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Preparation of ZnO Film on p-Si and I-V Characteristics of p-Si/n-ZnO
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Zinc oxide (ZnO) thin films were deposited on p-silicon (Si) substrate from ammonium zincate
bath following a chemical dipping technique called SILAR. Films in the thickness range 0.5-4.5 pym
could be prepared by varying the number of dipping for a fixed concentration (0.125 M) of zincate
bath and fixed pH (11.00-11.10). Higher values of dipping produced nonadherent and poor quality
films. Structural characterization by X-ray diffraction (XRD) indicates the formation of polycrystalline
single phase ZnO with strong c-axis orientation. The structural characteristics of the films were found
to be a sensitive function of film thickness. The degree of orientation was found to be a function of
film thickness and a maximum was found at around 2.2 um. Scanning electron microscopy (SEM)
reveals the formation of sub-micrometer crystallites on silicon substrate. The coverage of crystallites
(grains) on substrate surface increases with number of dipping. Dense film containing grains distributed
throughout the surface is obtained at large thicknesses. The ohmic nature of silver (Ag) on ZnO and
Aluminum (Al) on p-Si was confirmed by I-V measurements. I-V characteristic of the p-Si/n-ZnO
heterojunction was studied and rectification was observed. The maximum value of forward to reverse
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current ratio was ~15 at 3.0 V.
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1. Introduction

Zinc oxide (ZnO) is a wide-gap semiconductor with
a band gap of 3.36 eV at room temperature and has been
extensively studied because of its potential applications in
various fields, such as gas sensors, solar cells, photodetectors,
light emitting diodes, laser systems, etc. It is well known that
undoped ZnO films generally indicate n-type conduction.
ZnO films have been epitaxially grown on sapphire or Si
substrates by several physical and chemical methods such
as molecular beam epitaxy (MBE), sputtering, atomic
layer deposition, metal oxide chemical vapor deposition
(MOCVD) and sol-gel'. Silicon is suitable for the
integration of optoelectronic devices. It is also cheaper and
easier to cleave silicon compared to sapphire. Thus efforts
have been mostly directed to grow n-ZnO thin films on
p-Si substrate. Heterojunction of n-ZnO/p-Si have potential
applications in the visible and ultraviolet photodiodes, gas
sensors among many others*®. Fast switching of n-ZnO/p-Si
diode without any reverse recovery delay has been reported
by Choi et al.'. Such reverse recovery delay is often observed
in Si p-n diode. Zeng et al.” reported higher ability of
n-ZnO/p-Si heterojunction to produce photoelectrons than
one of Si solar cell. The photocurrent property was measured
and 20% greater saturation photocurrent of n-ZnO/p-Si
compared to Si solar cell was reported in their work. In
this paper, n-ZnO films were grown on p-Si substrates by
successive ion layer adsorption and reaction (SILAR). The
structural properties of ZnO films deposited on silicon
substrate were evaluated. The heterojunction properties were
also investigated by means of /-V measurements.
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The conventional physical techniques (such as MBE
or different forms sputtering) generally produce good
quality transparent films. However they are very expensive
and are difficult to carry out in the industrial level.
Chemical deposition techniques, on the other hand, are
relatively low cost processes and can be easily scaled up
for industrial applications. During the last few decades,
chemical techniques have come out to be a good alternative
for material preparation in thin film form. The chemical
deposition of oxide thin films from an aqueous solution is a
very promising method particularly because of its simplicity
and economy. The different chemical methods generally
used to grow ZnO thin films are sol-gel, spray pyrolysis,
electroless deposition and chemical bath deposition (CBD).
One of the less used and less studied chemical techniques
is successive ionic layer adsorption and reaction (SILAR).
SILAR is often termed as modified chemical bath deposition.
In CBD, deposition of thin films occurs due to substrate
maintained in contact with dilute chemical bath®. The film
formation on substrate takes place when ionic product
exceeds solubility product. In SILAR, thin films are obtained
by alternate dipping of the substrate into separately placed
cationic and anionic precursors for reaction at chosen
temperatures. The technique was given the name SILAR
by Nicolau et al.’ since it involves adsorption of a layer of
complex ion on the substrate followed by reaction of the
adsorbed ion layer.

The technique of SILAR has been proved to be useful for
deposition of thin films of metal sulphides (chalcogenides)?®.
Since first reported by Ristov et al.'’, not much effort has
been made to deposit oxide thin films by this technique
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and has remained a relatively less investigated method.
Earlier we reported the preparation of ZnO thin films by
this technique from sodium zincate or ammonium bath!!"13,
Since SILAR has the advantage that films can be deposited
on any kind of substrate, the objective of the present work is
to promote interest in this method as applied to fabrication of
ZnO thin film on p-Si substrate. The microstructural features
of the films were studied using X-ray diffractometer (XRD)
and scanning electron microscope (SEM). Characterization
of the n-ZnO/p-Si heterojunction so formed was carried out
by current-voltage (I-V) measurements.

