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STUDIES ON THE ELECTROCHEMICALLY FORMED
DIFFERENT TYPES OF ZnO AND ASSOCIATED
RECTIFICATION PROPERTIES
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Two types of anodic ZnO, one purely white, nonshining and the other shining blue
black variety, have been studied. Variation of barrier heights with time before and after
electrical formation of the junction for both types of ZnO have been studied. Heating-
of the point contacts in air culminates in the deterioration of their rectification pro-
perties (chiefly of the blue black variety). At higher temperatures the *“ZnO-ZnO-metallic
point contact’’ behaves as a rectangular space charge region for both forward and reverse
bias voltages. Current creeps have also been observed at different temperatures.
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INTRODUCTION

IT is known that deviation from stoichiometric ratio in its composition is the origin
of semi-conducting properties of metallic oxides. The structure contains a large number
of voids in which interstitial ions may be conveniently accommodated. In the present
experiment, the ZnO films were formed on underlying metallic zinc surfaces (99.5%
purity) by the method of anodic oxidation. Varying the pH of the electrolytic solu-
tion, the current through it, leads to the formation of two forms of ZnO. One is of
white dull variety while the other is of shining blue black variety.! Various contacts
were prepared by softly pressing metallic needles on the outer ZnO surface. The metals
generally used were Iron, Aluminium, Silver, Copper, Chromium, Nickel and Zinc.
At all times the barrier heights (at room temperatures) were found to be independent
of the work function of the contact metal probes. This points towards the existence
of a large number of surface states which makes the barrier heights independent of
metal function. Intimate Zinc-ZnO contact is ohmic in nature.? It has been observed
that in case of rectification the effective barrier resistance lies at the pinpoint contact.?

EXPERIMENTAL

The polished and etched Zn metal is made the central anode in a hollow cylindrical
alkaline bath of stainless steel, the latter being connected to the negative terminal of
a 6-volt battery. In solution of sodium hydroxide (5% by weight), a white coating forms
on the Zn-anode during electrolysis. Zn metal containing adherent white coating may
taken out and washed in a flow of distilled water for about 15mins., and then dried
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in an air blast. For obtaining shining blue-black variety of ZnO on Zn, prolonged elec-
trolysis has to be carried out. But ZnO being an amphuteric oxide after certain time
no more change in current (through the bath) takes place, which indicates newly formed
layers of ZnO dissolves into the alkaline solution. It is then taken out, washed in fresh
distilled water and the set for initial measurement. For observation of i-V and i-t
characteristics a Cambridge pen-recording Polarograph (C603282) has been used.

OBSERVATIONS AND DISCUSSION

The i-V characteristics of a freshly prepared specimen of ZnO (blue black variety) is
shown in Fig.(1). The observation of polarity for forward and reverse flow of current
shows that the seat of rectification lies at the point of contact, perhaps due to con-
striction of electrical lines of force. But a different voltages the current is found to
be a function of time. These junctions need electrical formation; as well as heat for-
mation. But as there is gradient of concentration of ionic species in such inhomogeneous
system built-in-field is produced and as soon as external junction formation (by elec-
trical method) is stopped some sort of back e.m.f. is generated. Therefore this is known
as semi-formation of the effective junction at the point contact. It is to be noted that
if ¥, be diffusion voltage and i the forward current at voltage V (where V is not very
large so as to cause appreciable Joule heating at the contact), the voltage drop across
the bulk resistance R which is in series with the barrier, iR; while the effective voltage
drop across the main barrier is ¥-iR. If V-iR = V|, barrier provides nc hindrance to
the flow of majority carriers, the i-V characteristics become linear. Therefore the in-
tercept of the intrapolated linear positions on the voltage axis gives a measure of the
diffusion voltage. It is to be noted that the junction is in air and the surface of ZnO
contains sufficient number of (H,O)* and O~ as ad-layers.

The curve (@) in Fig. 1 is obtained with a fresh sample of blue black ZnO before
any electrical-junction formation. The diffusion voltage is found to be 0.32V while
the rectification ratio is 1:100 at 0.5 volt. But after 10 minutes of the electrical junc-
tion formation, the diffusion voltage increases practically by ~ 1.4 times.

