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Abstract: The current through a metal-semiconductor junction is mainly due to the majority carriers. Three dis-
tinctly different mechanisms exist in a Schottky diode: diffusion of the semiconductor carriers in metal, thermionic
emission-diffusion (TED) of carriers through a Schottky gate, and a mechanical quantum that pierces a tunnel
through the gate. The system was solved by using a coupled Poisson—Boltzmann algorithm. Schottky BH is defined
as the difference in energy between the Fermi level and the metal band carrier majority of the metal-semiconductor
junction to the semiconductor contacts. The insulating layer converts the MS device in an MIS device and has a
strong influence on its current—voltage (/—V') and the parameters of a Schottky barrier from 3.7 to 15 eV. There
are several possible reasons for the error that causes a deviation of the ideal behaviour of Schottky diodes with and
without an interfacial insulator layer. These include the particular distribution of interface states, the series resis-
tance, bias voltage and temperature. The GaAs and its large concentration values of trap centers will participate in
an increase in the process of thermionic electrons and holes, which will in turn act on the /—V" characteristic of the
diode, and an overflow maximum value [NT = 3 x 102°] is obtained. The /—V characteristics of Schottky diodes
are in the hypothesis of a parabolic summit.
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1. Introduction

The operation of semiconductor components at high tem-
perature and high frequency, such as Schottky diodes and PN,
is usually described by a set of features for the implementation
of voltage, whose analysis provides some information about
electricity from the transport mechanism.

The determination of the model parameters that are fun-
damental to the Schottky diode enables us to know the height
of the gate, the ideality factor, and the resistance set, which
plays an important role in the conception and the manufacture
of semiconductor devices such as photopiles.

The goal of this thesis is to contribute to the mathematical
modeling and the simulation of greatly inhomogeneous semi-
conductor devices.

Study of the physical origin of currents with low temper-
ature of diode Schottky is on the basis of a GaAs. One finds
that these excess currents are due to the generation of network
shortcomings close to the metal-semiconductor interface at the
time of irradiation, to heat or to an external distortion. These
shortcomings produce levels of trap in some parts of the space
load region.

This paper investigates the diffusive limit of the Boltz-
mann equations, to get a second order approximation of the
concentration of the carriers. The drift—diffusion equations are
unchanged, but a correction of the boundaries of layers, which
is proportional to current flow, appears in the boundary con-
ditions for the concentration. The proportionality coefficient is
calculated by solving the spectral method.
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These limiting and classical conditions are compared nu-
merically on a physical problem. This paper is also dedicated
to the extention of the particle simulation programs for the
treatment of these inhomogeneous structures. In these devices,
the dynamics are governed by the limiting conditions that
need to be taken precisely into account. The geometry is one-
dimensional in space and three-dimensional with axisymmetry
in a wave vector. It is therefore necessary to solve the cou-
pled Boltzmann—Poisson system in order to model a Schottky
diode in the united and multi-dimensional cases, respectively.
The numeric results obtained are explained later.

The system was solved by using a coupled Poisson—
Boltzmann algorithm. Schottky BH is defined as the difference
in energy between the Fermi level and the metal band majority
carrier of a metal-semiconductor junction to the semiconduc-
tor contacts!! ~#]. These include the particular distribution of in-
terface states[?- 3], the series resistancel®~8], bias voltagel6—1°]
and temperaturel!>2-6-9 111,

The theory of diffusion supposes that the driving force
is distributed along the length of depletion layers. The the-
ory of the thermionic emission-diffusion (TED) only applies
to energetic carriers, which have energy equal to or bigger
than the energy of the conduction strip on the interface of the
metal-semiconductor. Quantum mechanics causes the current
to pierce a tunnel through the gate, on account of the wave na-
ture of the electrons. In a given junction, a combination of all
three mechanisms could exist!!2~14l. However, typically there
is only one dominant current mechanism. The analysis reveals
that the diffusion and thermionic emission-diffusion (TED) can
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be written in the following form!%-7- 151

| A
Jn = quN, exp (—%) (exp 7 1) . (N
t t

This expression affirms that the current is the product of
the electronic load, g, a speed, v, and the available carrier den-
sity in the semiconductor located next to the interface. Speed
equals to the mobility multiplied by the electric field at the in-
terface, the diffusion current and the speed of Richardson and
the current of the thermionic emission-diffusion (TED)!6~18].
It ensures that the current is zero so no voltage is applied in
thermal equilibrium.

