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Abstract: The objective of this research is the relevant equations of electrical transport inside a junction device based on
metallic oxides like zinc oxides retained on silicon substrate by spray pyrolysis process. Many characteristics, such as
the heterojunction diode's non-ideal conduct, electronic conduction of electrons and gaps in the conduction and valence
bands, charge carriers caught by trap centers, hopping conduction, and tunnel effect, are used in various conduction
processes at electronic junctions. Poole-Frenkel (PF) emission, Schottky emissions, and trap aided tunneling are some
of the other conduction mechanisms examined inside forward/reverse bias for ZnO/Si heterojunctions (TAT). This article
also confirms, addresses, and elucidates the effect of temperature on the |-V properties of ZnO/Si.
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1. INTRODUCTION

To replace 1ll-V semiconductors with wide band gap
[I-VI semiconductors (Eg>3 eV) such as tin and zinc
oxides, researchers have conducted multiple studies to
identify oxides with a large band gap, sufficient
transparency in the Vis-IR bands, and appropriate
electrical  conductivity.  Following that, these
semiconductor materials may be used in electrical and
optoelectronic device applications [1, 2]. Understanding
transport current and conduction is one of the most
important phenomena explored by researchers in the
field of microelectronic devices. If a device is heated,
are |-V characteristics and related parameters affected
by temperature? Are the conduction mechanism and
electrical transport in such device influenced by
temperature?

This device-based zinc oxide research is being
carried out for this aim. Ohmic conduction, Schottky
emission, thermionic emission, tunneling conduction,
hopping conduction, Frenkel-Poole emission, trap-
assisted electron transport, and space charge limited
current are among the conduction mechanisms inside
the device [3-9]. The Poole-Frenkel phenomenon, also
known as Frenkel-Poole emission in condensed matter,
is a model for trap-assisted electron transport in an
electrical insulator [9, 10]. The following technique
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allows charge carriers such as electrons to travel
slowly through an insulator. In general, electrons are
locked in localized states. Changes in heat activity
inside a semiconductor provide an electron with
enough energy to leave its confined state and transfer
to the conduction band on an irregular basis (CB). The
free charge carrier is allowed to move within the crystal
for a short period of time in this condition before
relaxing to an unoccupied localized state.

The Poole-Frenkel effect demonstrates how an
electron does not require enough heat energy to be
pushed into the CB when a big enough electric field is
present. The Poole-Frenkel effect is theoretically very
similar to the Richardson-Schottky effect. This is the
result of the electric interaction with the field at the
metal-insulator boundary lowering the metal-insulator
energy barrier. The conductivity resulting from the PF
effect is discovered in the presence of bulk-limited
conduction, but it is contact limited from Richardson-
Schottky [4]. Oxide-based heterojunctions are
manufactured and electrical transport magnitudes are
studied in this study. The oxide layer has been covered
with a metallic contact to investigate the conduction
mechanism behavior of such heterostructures under
temperature conditions.

Furthermore, the current and capacitance versus
bias voltage are measured in special conditions of
temperature. A study of oxides and detailed conduction
mechanisms are presented is a novelty of this
research.

© 2021 Zeal Press



Current Conduction Mechanisms in ZnO/Si Heterojunction Diode

International Journal of Robotics and Automation Technology, 2021, Vol. 8 61

2. THEORY OF CONDUCTION MECHANISM IN
ELECTRONIC DEVICES

In this part, the hypothesis and models of electrical
transport are depicted. It is reported for that two
principal classes of electrical transport can be
occurred; bulk and electrode limited. Bulk limited is that
mechanism where the bulk of the insulating material
has a dominating role Poole-Frenkel and hopping.
While electrode limited are those where electrode
material has a dominating role tunneling (direct, Fowler
Nordheim (F-N), trap assisted tunneling TAT) [11, 12].

The tunneling current is an exponential function of
tunneling distance (a) expresses as;

J =Aexp(-Ba) (1)

Where A is pre-exponential parameter and B is a
coefficient (m™).

