an electrically
active impurity, and acts as donor. We may also notice that,
in the best case (T, = 425°C, F/Zn > 0.7), the effective
carrier concentration, as measured by the Hall-Van der
Pauw techaique, is only a small fraction (in the order of
the 1/400) of the fluorine concentration in the solution and
an order of magnitude less that of the F incorporated at the
films found by RNR technique (see Fig. 3). This could
explain why the electrical results are so limited.

3.3. Optical properties

In order to know the effect of fluorine incorporation on the
optical properties of ZnO:F thin films, we measured the
optical transmittance and specular reflectance for undoped
and fluorine doped ZnO thin films prepared at different
substrate temperatures.

It was found that the optical transmittance of undoped
ZnO thin films prepared at different substrate temperatures
is improved as the substrate temperature increases due to an
increases in the grain sizes [31]. Similar behavior was found
for doped ZnO thin films at values of F/Zn ratio less than
0.5; but for F/Zn > 0.5, the mean transparency goes down
due to the textured surface of the film and powdery nature of
the deposited material. Due to the fact that for a F/Zn atomic
ratio bigger that 0.5, the flucrine incorporation at ZnO thin
films decreases the crystal grain sizes and inhibit the ZnO ~
crystal growth as it was suggested by X-ray diffraction
patterns, or it favors the formation of a new compound as
has been suggested [31], we only analyzed the optical prop-
erties for ZnO:F thin films prepared with a F/Zn atomic ratio
in these range.

Taking into account the electrical behavior of our films, it
was chosen a substrate temperature of 425°C to study the
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Fig. 8. Optical band gap as a function of F/Zn atomic ratio for different
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evolution of the wavelength dependence of refraction index
(1) of the films with respect to F/Zn atomic ratio. The values
of n for wavelengths between 0.5 and 0.9 pm (far away
from the absorption edge), were calculated from the trans-
mittance spectra and the method developed by Manifacier et
al. [33] with a An/n = 4%. Fig. 7 depicts the evolution of »
in the visible region. From Fig. 7 it is clear that the fluorine
incorporation at the films raises the refraction index value.
Comparing the A and B graphs (7, = 425°C) with the upper
graphs (T, = 500°C), it can see that  tends to get a value
close to 2.0 and 1.9 for doped and undoped ZnO thin films,
respectively, prepared at high substrate temperature; mean-
while 5 acquires values of less than 1.9, for lower substrate
temperature. This behavior could be explained if we
consider that the crystal grain sizes of ZnO:F are bigger at
high substrate temperature, then they produce high optical
transmission and an increase in the refraction index; while at
low substrate temperature, the crystal grain sizes are smal-
ler. On the other hand, for 7, = 425°C, it can observed that
the F/Zn atomic ratio does not produce a strong effect in the
n values of the films. Then it could be considered that, in the
visible region, far away from the absorption edge, the
refraction index is almost constant with a value of 1.9.
This value is less than that reported for single-crystal ZnO
and it could be attributed to the polycrystalline nature of our
films.

The absorption coefficient o was determined from trans-
mission and reflection measurements using the equation
given by Chopra [47]. The optical band gap (E,) of the
undoped and fluorine doped ZnO thin films were deduced
from the photon energy dependence of the absorption coef-
ficient considering the material as a direct band gap semi-
conductor. Then using the square root energy dependence of
a, E, is determined by locating the intercept of a? vs. hv
plot on the /v axis. Fig. 8 shows the effect of the F/Zn
atomic ratio on the E, values for three different substrate
temperatures. It can see that the band gap first increases as

the F/Zn atomic ratio increases. However, higher F/Zn
atomic ratio decreases the E, values; for the three substrates
temperatures considered. This behavior could be attributed
to the way that the fluorine atoms have been incorporated
into the film. If Fis located at substitution sites, then there is
an increase in the carrier concentration, and consequently,
the band gap widening shown in Fig. 8 could be due to the
Moss—Burstein effect. This effect is taken place for
F/Zn = 0.7. On the other hand, the trend of decreasing E,
for F/Zn atomic ratio values bigger that 0.5, at that substrate
temperature, could be attributed to the poor crystallinity of
the prepared films or to the formation of the new compound
based on F and Zn as has been proposed.

4. Conclusions

The electrical properties of ZnO thin films prepared by
the spray pyrolysis process depend strongly on the substrate
temperature and the fluorine incorporation at the films. In all
the cases there is a substrate temperature for which the
electrical resistivity has a minimum value. For undoped
ZnO thin films this behavior could be due to a Zn excess
at the thin films.

The fluorine incorporation at ZnO thin films reduces dras-
tically the electrical resistivity up to four orders of magni-
tude compared with the undoped ZnO thin films. There is a
critical doping value in the starting solution for which the
electrical resistivity of the ZnO:F thin films has a minimum
value, corresponding to the maximum crystal grain size
value measured for these thin films.

After the critical doping level value the behavior of . and
n is associated with both: (i) variation in the height of the
potential barriers in the grain boundaries and (ii) the way in
which the fluorine atoms are incorporated. The results
obtained by the RNR technique have shown that the fluorine
incorporation in the films is always higher that the majority
carrier concentration.

The improvement obtained in the optical transmittance at
high substrate temperatures could be associated with the
increase observed in the crystal grain size of the undoped
and fluorine doped ZnO thin films.

The refraction index in all the visible region, far away
from the absorption edge, is not strongly affected by an
increase in the substrate temperature. For undoped ZnO
thin films, at lower substrate temperature the refraction
index has a value around 1.8 while at highs substrate
temperatures, its value is approximately 1.9. On the other
hand, the fluorine incorporation at ZnO thin films raises the
value of the refraction index, tending to get a value of 1.9 at
lower substrate temperature and a value of 2.0 for high
substrate temperature, in the visible region.

The fluorine incorporation at ZnO thin films increases the
optical band gap. The dependence of the optical band gap on
the F/Zn atomic ratio for ZnO:F thin films prepared at
T, = 425°C occurred through its dependence on the carrier
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concentration in the form of the Moss—Burstein effect of
band gap widening. The band gap narrowing effect found
for lower and higher substrate temperatures for F/Zn > 0.7,
could be associated with a poor crystallinity or the forma-
tion of a new compound based on F and Zn.
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