2. Experimental

The details of zinc oxide film deposition on microscope
glass substrate following chemical dipping from sodium
zincate or ammonium zincate bath have been reported
elsewhere!!"*. In brief, the process involves multiple dipping
of the substrate in the zincate bath maintained at room
temperature and hot water bath maintained near boiling
point. The zincate complex was prepared by adding sodium
hydroxide (NaOH) or ammonium hydroxide (NH,OH) in
a solution of zinc salt (zinc sulphate or zinc acetate). The
reaction leading to the formation of ZnO on the substrate
for ammonium zincate bath is as follows:

(NH,),Zn0, + H,0 = ZnO+2NH,0H 1)

Similarly the reaction leading to ZnO formation for
sodium zincate bath is as follows:

NayZnO, + H,0 = ZnO +2NaOH )

Dipping of the substrate in zincate bath results in a thin
layer of the zincate solution on the substrate. Subsequent
dipping of the substrate in hot water leads to breaking down
of the complex and formation of ZnO. For the present work,
ammonium zincate bath was selected. Although the growth
rate from sodium zincate bath (0.20 per dipping per mole)
is always on the higher side compared to that from
ammonium zincate bath (0.16 per dipping per mole), there
is incorporation of sodium in films prepared from sodium
zincate bath. Figure 1 shows the energy dispersive X-ray
(EDX) pattern of a ~5.0 pm thick ZnO film obtained from
sodium zincate bath on silicon substrate. The peak due to
sodium merges with one peak of zinc. Sodium was found to
be present in approximately 0.7 element %. Trace amount
of Ca (~0.11 atomic %) and Cl (0.06 atomic %) was also
detected in the film.

The silicon (p-Si) substrate used for deposition was
first dipped in the zincate bath and then in hot water
(maintained near boiling point). The dipping time in each
bath was 2 seconds. The film thickness was built up by
increasing the number of dipping cycles. A part of ZnO
so formed is deposited onto the substrate as a strongly
adherent film and another part of it formed a precipitate in
the hot water bath. The silicon substrate [p-Si (100)] used
for deposition was etched in dilute hydrofluoric acid (HF)
to remove native oxide. It was then thoroughly washed with
distilled water followed by cleaning with 1:1 by volume
methanol-hydrochloric acid mixture and finally followed
by deionized water cleaning. Two such substrates were
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pressed back-to-back and used for deposition. This allows
only one surface of a substrate to be coated with the film.
The deposited ZnO films were subsequently annealed in
air at 200 °C.

The film thickness was determined gravimetrically by
measuring the change in weight of the substrate due to film
deposition, the area of deposition and using the known
density of ZnO. XRD with CuKo radiation (A = 1.5418 A)
was used for structural characterization and phase
identification of the deposited ZnO films. SEM was used
to illustrate the formation of crystallites on the film surface.
The ohmic nature of silver (Ag) contact on ZnO was verified
by I-V measurements. Similarly ohmic nature of aluminium
(Al) on p-Si was verified. The I-V characteristics of the
n-ZnO/p-Si heterojunction was measured in a Solatron meter
(Schlumberger S1 1286).

3. Results and Discussions

3.1. Film growth rate vs. number of dipping

Film growth was done for a fixed concentration of
ammonium zincate bath (0.125 M) and fixed pH (11.0-11.1)
of the bath. These values were found to be optimum!'?
for getting good quality adherent films. Erratic and poor
quality films results for concentrations higher than 0.15 M.
The pH measurements were done in a Systronics pH
meter (Model 335). For pH values greater than 11.1, the
growth rate decreases abruptly and for pH less than 11.0,
only non-adherent powder like precipitate appears. The
bath solution tends to lose stability with decreasing pH
and precipitates of zinc hydroxide appear in the baths on
standing.

Figure 2 shows the variation of ZnO film thickness
with number of dipping (25-200 dipping cycle) for
0.1 M ammonium zincate bath. The growth rate was
calculated as pum per dipping per mole and it was ~0.18.
The growth rate is slightly on the higher side compared to
that on glass (~0.16)!"3. The film thickness was measured
gravimetrically'* by taking the theoretical density of the
material (p = 5.6 gm.cm™ for ZnO). Thus, if W, and W, be
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Figure 1. EDX of ~5 um thick ZnO film prepared from sodium
zincate bath.
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the weights of the substrate before and after film deposition
in gm. A is the area of film deposition in cm? and p be the
theoretical density of ZnO; then the film thickness was
evaluated as follows:

dzi(Wz_Wl)XIO_“pm 3)
Ap

The weighing of the substrate before and after
deposition was made in an electronic balance. The area
of film deposition was evaluated by measuring the length
and breadth of the substrate surface using slide callipers.
Rectangular substrate (I cm x 1 cm) was used for film
deposition. Thus unit area of the substrate surface was used
for coating films.