In F-N regime, current density obeys to following
law;

J=CE,‘2(3xp{— (2)

4(qp, ) *Im* }

3qhE;

Where C in terms of charge, effective mass, height
barrier, is given by;

3
m
c=—1"a (3)
87wmd i1 hqd,
The basic conduction processes in insulators are as
follows [13];

2.1. Thermionic Emission

The thermionic discharge hypothesis accepts that
electrons, with an energy greater than the head of the
obstruction, will cross the hindrance gave they move
towards the boundary. The real state of the obstruction
is thusly disregarded. The current expresses as [13];

J:A*Tzex,,[_m—m} “

kT

A current against
dependence are given by;

voltage and temperature

JoT? exp{@} (5)

2.2. Tunneling Process

For tunneling process, current density J is
expressed in terms of electric field, barrier height,
effective electron mass as [12, 14];

32 [ %
JaEexp _Hap,)2m* (6)
3qhE;
Current density versus voltage in term of
temperature expresses as [14];
—b
Jov? exp| — 7
e 2] )

2.3. The Frenkel-Poole Emission

The Frenkel-Poole emission is caused by trapped
electrons emission into the conduction band. A thermal
excitation can move a number of electrons from traps.
For trap states with Coulomb potential type, the
expression is comparable to that of the Schottky
emission. It is well known that barrier height is the
depth of the trap potential well. The barrier reduction is
larger than in the case of Schottky emission by a factor
of 2, since the barrier dropping is twice as large due to
the quasi total immobility of the positive charge.
Current density J in terms of electric field E;, barrier
height @, and temperature expresses as [15];

JoE, exp[— ‘I(‘Pb_\k/‘;Ei /ﬂgi)} (8)

(9)
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Where a is equal to (q/4n &d)"?, V=Ed is the applied
voltage

In terms of temperature it is written as [16-18]

: 0.5
J=ATzexp(—) [L] -Q (10)
t
kT El-d

Where A is a constant having different values for
PFE and SE, J is the current density, T is the absolute
temperature, k is Boltzmann constant, E; is the applied
field in semiconductor barrier at the metal-
semiconductor interface, a is a constant equal to 57.7
eV, @ is the trap potential
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This equation is linear curve Ln(J/AT?) versus VO,
b is constant equal to 7.59 presenting a slope of b/kT
and intercept of -ot/k T.

2.4. Space Charge Limited Current SCLC

Current density versus voltage finds an easy
equation as follows [19];

_9guv?

J
8d°>

(12)

Where d is the thickness of insulator layer, y is the
mobility, € is dielectric constant of insulator,

2.5. Ohmic Regime

Current density in terms of temperature is given by
[20];

AE,
JoE; ——F 13
|42 (13)
Where AE, is an activation energy of electrons
JaV ex {—5} (14)
P T

Where c is a constant.

2.6. lonic Conduction

The current density in terms of electric field E; and
temperature T is giving by [13];

E, AE;
Joo—+ —— 15
o T exp[ T } (15)
Ja%exp[—%} (16)

Where AE; is activation energy of ions, A* effective
Richardson constant,

2.7. Fowler-Nordheim Tunneling

Current mechanisms through materials, which do
not contain free carriers, can be distinctly different from
those in doped semiconductors or metals. Here,
Fowler-Nordheim Tunneling, Poole-Frenkel emission
as well as Space charge effects transport are

discussed. While these current mechanisms are not
identified with Metal-Semiconductor junctions, they are
presented here since they represent unipolar current
mechanisms.

Fowler-Nordheim tunneling has been studied
extensively in Metal-Oxide-Semiconductor hetero-
structures where it has been shown to be the dominant
current mechanism, particularly for thick oxides. It is
explained by that quantum mechanical tunneling from
the contiguous conductor into the insulator limits the
current through the heterostructure. Once the carriers
have tunneled into the insulator they are free to move
within the valence or conduction band of the insulator.
The current is deduced from WBK approximation as
[15];

32 %
J= CEizexp{—iqqq)b) & } (17)
3qhE;
3
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% 3/2
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The expression for Fowler-Nordheim tunneling
implies that carriers are free to move through the
insulator. Whereas this is indeed the case in thermally
grown silicon dioxide it is frequently not so in deposited
insulators, which contain a high density of structural
defects. Silicon nitride (SizN4) is an example of such
material. The structural defects cause additional energy
states close to the band edge, called traps. These traps
restrict the current flow because of a capture and
emission process, thereby becoming the dominant
current mechanism. The current is a simple drift current
described by

While the carrier density depends exponentially on
the depth of the trap, which is corrected for the electric
field;

