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Abstract

N-Aluminum Gallium Arsenide Schottky Diodes are studied by I-V characteristics. Current-
voltage characteristics were analyzed for some Metal-Work Functions at a 300K temperature. A
significant dependence was observed between this parameter and the electrical parameters. These
results demonstrate that it affects the device's performance. Important electrical characteristics, like
saturation current (Is), series resistances (Rs ), ideality factor (), and barrier height (@bn ), are also
defined for various temperature values by analyzing the current-voltage (I — V) behavior. R, @b, and n
parameters are computed using the Cheung method and the thermionic emission (TE) theory. The
ideality factor (n) values were found to drop as temperatures increased, but the barrier height (@bn)
increased. The ideality factor values at the contact interface were found to exhibit a double Gaussian
distribution based on temperature-dependent observations. Comparing the results to the experimental
data revealed an equal result. These findings suggest that the n-AlGaAs structure may be effectively
utilized in optoelectronic and photovoltaic applications, demonstrating excellent diode properties for
solar cells. As a result, the outcomes of this recent research logically support the idea that these Schottky
barrier diodes are ideal for effectively harvesting renewable energy.

Keywords: Metal-Work Functions, Schottky diode, Barrier height, Electrical behavior, Ideality factor,
Metal-semiconductor contacts, thermionic emission.

performance of SD on the reliability and efficiency of
various electronic devices. There are two important
advantages of placing an insulating layer (MIS) between

1. Introduction
The Schottky diode (SD) is a semiconductor

device with a metal surface contact. F. Braun discovered
the first diodes in 1874 [1]; although they are quite old,
they remain a subject of research today due to their
numerous applications. Recently, SD has been applied in
various areas, including solar cells, microwave jammer
detectors, Zener diodes, and integrated circuits. SD are
widespread components in the electronics sector [2-7].
They are used in devices of all sizes, ranging from low-
power units to large industrial equipment. These
components belong to the category of diodes. They are
electronic components that regulate the electrical flow,
allowing it to pass in only one direction and preventing it
from passing in the other. These diodes are specified to
operate at different current and voltage levels; any use in
capacities incompatible with their specifications may
cause failure. SDs are also used to protect transistors
through voltage blocking [8-13].

MS (Metal-Semiconductor) contact,
specifically Schottky barrier diodes (SBDs), is a critical
area of research [14]. This can significantly impact the
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the metal and semiconductor [15]. It functions as a
dielectric barrier, altering the characteristics of the
Schottky barrier and potentially enhancing performance
in applications such as switching and current
rectification. The Schottky diode's I-V properties, such as
its ideality factor, turn-on voltage, and reverse saturation
current, can provide information on the strength of the
MS contact and the diode's overall performance. The
Schottky barrier height (@bn) can be considerably
changed by the insulating layer. We can adjust the
Schottky diode's behavior, such as lowering the forward
voltage drop or enhancing the reverse leakage current
characteristics, by adjusting the thickness and features of
this insulating layer. For specific applications, such as
high-speed switching or low-power devices, this
technique is often employed to enhance the diode.

The barrier height (@bn) can change with the
applied-bias voltage due to various factors, such as
changes in contact potential at the interface. Due to this
fluctuation, it may be challenging to derive a precise and
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consistent value for the barrier height across all voltage
ranges. Temperature affects the ideality factor and the
barrier height. According to certain research, such
tunneling or recombination can cause the ideality factor
to rise at high temperatures. On the other hand, because
thermionic emission predominates at low temperatures,
the diode can be used more effectively with a lower
ideality factor.

This investigation examines the electrical
characteristics of an n-AlGaAs Schottky diode made by
the deposition process using I-V methods at room
temperature for various work functions. In addition, I —
V modulations were performed at various temperature
values to demonstrate how temperature affects structural
performance and to understand the behavior of the
device's barrier homogeneity. Using the numerical
simulator in the MATLAB programming language, series
resistance (Rs), barrier height (@bn), and the ideality
factor (n) of n-AlGaAs SD were examined by applying
two methods, classical and Cheung-Cheung methods,
among other electrical properties. The impact of high
temperatures on the variables of the SD is discussed in
the next sections.