The gravimetry method of film thickness determination
has some limitations because of non-uniformity, porosity
and edge tapering effects in the chemically deposited films
with porous microstructure. The actual film density is lower
than the theoretical density and the thickness measured
using theoretical density is less than the actual thickness'?.
However, this error does not affect the comparative data of
measured film thickness. Cross sectional SEM measurement
shows that an approximate error of 20% is involved in
thickness values measured gravimetrically'2.

3.2. Structural characterization

Figure 3 shows the X-ray diffraction pattern of a
~2.2 um thick ZnO film deposited on silicon substrate from
ammonium zincate bath. The film was annealed at 150 °C
in air prior to structural characterization. It is seen from
Figure 3 that (002) is the strongest line, indicating strong
preferred c-axis orientation. The variation of degree of c-axis
orientation with film thickness is shown in the Figure 4.
The intensity ration [/(002)/I(101)] is plotted against film
thickness [XRD patterns of films of different thicknesses
are not shown for brevity]. Here 7(002) and /(101) are the
intensities of (002) and (101) diffraction lines. The reason
for selecting ZnO (101) line is due to the fact that this is the
strongest XRD line for standard zinc oxide powder with no
preferred orientation. The value of [/(002)//(101)] is 0.56
for ZnO powder'>.

It can also be seen from the Figure 4 that initially the
degree of c-axis orientation increases with film thickness upto
2.2 um and subsequently, the degree of c-axis orientation
decreases for thicker films. The onset of loss of c-axis
orientation can be attributed to the interruption of preferred
growth. A change of preferred orientation around 0.55 pm
was observed for rf sputtered films'® deposited on glass. It
was found that the films were well-oriented normal to the
substrate upto 0.55 pum, but with increasing film thickness,
the intensity of the (002) diffraction peak was reduced. The
preferred orientation of the films changed from (002) to a
more or less random orientation with increasing thickness.

The phenomenon was explained in terms of surface free
energy. The most densely packed planes have the lowest
surface energy and preferred orientation'®. Thus the driving
force of the texture development is believed to be the surface
energy minimization, because (002) is the most densely packed
plane in ZnO with wurtzite structure. As the film becomes
thicker, the driving force for preferred orientation is reduced
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due to lowering of surface energy together with increasing
strain energy'”'8. The preferred orientation of the films is
governed by the total system energy, which is the summation
of the strain and surface energies'*'®. As explained in some
literature!®"’, at the initial stage of film growth, surface energy
plays the dominant role, but at a later stage, the growth process
is primarily controlled by variation of strain energy.
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Figure 2. Variation of film thickness with number of dipping in
ammonium zincate bath.
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Figure 3. XRD of ~2.2 pm thick ZnO film on p-Si.
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Figure 4. Variation of c-axis orientation with thickness.
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Scanning electron microscopy was used to examine the
formation of crystallites on the film surface. The photographs
of films under varying thickness are shown in Figures 5-7.
Figures represents photographs for 0.46 um thick, 1.1 um
thick and 3.2 pm thick ZnO film respectively on silicon
substrate, which corresponds to 25, 50 and 150 dipping
films respectively. The photographs clearly demonstrate
the effect of increased number of dipping (i.e. increased
thickness) on surface morphology. Significant differences
were observed in the three images. All the pictures reveal

Figure 5. SEM micrograph of ~0.46 um thick ZnO film on p-Si
(25 dipping).

40*3 nm

Figure 6. SEM micrograph of ~1.1 um thick ZnO film on p-Si
(50 dipping).

Figure 7. SEM micrograph of ~2.2 pm thick ZnO film on p-Si
(100 dipping).
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the formation of polycrystalline (sub-micrometer) nature of
the films. It appears that at the initial stage of deposition,
a large amount of small grains (crystallites) are distributed
at random sites The size and abundance of these single
crystallites seems to depend on number of dipping. The
surface morphology is also relatively rough at this stage
with structure characteristics of a collection of crystallites
which have grown to different sizes. For 150 dipping, the
coverage seems to be complete (clear grains cover almost
entire surface of the silicon substrate). Also the surface of
the film is relatively smooth. In other words dense film grew
with increasing number of dipping which are well adhered
to the substrate. Although no cracks or holes could be found,
some holes indicating porosity is present. It also appears
from the micrographs that geometry of the grains grown at
higher number of dipping are spherical, while those at lower
number of dipping are not so. This may be associated with
release of surface energy for higher thicknesses as has been
mentioned earlier. However, further investigation is required
to explain the entire phenomenon. Agglomeration of small
crystallites seems to be present in certain regions of the film
surface. This is possible since the method of preparation
allows stacking and agglomeration of initial single particles.