- E

The total current then equal

E
Jpr =qnouEy exp{—kiT(%_ %)} (21)
N
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2.8. Schottky Diode Current

Generally the majority charge carriers electrons or
holes produce the current over the MS semiconductor.
Thus, three different mechanisms happen,

Three unmistakably various components exist:
dissemination of transporters from the semiconductor
into the metal, thermionic emanation of transporters
over the Schottky hindrance and quantum-mechanical
burrowing through the boundary. The dissemination
hypothesis expects that the main impetus is circulated
over the length of the consumption layer. The
thermionic discharge hypothesis then again proposes
that lone lively transporters, those, which have an
energy equivalent to or bigger than the conduction
band energy at the metal-semiconductor interface, add
to the current stream. Quantum-mechanical burrowing
through the hindrance considers the wave-idea of the
electrons, permitting them to enter through slim
boundaries. In a given intersection, a blend of each of
the three components could exist. Notwithstanding,
commonly one finds that just a single current system
rules.

2.9. Space Charge Limited Current SCLC

Throught this section, that emission mechanism like
Fowler Nordheim tunneling and Poole-frenkel produce
very low current densities with consistently low carrier
densities are demonstrated. For structures where
carriers can readily enter the insulator and freely flow
through the insulator.

For structures where transporters can promptly
enter the protector and uninhibitedly move through the
separator one tracks down that the subsequent current
and transporter densities are a lot higher. The high
thickness of these charged transporters causes a field
slope, which restricts the current thickness. The
present circumstance happens in humble doped
semiconductors and vacuum tubes.

2.10. The Barrier Height and Fermi Energy

The barrier height, ®g, is defined as the potential
difference between the Fermi energy of the metal and
the band edge where the majority carriers reside. One
finds that for an n-type semiconductor the barrier height
is obtained from [15, 21];

=Py % (22)

Where ®, is the work function of the metal and ¥ is the
electron affinity. The barrier height is given by the

difference between the valence band edge and the
Fermi energy in the metal [21];

E,
¢B:7_¢M+Z (23)

For p-type semiconductor

A metal-semiconductor junction will therefore form a
barrier for electrons and holes if the Fermi energy of
the metal as drawn on the flat-band diagram is
somewhere between the conduction and valence band
edge.

In addition, the built-in potential is defined, V,,, as
the difference between the Fermi energy of the metal
and that of the semiconductor.

Barrier height behavior and Fermi level energy

The barrier height ®g is defined as the potential
difference between the fermi energy of the metal and
the band edge where the common carriers reside. For
n-type semiconductor ®g expresses as [21];

On=W-2 (24)

Where W is the work function of the metal and y is the
electron affinity. For p-type case it is the difference
between the valence band edge and the Fermi energy
metal written as follows [21];

E%’
¢B=7—W+x (25)

Inside an electrical device,
mechanisms might occur like;

many conduction

*The recombinaison-diffusion: logl-V-T is a linear
curve for 1<n<2, n-T still a constant parameter.

*Thermionic emission: logl-V-T is a linear curve,
n-T log lp depends on 1/T follows linear curve, q®y,; is
constant and E; is close to Eg.

*Tunnel effect by step: logl-V-T presents a linear
curve, 1<n<2, nT is constant for any temperature while
q®y,; is parameter which depends on T.

*Field assisted thermionic emission: logl-V-T is a
linear curve, 1<n<2, log ly depends linearly on n/T,
ideality factor is a function of T and E.<E,.

*Recombination logl is a function of 1/T, logly-T is
linear n=2 and E,=E4/2.
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Injection of minority charge carriers: logl-V-T is a
linear curve, n=1, log |y is a linear function of 1/T.

*Transport mechanism in ZnO/Si diodes

Some diodes present high values of ideality factor,
probably that is caused by the occurrence of interfacial
layers or surface states showing that the electrical
transport is no longer governed by thermionic emission
mechanism [13, 21]. In order to assess the conduction
mechanism inside ZnO diode. The Logl-LogV
characteristics are plotted within forward biasing
voltage. This latter should demonstrate straight lines
obeying / = V" law with diverse exponents m where m
values vary with the injection level corresponding to the
distribution of trapping centers. Furthermore, distinct
linear regions are limited and fitted to extract the slopes
(m) related to different conduction mechanisms like
Ohmic, space-charge-limited current (SCLC), trap filling
limit (TFL) or trap-free SCLC regimes.