The current tunnel is of a similar shape, to know:

Jh = qurn®, 2)

where vy is the Richardson velocity, g the electronic charge,
and n the density of carriers in the semiconductor. The current
tunnel has the term of the probability & added since the to-
tal current depends on the carrier’ flux arriving at the tunnel
gate multiplied with the probability, ®, that it pierces a tunnel
through the gate.

This analysis supposes that the depletion layer is big com-
pared to the middle free trajectory, so that the concepts of
movement and diffusion are valid. The density currents are thus
obtained as:

_ qunNc 2q (¢1 - Va) Ny ¢B Va
Jh = expl|——)lexp——1].
Vi &s Vi 4

3)

The current depends on the applied voltage, V,, and expo-
nentially on the height of the gate, ¢g, therefore the prefactor
can be consisted more easily if one rewrites it as function of
the electric field on the interface of the metal-semiconductor

Pa— / M, (4)

Vi
Jh = qUnEm N, €Xp (—%?) (exp 7? — 1) , )

81]'18.)( .

so that the prefactor equals the current of the movement to the
interface of the metal-semiconductor.

The theory of thermionic emission-diffusion (TED) sup-
poses that electrons, with energy bigger than the summit of the
gate, will cross the well-stocked gate that is displaced toward
the gate. The real shape of the gate is ignored by this. The cur-
rent can be expressed as:

Vi
Jus = A*T? exp (—%) (exp 72: - 1) , (6)

K2 . . :
where A* = 272m7K" i the effective Richardson constant,

q the electronic charge, k Boltzmann constant, 7" the absolute
temperature, and ¢ the height of the Schottky gate.

The expression for the current due to TED can also be writ-
ten as function of the middle speed with which the electrons ap-
proach the gate interface. This speed is known as the Richard-
son speed and is given by:

_ | KT .
UR = % @)

So that the current density becomes:

¢B Va
Jh = N, —— ——1]. 8
m o (B (5 ).

The current tunnel is obtained with the product of the ve-
locity and density. The velocity is the Richardson velocity. The
carrier’s density equals the available electron density, 7, mul-
tiplied with the probability of piercing a tunnel, @, to give:

Jn = qurn®. )
Here the probability tunnel is obtained by:

( 4 y/2qm* ¢§/2)
O=exp|l——F——1, (10)
3 h e

and the electric field equals ¢ = ¢g/L. Therefore the current
tunnel exponentially depends on the height of gate, ¢, to the
3/2.

A metal-semiconductor junction results in an Ohmic con-
tact (a contact with voltage independent resistance) if the
Schottky gate height, ¢g, is zero. In such case, the carriers are
free to flow in or out of the semiconductor so that there is min-
imal resistance through the contact. For an n-type semiconduc-
tor, it means that the workfunction of the metal must be close
to or smaller than the electron affinity of the semiconductor.
A p-type semiconductor requires that the workfunction of the
metal must be close to or bigger than the sum of the electron
affinity and the bandgap energy. It can be problematic to find
a metal that provides a p-type Ohmic contact with a semicon-
ductor with a large bandgap such as GaN or SiC.

A more convenient contact is a tunnel contact. Such con-
tacts have a positive gate to the metal semiconductor in-
terface. If the width of the region of the depletion to the
metal-semiconductor interface is very thin, of the order of 3 nm
or less, the carriers can pierce a tunnel comfortably through
such a gate. The required doping density for such contact is
10'° ¢cm™3 or higher.

All sample or semiconductor structures are inevitably
joined to metallic lines of current transportation. It is indispens-
able that contacts between the lines of transportation and the
semiconductor allow the current in the two directions to pass
and present the weakest resistances possible.

The resistance of a contact is defined by:

R = R¢/S, (11)

where Rc = specific resistor of contact (2-cm?) (resistor of
contact); S = surface of contact.

One can decrease this resistance while increasing the con-
tact surface.

An ohmic contact on an SC’N” and SC’P’ (Figs. 1, 2) is
theoretically possible with a metal working at less than the
output of a semiconductor. Unfortunately this ideal situation is
rarely achieved. In practice, one decreases the resistance of a
contact superficially by overdoping the region where one wants
to achieve contact: we obtain a degenerate buffer layer (of 10!°
to 102% cm™3).
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Fig. 1. Ohmic contact on semiconductor N.
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Fig. 2. Ohmic contact on semiconductor P.