3.3. I-V characteristics

The heterojunction characteristic of n-ZnO/p-Si was
measured by studying the I-V characteristics. Prior to this,
room temperature curing Ag paste was applied on ZnO. The
I-Vcharacteristic was studied by measuring the voltage with
varying current at room temperature (T ~ 30 C) in order to
see whether the film possesses ohmic or rectifying contacts.
The current-voltage (I-V) plot of Ag/n-ZnO contact is shown
in Figure 8. The linear relationship of the characteristics
reveals that the contact has ohmic character. Similarly
Aluminum dots were evaporated on silicon in a vacuum
coating unit. It was cured in nitrogen flow. Figure 9 shows
the current-voltage characteristics of Al/p-Si. The linear
nature of the characteristics confirms the ohmic nature of
the contact.

I (in microampere)

V (in Volts)

Figure 8. I-V characteristics of Ag-ZnO.
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Figure 10 shows the schematic structure of an n-ZnO/p-Si
heterojunction. Figure 11 shows the I-V characteristics of
n-ZnO/p-Si heterostructure at room temperature. The reverse
current increases linearly with the increase of the reverse bias
voltage which can be explained by the generation current in the
depletion region*. The forward current increases nonlinearly

I (in microampere)

V (in Volts)

Figure 9. I-V characteristics of Al-Si.
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Figure 10. The schematic diagramme of n-ZnO/p-Si heterojunction.
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Figure 11. I-V characteristics of n-ZnO/p-Si.
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with forward bias voltage. Thus the junction was found to be
rectifying and the turn-on voltage is about 1.5 V. The maximum
forward-to-reverse current ratio was found to be about 15.
This is on the lower side of that normally reported®!. While
Basu et al.® have reported a forward to reverse current ratio
of 80 at 1 V; Ajimsha et al.'® reported a value of 1000 at 5V
for n-ZnO/p-Si heterojunctions. Basu et al.® deposited ZnO
films on p-Si substrate by chemical vapor deposition (CVD)
technique and Ajimsha et al."” prepared ZnO films by pulsed
LASER deposition technique. Mridha et al.’ reported an
extremely high value of forward to reverse current ratio of
5700 at 5 V for sol-gel fabricated films on p-Si. The value
of ~15 obtained for the present case is possibly due to very
high resistivity of SILAR deposited films'> compared to other
technique. The high resistivity of the chemically deposited
films compared to those obtained by other methods is due to
low donor defect density and presence of a large number of
chemisorbed oxygen species which are incorporated in the
grains and at the surface of such films during film preparation.
This is expected since the deposition is performed in ambient
air, large number of oxygen molecules are chemisorbed at the
grain boundaries and on the surface'.

The trapping of conduction electrons to form negatively
charged oxygen species (0,7, O™ etc.) is considered as the
process of chemisorption. The presence of such chemisorbed
species thus renders high resistivity to the oxide surface.
These negatively charged chemisorbed species acts as
reaction centers for reducing gas molecules. When a
reducing gases comes in contact with the oxide surface,
the reaction between gases molecules and the negatively
charged oxygen species results in the release of the trapped
electrons. The electrons goes back to the conduction band
and results in a decrease in resistance. On removal of the gas,
the electrons are again trapped and the resistance increases.
Thus such high resistive films containing enhanced density
of chemisorbed species are particularly suitable for resistive
mode gas sensor applications.

4. Conclusions

An analysis of the results presented here indicates
that n-ZnO thin films can be successfully grown on p-Si
substrates by low temperature SILAR technique. The
structural properties of ZnO films were investigated using
X-ray diffraction. The films have high preferred c-axis
orientation which is thickness dependent. Highest preferred
orientation is observed for ~2.2 um thick film (which
corresponds to 100 dipping). SEM micrograph reveals that
at the initial stage of deposition, a large amount of small
grains are distributed at random sites. Agglomeration of
small crystallites is observed in certain regions of the
film surface. Relatively smooth and homogeneous film
covering more or less the entire surface is observed for
large thickness. Current-voltage (I-V) characteristics of
n-ZnO/p-Si heterojunction exhibit nonlinear and rectifying
characteristics with maximum forward to reverse ratio of
~15 at 3.0 V. The low value of forward to current ratio is
due to high resistivity of SILAR deposited films. Such
high resistive films giving rise to heterostructures with
low forward to reverse current ration may be useful for the
detection of reducing gases in resistive mode gas sensors.
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