Schematic for intrinsic point defects: vacancy,
impurity interstitial, self-interstitial and substantial are

described in Figure 1. The vacancy and interstitial as
intrinsic point defects are displayed in Figure 2.

3. EXPERIMENTAL TECHNIQUES

The devices based zinc oxides are fabricated by low
cost spray pyrolysis technique and front metallic
contacts are thermally evaporated at low pressure
vacuum. ZnO films have been sprayed onto p-Si
substrates from 0.1 mol of zinc acetate (Zn (CH3;COO),,
2H,0). Firstly, the powder is dissolved in methanol and
the substrate must is placed under nozzle, heated and
simultaneously received the sprayed micro-droplets.
During the spray process, the deposition time and
substrate temperature are of 5 min and 350 °C
respectively. The obtained Al circular contacts have a
radius of 1.5 mm and thickness of 250 nm. The current
as a function of voltage is measured in dark and
illumination conditions using Keithley source meter unit
2400. The as-grown device based on ZnO layer is
heated by homemade heating set-up from 300K to
380K.
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Figure 1: Schematic for intrinsic point defects: vacancy, impurity interstitial, self-interstitial and substantial.
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Figure 2: Schematic description of linear defects, vacancy and interstitial.
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4. RESULTS AND DISCUSSION However, a non-linear  behavior in -V

characteristics still dominant at greater temperatures.
Linear behavior at low voltage range has been shown
in the inset of Figure 5 for different temperatures. Non-
ohmic conduction in our material can also be verified
by using relation | « V". The graph between In(V) and
In(I) has been plotted for all different temperatures (not
shown here). The slope of the double logarithmic graph
directly gives the value of exponent n. The value of
exponent n is larger than one and increases with
increasing temperature verifying some non-ohmic
conduction mechanism in nanoparticles. This non-
ohmic behavior at higher field region indicates that
conduction is governed by other processes like
Richardson-Schottky (RS) mechanism, Poole Frenkel

4.1. Heterojunction Based ZnO Layer

Nanostructured waved surface of Al doped ZnO
films is demonstrated by 3D-scanned AFM picture in
Figure 3. Schematic illustration of the Al/ZnO /p-Si/Al
junction is drawn in Figure 4.

The current versus voltage (I-V) curves of ZnO/Si
heterojunction within 300- 380 K temperature range is
portrayed in Figure 5 showing linear (ohmic) behavior
within the minor voltage range whereas a non-linear
(non-ohmic) behavior at higher voltage range is
occurred.
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Figure 3: Al doped ZnO films produced by spray pyrolysis route.
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Figure 4: Schematic illustration of the Al/ZnO /p-Si/Al junction.



66 International Journal of Robotics and Automation Technology, 2021, Vol. 8

M. Benhaliliba

3.0m
2.5m
. 2.0m
<
£ 1.5m
£
> 1.0m
Q
500.0p

0.0 :

-2 -1

0 1 2

Bias voltage (V)

Figure 5: The current-voltage characteristics of ZnO/pSi diode under various temperatures.

(PF) mechanism and Space charge limited current
(SCLC) mechanism. To investigate high field
conduction mechanism in ZnO nanoparticles,
temperature dependent dc transport data has been
further evaluated in terms of current density or
conductance as a function of applied voltage or applied
field. Among all the possible conduction mechanisms,
the best fit to our results has been found to be Poole-
Frankel emission or Richardson-Schottky emission
where the logarithmic conductance varies linearly with
square root of the applied voltage. Slight deviation of
these curves from the straight line characteristics at low
voltage is observed and this has been ascribed due to
contact potential effects. A thorough study on these two
conduction processes has been done in past couple of
decades but it is still very difficult to differentiate clearly
between the Richardson-Schottky emission and the
Poole-Frankel emission. Conduction owing to
Richardson-Schottky emission is known as barrier or
electrode limited whereas conduction because of
Poole—Frenkel conductivity is bulk limited. In barrier or
electrode limited, charge carriers inoculate to the
material from the electrode contact by the field assisted
lowering of metal semiconductor potential barrier while
in bulk limited emission, charge carriers are released
from traps because of field assisted lowering of depth
of the trap in bulk. The Richardson-Schottky effect is
related with the barrier at the surface of a metal and
semiconductor. In case of RS emission process,
transition of electrons from the metal electrode to the
semiconducting material occurs thermionically by
external applied voltage. The applied voltage lowers
the barrier of diode.