2. Results and discussion

We have used an SIM 3D simulator in our study, which
studies devices with small geometry. The /—V characteristics
of Schottky diodes are in the hypothesis of a parabolic summit.

The electric field generated by a voltage of polarization
presents intensity and a specific direction in every point in the
ZCE. However it is important to first determine all points of
the electrostatic potential. The potential interest is the fact that
the value of the electric field strength at a point drifts directly
and affects the variation of the potential (Fig. 3).

The electric field is characterized in every point of the do-
main by a vector E(x, y, z) with a direction and an intensity
(Fig. 4). In a three-dimensional plot, it is marked by its three
component scalar Ex(x, y, z), Ey(x, ¥, z), E;(x, y, z). The
potential lines are generally given by closed lines (Fig. 5). They
include the loads and are perpendicular to the lines of field.

The ZCE due to the metallurgic contact presents a width
that varies from inversely proportional to the concentration the
doping of the integrated layer. This ZCE is therefore important
since it also presents an intensity considerable electric field due
to the density of state of the center traps condensed at the sur-
face of the metallurgic diode.

The simulation of the equilibrium state shows the influence
of deep centers on /—V characteristics.

The density of state of the center traps evolving between
6 x 1016 and 3 x 102 is inversely proportional to JTED (cur-

Electric field (10* V/em)

15 10 5
x (pm)

Fig. 3. Distribution of the potential to the out thermodynamic balance
of an n-type Schottky diode in GaAs (Plan xoy, z = 0.65 um).

Electric field (10° V/em)

15 10 5
x (pm)

Fig. 4. Distribution of the potential to the thermodynamic balance of
an n-type Schottky diode in GaAs (Plan xoy, z = 0.65 um).
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Fig. 5. Distribution of the potential lines of the thermodynamic bal-
ance of an n-type Schottky diode in GaAs (Plan xo0y, z = 0.65 um).

rent thermionic emission-diffusion) that evolves between 2.1
x 1078 and 8.1 x 1078 A (Fig. 6-8).

The deep centers involved in a recombination mechanism
such as Shockley—Read is characterized by four new para-
meters that can vary independently from each other: n (and
p1t) (em™3), which are functions of the energy level in the for-
bidden gap; 7, and Ty (s_l) are related to the capture effi-
cient sections for electrons and holes, and also to the density
N, (cm™3) of the centers.
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Fig. 8. Variation of the NTD according to the voltage of polarization.

The application of a forward bias voltage shows a reduc-
tion of the transistion region ZCE, and its variation depends on
the deep trapping level An,. Because n-type semiconductors
are always fully ionised, the second trap center has a negligi-
ble influence on the capture of carriers due to its low density. It
can interfere in the recombination process because of its large
capture coefficients due to its short lifetime (7, and 7y, 1078
to 10719 s). An increase of the density of electrons through the
N contact leads to an increase of An; and consequently to
an increase of the density of free holes through the P™ contact
leads to an increase of Apy.

To achieve contact: one achieves a degenerated layer
buffer (of 8 x 1016 to 3 x 102° cm™3). The ZCE of the gate
formed between the layer buffer and the contact metal is so fine
that the carriers can cross it by a tunnel effect. The contact is no
longer a rectifier and the characteristic /(1) is symmetrical.

The current through a metal-semiconductor junction is

JTE (Current TED ) (10° A)

10
x ()

Fig. 9. Variation of the JTED current according to the voltage of po-
larization.

JTE (Current TED ) (10-% A)

10
14%

Fig. 10. Variation of the JTED current according to the voltage of po-
larization.

mainly due to majority carriers. Three distinctly different
mechanisms exist in a Schottky diode: diffusion of the semi-
conductor carriers in metal, thermionic emission-diffusion
(TED equation (6)) and a mechanical quantum that pierces a
tunnel through the gate.

We conclude that the 7-V characteristics of Schottky
diodes are in the hypothesis of a parabolic summit of poten-
tial.

Two mechanisms can cause breakdown, namely avalanche
multiplication or impact ionization of carriers in a high electric
field. Neither of the two breakdown mechanisms is destructive.
However heating is caused by the breakdown voltage and the
diode may be destroyed unless sufficient heat sinking is pro-
vided. The breakdown in silicon can be predicted.

The introduction of deep centers in a semiconductor causes
a disturbance of the characteristic 7 (V).