In Fig. 2, one finds that during the period of electrical junction formation, the
barrier height is found to increase from 0.7 to 0.9volts. It is found that the maximum
diffusion voltage of 0.9 can be attained also after a prolonged period of electrical junc-
tion formation.

Since increase of V; by such electrical junction formation in a thin layer of anodic
ZnO? and the lowering of Fermi-level from conduction band (and in the case of large
number of surface states producing somewhat metallic screening), there is a modifica-
tion on a electronic band structure at the surface. The junction formation is put under
3 volts forward bias and Zn* interstitials move towards the surface. The O~ jonized
atoms in ad-layers and interstitials move away from the point-contact on the surface
and the interior portion of ZnO. But it is to be noted that due to large size of O,
its probability of hop-jumping is much less than that of Zn* ions may come very close
to O~ ions making semi-covalent bond and the electrons and holes donated by Zn ™
and O~ respectively forming neutral hole electron pairs (which are under coulombian
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Fi6 11-V characteristics for the metallic point contact on a freshly prepared anodic ZnO (blue black variety)
depasited on mother Zn N

Fi¢; 2 i-V characteristics after 30 minutes of electrical junction formation (blue black anodic ZnO)

attraction). Very few electrons and holes may combine delivery of the energy of an-
nihilation causing increase of lattice vibration. All these processes cause further move-
ment of Fermi-level and barrier height may increase with time upto a certain limit as
the back e.m.f. generated due to imposed modification of energy bands puts a limit
to the probability of hop-jumping or grain boundary movement of ions and thus pro-
ducing an upper limit to the diffusion voltage.

The junction (which is in open air) is then heated to 100 °C for about 16 hours
and next cooled down to room temp. (30°C) slowly. Here at higher temperature
(100 °C), hop-jumping become more probable and formation of more semi-cova-
lent Z:O_ is expected. This probably lowers the Fermi-level further down. Fig. 3
shows that the barrier height increases up to 2.9 volts. Here the bulk resistance distorts
I-V characteristics from the ideal level and the nature of increasing the value of ideality

. . ev .
factor n (in the eq. / = constant exp. ( - 1} where e, the electronic charge,

nkt
v the applied voltage, 7, the absolute temperature and n the ideality factor:)

In Fig. 4 pre-annealed ZnO (blue black) while heated to 40°C, the curve bb’
is obtained after an hour of heating of the junction after tracing the curve aa’. It
suggests that due to increase in mobility at higher temperature, the semi-co-valent
Z, 70" bond is converted to pure ZnQO with covalent bond (which may be partly
ionic) and electron-hole pairs annihilate giving energy to the lattice species, whose
vibration mode increases and thus increasing the resistance of the layer. Fig. 4 also
suggests the increase in bulk resistance, the resistivity becoming comparable to the
barrier layer (even at much lesser voltages than V) while rectification ratio reduces
to 2 the sample behaving as a variable resistor with non-ohmic-assymmetrical i-V
characteristics.
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FIG 3 i-V characterisucs tor pre-annealed ZnO (blue black) at 30 °C

FIG 4 i-V characteristics of pre-annealed ZnO (blue black) at 40 °C

Fig. 5 shows the i-V characteristics at 60 °C. Here the scattering due to lattice
vibration increases during heating and space charge limited current for both direc-
tions of current flows are obtained.

Fig. 6 is for pre-annealed blue black ZnO heated to 120 °C. It has got no special
feature as compared to Fig. 5 except that it shows probability of soft break down
in the reverse direction. In the reverse direction, the structure resistance remains nearly
fixed upto 2.8 volts; after which the resistance decreases slowly with increasing voltage.
This cannot be attributed to an avalanch type of carrier multiplication which causes
rather steep rise in current with increase in reverse voltage but may be supposed to
be due to leakage of majority carriers, the barrier becoming thinner due to ionic
transport which contributes to the electronic current, modifying the band structure.