Poole-Frenkel effect in fluorine doped SnO, thin
films produced by a sol-gel dip-coating technique is
previously reported in which InJ/AT? is plotted versus
v at various heating temperatures. This sketch
presents straight lines parts and parameters are
determined like trap potential ¢;according to eqn.8.

A plot of InJ/ATZ is equivalent to [b/V"? -@J/kT linear
curve where b=7.59 eV"?is a constant [7].

As previously it is noticed that coulomb potential is
distorted by external electric field. So the height of trap
barrier is narrowed [22]. This happens in heterojunction
which make electron migrate by thermal activation from
traps to conduction band of semiconductor [23, 24]

The PF effect is present in bulk material, and the
Richardson-Schottky effect correlates to the barrier at
the surface of a metal and semiconductor, according to
a prior work on ZnS.

The value of m is more than unity and increases
with rising temperature when using the straight parts of
the log I-logV curve matching the laV" law, revealing
some non-ohmic  conduction  mechanism in
nanoparticles [25, 26].

Other mechanisms such as Richardson-Schottky
(RS), Poole Frenkel (PF), and Space charge limited
current (SCLC), as cited previously by Hayat et al. and
Pal et al, direct conduction in the higher field region
[25-27].
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4.2. |-V Characteristics Under Dark and Heating
Temperature Comportment

The forward and reverse bias voltage of ZnO/Si
heterojunction device is studied showing the effect of
temperature from high to lower temperature as
indicated by arrow. The effect is slightly visible in
reverse biasing whereas temperature increases current
in forward biasing voltage. The logl-logV plot of
ZnO/pSi diode shows linear segments which are
located and well-drawn presenting many conduction
mechanisms as seen in Figure 6. The electrical
behavior of device obeys roughly to | aV™ law where m
is exponent related to a field and dominant conduction
mechanism. Within the 300-380 K

range the

1m
100p

10

1(A)

gl
100n

10n

attributes for an intersection dependent on the
thermionic discharge (TE) model are given as
mentioned in Sze [13] where is the immersion current,
is the electronic charge, is the applied voltage, term is
the voltage drop across the arrangement obstruction of
the intersection, is the ideality factor is the Boltzman
consistent and is the total temperature. The immersion
current can be gotten from the extrapolation of the
forward-inclination current at a zero predisposition
voltage and it is given by

Where is the viable region, A+ is the Richardson steady
(32 Acm-2 K-2 for p-Si) [13, 28, 29] and is the zero-
inclination boundary tallness which can be determined
from the connection.

V(V)

Figure 6: The log scale of current-voltage characteristics of ZnO/pSi diode under various temperatures.

characteristics exhibit 3 regions related to three
different slopes A, B and C as shown in Figure 6.
Consequently three conduction regimes are happen,
corresponding to linear segments for each applied
heating temperature.

The first area is at low forward inclination (0<V<0.25
V), and the second district at higher forward
predisposition (V<0.3V) which is ohmic. At low slope
voltage, the forward current is an outstanding capacity
of the applied voltage. The slant of the straight lines is
discovered to be conversely relative with the expansion
of temperature. Consequently, it is presumed that
thermionic emission (TE) is the predominant
conduction mechanism at that voltage range. The |-V

CONCLUSION

The electrical transport inside oxide-based
heterojunction diodes is the subject of this research.
Depending on the circumstances, such mechanisms
can occur inside an insulator or semiconductor
material. In reality, this study focuses on ZnO-based
heterojunctions. The electrical transport in such ZnO/Si
devices is widely investigated using the average of
current-voltage, capacitance, and conductance vs
voltage profiles, as well as other attempts. The
conduction mechanisms in the above-mentioned
heterostructures are clearly described using semilog,
full log functions of current. The Schottky effect is the
decrease in the metal-insulator energy barrier as a
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result of electrostatic interaction with the electric field at
a metal-insulator interface.
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Table 1: Nomenclature of the Used Symbols

The used Symbols Identification
J Current density
E Electric field
Jn Electron current density
(oM The trap potential
Ei Applied electric field
m* Electron effective mass
[0 Effective Schottky barrier height
h=h/2n Reduced Planck constant
q Electric charge
J Current density
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