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Zn0O paper, the fundamental theory of semiconductors, the electrical
Numerical Analysis properties analysis and bandgap design of materials for junction field
Band Gap Energy effect transistor are described. Firstly, the energy bandgaps are
MATLAB performed based on the existing mathematical equations and the

required parameters depending on the specified semiconductor
material. Secondly, the J-V characteristic curves of semiconductor
material are discussed in this paper. In order to achieve the current-
voltage characteristic for specific junction field effect transistor,
numerical values of each parameter which are included in analysis are
defined and then these resultant values are predicted for the
performance of junction field effect transistors. The computerized
analyses have also mentioned in this paper.

Introduction

The technology of junction field effect transistor (JFET) based on zinc oxide (ZnO) channel
layer has undergone a rapid development in recent years. The use of ZnO channel layer for IC
circuits offers some outstanding advantages over the traditional Si channel layer, especially in
the area of high frequency and high-speed microwave circuits. Its application extends to low
noise preamplifiers and linear amplifiers, oscillators and mixers in communication networks
due to some of its outstanding physical properties, such as high cut-off frequency (more than
10GHz for 1pum gate length) and high electron mobility. Furthermore, ZnO circuits are suited
of optoelectronic applications due to its direct bandgap property which can be grown with semi-
insulating bulk conductivity. At the same time, the commercial availability of improved
technology, such as, dry etching, plasma-enhanced chemical vapor deposition, sub-micro meter
optical lithography, and rapid thermal annealing equipment have made the fabrication for
advanced ZnO JFETSs simpler and lower cost (Sze, 2008; Neamen, 2012; Li, 2012).

The proposed structure of ZnO JFET has been developed by using ZnO material for channel
layer. At first, the specific substrate of sapphire material was used and the ZnO layer could be
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deposited upon the substrate for channel layer. After that gate electrode (SiO2) has been
developed by using pulse laser deposition (PLD) techniques. Figure 1.1 shows the proposed

structure of JFET for this works.

Substrate

Figure 1.1 Proposed Structure of the ZnO JFET system

The rest of the paper is catalogued as follows. Section Il describes the theoretical background
of ZnO based JFET. Section Il mentions the energy band gap, current density and voltage
characteristic curve with appropriate formula. Section IV discusses on the results of the
implementation. After all section V concludes the research work.

Background Theory

This section describes the theoretical background for zinc oxide (ZnO) semiconductor
material and junction field effect transistor (JFET).

Zinc Oxide Material as A Semiconductor Material

ZnO is a wide-band gap semiconductor of the I11-VI semiconductor group. ZnO has a relatively
large direct band gap of ~3.37 eV at room temperature. This wide band gap has many
advantages like higher breakdown voltage, ability to sustain large electrical fields, lower
electronic noise, high temperature and high-power operation. These properties make ZnO
nanomaterial fit for wide varieties of electrical applications. They are high exciton binding
energy, ability to grow high quality single crystal substrate with low cost and simple crystal
growth technology. Electron mobility of ZnO strongly dependent on temperature and possess
a maximum of ~2000 cm2/ (V-s) at 80 K.

It can be afforded superior hardness compared with other semiconductor materials, such as Si,
GaAs, CdS, and GaN. Figure 1.2 shows the two main forms of zinc oxide (ZnO) material. They
are hexagonal wurtzite & cubic zinc blende crystal structure. The wurtzite structure is most
stable at ambient conditions and thus most common. The zincblende form can be stabilized by
growing ZnO on substrates with cubic lattice structure (Feng, 2013).

(a) (b)

Figure 1.2 Two types of Crystal Structure for zinc oxide (ZnO) material (a) wurtzite & cubic zinc
blende crystal structure (Feng, 2013)
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Junction Field Effect Transistor

Junction field effect transistor is the simplest type of field effect transistor. This is the three-
terminal semiconductor device that can be electronically used as controlled switches,
amplifiers, or voltage-controlled resistors. The semiconductor material in a JFET is positively
and negatively doped and arranged to form a channel for effective functioning of the device. n
a JFET, the semiconductor doped with donor impurities forms an n-type channel, whereas a
semiconductor doped with acceptor impurities forms a p-type region (Sze, 2008).