Fig. 7 is obtained for fresh ZnO (white) at room temperature (30 °C). Here,
the sample exhibits its rectification properties but there is an increase in diffusion
voltage with time. Curve aa’ is obtained initially while curve bb’ is obtained after
10 minutes of rest (during rest period the circuit is kept open).

Curve aa’ in Fig. 8 is obtained after annealing (16 hours at 100 °C) the sample.

And the curve bb’ is obtained after 5 hours of rest following the tracing of the curve
aa’ of Fig. 8.

Fig. 9 is for annealed ZnO (white variety) kept at 60 °C. Here the rectification
is excellent and diffusion voltage attains a maximum value of about 3 volts as pro-
bably the white variety is purely amorphous, grain boundary is less probable.
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Creeping Phenomena

On applying a fixed voltage across the contact it was noted that the current
through the unit becomes a function of time. These phenomena are named ‘current’.
The nature of current creeps are found to be strongly dependent on ambinent
temperature. The sluggish nature of current creeps suggests diffusion of ionic species
across the bulk-oxide as well as through ine effective barrier region. Transfer of ionic
species modifies the Fermi-level which in turn modifies the energy level diagrams and
controls flow of charge carriers.

Fig. 10 shows the forward current creeps; +3 volts being applied at time
t = 0to a freshly formed Zn-ZnO-Ni system. At first the current rises for about
15 secs, then it shows a rather exponential fall upto i = 1.5 minutes and then shows
linear rise. For a fresh sample at room temp., (H,0)* adsorbed molecules plays a
vital role in determining the surface charges. In the forward biasing condition the
contact metal probe is kept negative. So just on the injection of the + 3 volts bias
to the metal probe the O~ -ions on the surface go near the point contact in the deple-
tion region and thus lowers the band bending at the surface and yields large currents.
As the process owes its origin to ionic modification of the junction it takes about
15 second to reach the higher value of current 40ua. The negative current creep from
r nearly 15sec to nearly r = 1.5 minutes may be attributed to the formation of semi-
covalent bond Z}O~ of two interstitials lowering the concentration of majority car-
riers. The positive current creeps may be attributed to the injection of more O~ from
the surface towards the barrier region.

Fig. 11 showing the forward and reverse current creeps follows the same nature
as in Fig. 10. Reverse current creep is found to be - ve in nature. The initial rise



STUDIES OF ZnO TYPES 87

80 80
g\ 6oL 3 60 Forward creeping
[ R
5 z
40 & 40k
& T 40
3 3
20 20
A 1 1 i i 1 J 1 1 1 i
0 ) 1 2 3 4 5 6 7 0 1 2 3 A 5 6
+3Volts TIME, min +Fvolts TIME,, min
applied applied

FIG 10 Forward current creep for a point-contact on a freshly prepared ZnO (blue black) at 3 volts bias

FiG 11 Forward and reverse current creeps for a pre-annealed ZnO (blue black) at room temperature {$0°C)
and at + 3 volts
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Fic 12 Forward and reverse current creeps for ZnO (blue black) at 70 °C after 30 minutes of heating at 70° C

FiG 13 Forward and reverse curreni creeps for a blue black ZnO at 70 °C after 40 minutes of heating at the
same temperature

in the reverse current is perhapes due to some sort of capacitative effect. In this case,
the point probe is made +ve with respect to mother Zn. The contact point thus
attracts the O~ interestitials from the barrier region and thus increases its resistance.

Fig. 12 shows the nature of forward and reverse current creeps. Now the for-
ward current rises during the first 1.2 minutes and then falls. At higher temperature,
distant O~ ions come to the junction increasing the ionic concentration in the barrier
layer. Later on, it falls as at higher temperature the semi-covalent bonds may turn
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to covalent (partly ionic) bond and thus decreasing the carrier concentration. The
reverse current Ist jumps upto 3.8ua on account of condenser action and then falls
as shown in Fig. 11. The explanation is the same. After prolonged heating for ~
50 minutes at 70 °C, the curves in Fig. 14 are identical in nature with that traced
in Fig. 13. The resistance of the unit is found to increase making the barrier effect
insignificant and thermal oxidation of nonstoichiometric ZnO towards the purer one
reduces the semi-conducting property and increasing total resistance of the bulk (Fig.
14). Fig. 15 shows that during heating of annealled white ZnO, the creep rates are
very small. But for a fresh white ZnO (Fig. 16) about the minute positive creeps is
followed by a longer negative creep. Here, the junction has not been electrically semi-
formed before the application of the bias voltage.