The GaAs and its large concentration values of trap cen-
ters will participate in an increase in the process of thermionic
electrons and holes, which will in turn act on the /—V charac-
teristic of the diode, and it is the overflow maximum value [NT
= 3 x 102°]. The characteristic /(V) is shown in Figs. 9—11.
One notices that the Jtunnel current varies between 1 x 10713
and 5 x 10713, This range of variation is very small in relation
to the one of JTED.

The current of thermionic emission-diffusion JTED is be-
tween 6 x 1078 A and 5 x 107!3 A. The JTunnel current in
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JTE (Current TED ) (10 A)
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Fig. 11. Variation of the JTED current according to the voltage of po-
larization.

JTunnel (10712 A)

Fig. 12. Variation of the JTunnel current according to the tension of
polarization.
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Fig. 13. Variation of the JTED current according to the temperature.

Fig. 12 (Eq. (9)) is inversely proportional to the density of trap
centers, NT, whose values are located between 8 x 1016 and
3 x 1029 cm™3 and is going to influence the region of zone of
desertion of carriers, act very quickly under the electric field ef-
fect. The electrons pulled out of the crystalline structure will be
filled by other pairs of electron—holes created by the same phe-
nomenon, this process repeats itself several times, until thermal
saturation occurs, which leads to the straining of the diode.
The InI-V plots are generated at various temperatures and
ideality factors, and are estimated by a (of 1 to 2) simulated fit-
ting at all temperatures (50 to 250 K) in Fig. 13; this is the
range of temperature that the thermionic emission-diffusion
JTED current [of 6 x 1078 A and 9.5 x 10~® A] remained
steady at for small values. Beyond this temperature, the cur-
rent progresses in a brutal way until the Schottky diode are de-

stroyed. Electron transport may occur via shallow traps, which
are fewer in number, thus leading to relatively low ideality fac-
tor.

The interesting observation that the ideality factor in-
creases above unity depending on decreasing temperature is
almost identical to the reported variation of ideality factor
obtained from the experimental data on MIS contactst!?>20],
Thus, an increase in ideality factor with decreasing tempera-
ture is only possible if the interface state density is assumed to
have inverse temperature dependence. Inverse temperature de-
pendence implies that the interface states are effective at low
temperature.

It can be further related to the available energy levels of
the interface states. At higher energies there is a lower density
of states, while at low energies more states are available.

Thus, more of the energy levels of the interface states will
be at low energies. At low temperatures, electron transport may
occur through deep level, trap states, whereas at high temper-
atures due to the high energies of electrons, shallow traps may
participate in the conduction process at the interface.

Therefore, at low temperatures electron transport occurs
via deep trap states, of which there are more, so the effective
density of states is higher and hence the resulting ideality fac-
tor arising due to potential drop across the layer increases. On
the other hand, at high temperatures electron transport may oc-
cur via shallow traps, which are fewer in number, thus leading
to relatively low ideality factor. The similar inverse temper-
ature dependence of interface state density derived from the
experimental work on MIS Schottky diodes is also reported in
Refs. [21-24]. The actual temperature dependence of interface
state density at the MIS junction governs the rising trend of the
ideality factor with decreasing temperature. The exact distri-
bution of interface state density will shed more light on under-
standing the behaviour of MIS Schottky diodes, which requires
more investigation and is open for future discussion.

3. Conclusions

The -V characteristics of Schottky diodes with an inter-
facial insulator layer are studied by numerical simulation. The
I-V data of the MIS Schottky diode are generated using the
TED equation considering an interfacial layer parameter. The
calculated /—V data are fitted into an ideal TED equation (6)
to see the apparent effect of an interfacial layer on barrier para-
meters. It is shown that the mere presence of an interfacial layer
at the MS interface makes the Schottky diode behave as an ideal
diode of high apparent BH. The apparent BH is shown to de-
crease linearly with decreasing the temperature. However, the
ideality factor and series resistance remain the same as that con-
sidered for a pure Schottky contact without an interfacial layer.
It is shown that the bias coefficient of the tunneling barrier,
however, increases the ideality factor, but makes the ideality
factor decrease with decreasing temperature. It is considered
that the potential drop across an interfacial layer also gives rise
to high ideality factor, which remains constant at all tempera-
tures. The inverse temperature dependence of interface states
is suggested to be a possible reason for the increase in ideality
factor with decreasing device temperature.
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