An electrical connection at the end of the channel on a JFET is either a drain terminal or source
terminal, and the middle terminal is known as a gate. These terminals are actually p-n junctions
with the main channel. The source terminal (S) is the terminal through which the majority
carriers enter the channel. The terminal, through which the majority carriers leave the channel,
is called the drain terminal (D). In the gate terminal (G), there are two internally connected
heavily doped impurity regions formed by alloying, by diffusion, or by any other method
available to create two P-N junctions. The region between the source and drain, sandwiched
between the two gates is called the channel and the majority carriers move from source to drain
through this channel. Figure 1.3 demonstrates the basic structure of n-channel junction field
effect transistor (JFET) (Li, 2012).

Immobile Depletion
donor ion region

Depletion
G region

Figure 1.3 Basic Structure of N-channel Junction Field Effect Transistor
Band Diagram Condition and Characteristic Analysis

In this section, energy band diagram of ZnO heterojunction material and its properties are
reported. Mathematical explanations are briefly described and test results of the design
structure are shown. The equilibrium condition of p-n junction design, the electron and hole
concentration of zinc oxide material and J-V characteristic curve are described in this section.

Band Structure of n-ZnO and p-SiO2 Heterojunction

In the band diagram design of n-ZnO/p- SiO2; homojunction, N,=1x10'"°cm™ and
Ng=1x10"7cm™ are used as doping concentration for P-region and n-region. Under thermal
equilibrium conditions (i.e.no biasing voltage), when the two materials are joining, the Fermi
level will be a constant line across the junction. These materials have different band gap but
typically have different doping (Singleton, 2001).

Table 1.1 Required Input Parameters of ZnO and SiO, Materials (Berger, 1996)

Required Input ZnO SiO2
Parameters
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Band-gap energy, Eq (eV) 3.37 8.9

Permittivity, & 8.5 3.9

Electron affinity, x 4.1 0.95

Different doping level was happened band banding and depletion region was formed. Although
the process of heterojunction structure is similar to that of homojunction structure, there are
band edge discontinuities in homojunction. This is the fundamental concepts for fabricating
the JFET design. For energy band analysis of the research work, the energy band-gap of zinc
oxide (ZnO) and silicon dioxide (SiO2) are 3.37 eV and 8.9eV (Purbayanto et al, 2019). And
the intrinsic carrier concentration of zinc oxide (ZnQ) and silicon dioxide (SiO2) are 2.807 x10
10 cm and 1.075x10°°° cm3, respectively [4-7]. The required parameters of zinc oxide (ZnO)
and silicon dioxide (SiO2) are shown in Table 1.1 (Berger, 1996).

Based on the Anderson model, the conduction and valence band offsets (AE¢ and AEy) from the
energy band diagram are given by:

AE, =d(x, - 1.) (1)
AEv = (EgSiO2 - EanO) - AEC = AEg - AEC (2)

The electrostatic potentials (¢n and ¢p) at the depletion layer edge of the n-region and p-region
and the built-in potential of a p-n junction are defined by,

N

0=Vl ©
n;

0,=-Vyln - & @

The built-in potential of a p-n junction are described by,

N N
Vi =0, -9,=V;In (rj]zA (5)

Using the depletion approximation, Vbzno and Vasioz2 in the n-ZnO and P-SiO2 regions can be
expressed by,

€, & N
V ) :V- — Zn0®0~ 'd V (6)
bSio, bip e e N +¢ e N bi
zn0€0Nd T€si0,80N A
€sio,€oNa
Vizno =Voin = — Vi (7
N,+t€eq €, N
€2n0€0Ng TE€si0,80N A

Under thermal equilibrium condition, the depletion layer widths on either side of the n-ZnO
and P-SiO: heterojunction are given by Singleton (2001):

< =|[ 21,086V | [ Ng+N,, ) 2 -
" ( q JL N, )
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where y1 is the electron affinity for zinc oxide material and y is the electron affinity for silicon
dioxide material, Vbsio2 and Vbzno are built-in potentials for silicon dioxide material and zinc
oxide material, ezno and esio2 are permittivities for zinc oxide material and silicon dioxide
material and Ng is the donar concentration for zinc oxide material and Na is the acceptor
concentration for silicon dioxide material (Singleton, 2001; Su et al, 2014).

J-V Characteristic Curve for p-type gate SiO2 and n-channel ZnO JFET

The acceptor concentration and donor concentration are Na = 1x10%* cm= and Ng = 1x10* cm
8. The intrinsic carrier concentration for ZnO and SiO, are the following:

E
n, = (NCNV)% exp[—zEk?I_] =3.393x10 cm*and n, = (NCNV)% exp(—ﬁ} =1.075x10°cm.