Fig. 17 is somewhat of same nature as Fig. 11 and may follow similar explanation.
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FIG 14 Forward and reverse current creeps at + 3 volts bias after 50 minutes of heating at 70 °C and the
Jjunction being kept at the same ternperature

FIG 15 Current creeps at 70 °C for a pre-annealed ZnO (white) at different forward bias voliages

FiG 16 Forward current creeps for a point-contact on a freshly prepared ZnQ (white), at 1 volt bias at 30 °C
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Fi: 17 Forward current creep at 3 vols bias at 30 °C afier 100 minutes of heating the junction at 70 °C and
slow cooling (blue black ZnQ)

FiG 18 Nature of current creep at the onset of 15 volts reverse bias being applied to the junction (blue black
Zn0)

FIG 19 Current creep aj 15 volts reverse bias. Curve B is traced after about 1 second rest period from the
ending of the curve A'A in Fig. 18

F1G 20 Current creep at 15 volts reverse bias after about 1 minute rest (i.e. open circuit) after the tracing of the
curve B in Fig 19

Fig. 18, 19 and 20 are taken one after another. Here reverse 15 volts have been
applied to the junction. Now considering the small dimension of the contact with
barrier region (of high resistance) heating effect may not be negligible. In Fig. 18,
15 volts reverse bias is applied after 20 hours of open circuit period (called the rest
period) and (i-f)y._is vous cirve A’A with a sharp minimum obtained at about
15 secs is noted after which there is somewhat parabolic rise. Curve B in Fig. 18 is
obtained after ~ 1 sec. rest period of the junction. It shows no minimum, but similar
portion B as A in curve A’ A (Fig. 18). The junction is put into rest for about 1 minute
and then the - 15 volts bias is applied ali on a sudden and the curve C’C in Fig.

-20 which is very similar to curve in Fig. 18 is obtained. The process has been found
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to be repeatable. The curves in Figs. 18 and 20 are more or less similar to that ob-
tained in Fig. 17. Here only the heating effect increases the mobilities and the minimum
in the i-f curve is obtained very soon. The surface model used in the above explana-
tions is based on what is schematically represented, in Fig. 21. The metallic needle
probe most probably is covered with an ultrathin oxide layer of the metal which can
be easily tunnelled through, by electrons or holes. So in Fig. 21 the ultrathin oxide
layer is omitted. But the surface contains (H,O0)*, O~ forming adlayers. The exter-
nal surface of ZnO contains sufficient number of (H,O0)* and O~ charges probably
as chemisorbed species on the surface. The existence of a sufficient number of sur-
face states gives the ZnO surface a metallic screening. It is proposed that when exter-
nal field is applied the chemisorbed O~ may go to interior region by hop-jumping
or sliding viz grain boundaries. The interstitials O~ and Zn* may move under the
action of injection voltages. The movement of (H,O0)* molecule to the interior por-
tion of ZnO is the most difficult due to the large size of the former. It is to be further
noted that the surface has been scanned till by pinpoint probe gives good rectifica-
tion for freshly formed point contact on ZnO, this probably puts the metallic needle
on a single grain.3

CONCLUSION

Though zinc oxide as a material has been known since the bronze age, it is only in
the past two decades that it has aroused the interest of many scientists. ZnO variators
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are used to act as a current surge absorber in some electrical circuits. In our present
model, though there may be a very small part of ionic current, considering the very
low mobility of ions in comparison to that of electrons and holes in a crystal the
former part may be neglected. But any modification of the electronic current is due
to ionic movements, modifying fermi-level and ultimately the energy band diagrams
(as fermi-level is to remain straight in any static electronic system).
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