The minority carriers mobilities for P-type and n-type of these materials are pn = 200 cm?/V.s
and pp = 4500 cm?/V.s (Berger, 1996; Sze, 2008; Neamen, 2012; Li, 2012).
The diffusion coefficients are:

D = KTu,
€

=(0.02585V)(200cm?V s =5.175¢cm’s™

KT
Dp:%:(0.02585V)(4500cm2V'1s'1):116.325cm25'1.

The radiative recombination is the unavoidable recombination and the radiative lifetime is
associated to the radiative coefficient of material. The minority carrier lifetimes or radiative
lifetimes of carriers are (Neamen, 2012):

Cpym; (200x107m?V ™) x(0.28x9.1x10 *'kg)

T =3.1885x107"s

" e 1.6x107°C

m.  (4500x10*m?*V7's?)x(0.58%9.1x10k
S o =( ) (lg g)=1.484x10'1zs
Poe 1.6x10™C

The diffusion lengths of the minority carriers are:

L.=/D.r, =\/(5. 175em’s™ ) x(3.1885x10™5) =4.062x10"cm

L,=/D,7, =/(116.325cm?s* ) x(1.484x10"%s =1.314x10°cm

The total current density is described by the following:

J= { Lepl:l)\;)d +fn—[l)\t\j n’? {exp[%-lﬂ (10)

where: me” = electron effective mass, 0.28m,

mn~ = hole effective mass, 0.58m,
mo = rest mass of electron and hole, 9.1 x 10-3tkg
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e  =electric charge, 1.6x10°C
k  =Boltzmann’s constant, 1.38x10% J/K
T  =temperature, 300K
V = forward voltage [2]
Results and Discussion

This section includes results and discussion on band diagram condition and J-V characteristics
of the ZnO-based JFET.

To improve the band layer analysis, the hole and electron concentrations are important
parameters. The hole concentration depends on the doping concentration of the material. Figure
1.4 shows a plot of minority carrier concentration, hole for n-channel zinc oxide material as a
function of doping concentration. According to the result, hole concentration is decreased when
the doping concentration is increased.

1o <1078 Hole Concentration

Hole concentration,cm-3
o
@

o
N
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Doping Concentration,cm-3

Figure 1.4 Hole Concentration as a Function of Doping Concentration

Electron concentration vs Temperature
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260 280 300 320 340 360 380
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Figure 1.5 Electron Concentration Depending on Temperature

Figure 1.5 illustrates the majority carrier concentration, electron for ZnO material depending
on the temperature. It should be noted that the majority carrier concentrations, electron is
greater than the minority carrier concentrations, hole. As the temperature is increased, the
electron concentration also increases.
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The band structure of an unbiased n-ZnO/P-SiO heterojunction is shown in Figure 1.6. The
figure shows that the position of P-type semiconductor is larger than the n-type semiconductor.
As a result, the total width of the depletion region is 0.131 um. The band edge discontinuities
for conduction band is 93.484 meV and for valence band is 181.187 meV. The conduction band
is closer to the Fermi level than the valence band.

n- ZnO P- SiO,

Ecr ™|

AE=3.15eV

¢Fp

181187mev}

Electron energy (e V')

-0.2 -0.1 0 0.1 0.2 03 0.4
Position x (um)

Figure 1.6 Heterojunction Band Structure of n-ZnO/P-SiO-

The conduction band edge for P-type is obtained from the difference in the energy gap and
the fermi level of the P-type material. Then, the band decreases according to the potential drop
and finally close to the fermi level. A similar configuration can occur for valence band. From

the design of the band diagram, the conditions of the drift current or diffusion current flowing
across the heterojunction can be observed.

%1073 J-V Characteristic curve for ZnO JFET

Current Density, J (A/m2)

2 3 4 5
Applied Bias, V (V)

Figure 1.7 J-V Characteristic Curve for JFET using ZnO Material

Figure 1.7 demonstrates the resultant characteristic curve of current density and applied bias
using zinc oxide (ZnO) semiconductor material for junction field effect transistor. When the
applied bias is increased, the total current density is also increased.
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Conclusion

The paper has been to describe the band layer design and J-V characteristics of high-
performance of junction field effect transistor. The pn junction band structure are calculated
and designed as bands that can be used for high performance zinc oxide-based junction field
effect transistor. The parameters are used for zinc oxide material and it is confirmed that the
characteristic curves for transistor design will increase the performance of the device to be used
in the real world. The development of the device with the help of computerized analysis will
be provided the better characteristics and performance of JFET.
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