2. Structure and Simulation

Schottky diode-contacts AlGaAs structures with
n-doping were simulated and discussed using the
MATLAB programming language. The doping
concentration of the epitaxial layer is 3*1016 cm-3 above
the substrate GaAs and 2*1016 cm-3 doped epilayer
under Schottky contact, as shown in Figure 1. The layer
structure of our device consists of a 0.45 um undoped
GaAs buffer layer, followed by a 1 pum-thick AlGaAs
epitaxial layer. Schottky contact with a diameter of
0.5um on the topside of the sample, in a circular form.
The effect is neglected by taking a very low density of
donor and acceptor states. After defining the structure
device, it considers all the optical and electrical
characteristics, including the band gap (Eg), electric
affinity (), dielectric constant (g), effective state density
of the conduction band (Nc), valence state density (Nv),
electron mobility (un), hole mobility (up), and other
electrical characteristics. Additionally, the effects of
temperature and work function on the electrical behavior
of the metal/n-AlGaAs Schottky structure were
investigated. The Poisson equation and the continuity
equation for both hole and electron carriers are the
fundamental formulas of the MATLAB simulator. The
space density of charges [16] and electrostatic potential
have relations to the Poisson equation and are provided
by:

div (grad y) =— p/s0 1)
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where 1y is the electrostatic potential, ¢ is the
permittivity, and p is the space charge density. The
continuity equations, for electron and hole carriers, are
expressed by:

a .
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where n and p, are the electron and hole
concentrations, /n and Jp are the electron and hole
current densities, Gn and Gp are the generation rates for
electrons and holes, Rn and Rp are the recombination
rates for electrons and holes, and q is the electron charge.
Physical methods such as concentration-dependent
mobility (CONMOB) [17, 18], Auger recombination rate
(Auger) [19], and Shockley-Read-Hall (SRH)
recombination [20] are utilized. In addition, the
numerical solution processes used are the classical
method and the Cheung-Cheung method.

schottky Contact

Ohmic Contact

AlGaAs epitaxial layer

Undoped GaAs — Buffer layer

n*- GaAs substrate

Fig. 1. Schematic of the fabricated simulated device
n-AlGaAs Schottky diode structure

3. Simulation Part

3.1 Work Function dependence of I = V

characteristics investigated

An essential component of semiconductor
technology is metal. They form ohmic contacts, Schottky
barriers, and gates in field effect transistors, in addition
to being employed as interconnects or low-resistance
conductors. In semiconductor circuits, interconnects
offer channels for charge to move between locations.
Although passive components of the circuit, these
interconnects are crucial and significantly impact the
circuit's operation. Interconnects are placed above
insulators, and they only come into contact with the
active devices when specific windows are opened. Metal
strips for interconnects must have sufficient current-
carrying capacity and establish excellent contact with the
devices. For these reasons, in this section, we consider
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the work function values of some metals, as shown in
Table 1 [21, 22].

The Metal-Work Function effect is studied at
room temperature. Linear characteristics and semi-log of
(I — V) of metal /n-AlGaAs Schottky structure, are shown
in Figure 2, for some metal work Functions. This result
shows that, for all values of @m, Schottky characteristics
exhibit behavior at forward bias voltages at low bias
voltages, V > 0.75V. During this interval of low bias, the
current increases linearly with the bias voltage and
subsequently decreases as @m increases. Nevertheless, at
a high area voltage, when V < 0.75V, the series resistance
effect is observed by a linearity deviation with increasing
bias voltage. However, for @m > 4.94¢eV, it is clear that I
— V characteristics at low bias show two separate sections
of lines with two different slopes. Region | is located at
low bias voltages (V <), while Region Il is located at bias
voltages between 0.35V and 0.75V. Under this low
forward bias, this double barrier event can be recognized
as the emergence of an anomalous current [23]. In
summary, the current progressively drops with rising @m
for linear characteristics and forward bias voltage, and it
grows linearly with bias voltage. Furthermore, it is noted
that when @m increases, the threshold voltage VT also
increases. We can conclude that the Metal-Work
Function influences the device's performance.

-1 ° V t V‘ 1 2
Fig. 2. Room temperature characteristics 1-V of n-

AlGaAs for some Metal-Work Function.

3.2 Temperature dependence of I - V
characteristics

I-V characteristics evaluated at a single
temperature might not be enough to examine the diode's
electrical properties. To better understand the current
conduction mechanism in diodes, several temperature
values are therefore required [25, 26]. This section
focused on how temperatures modify the electrical
behavior of the metal n-AlGaAs Schottky contacts for a
fixed work function @, m = 4.96 eV. The characteristics
of the forward and reverse biases of the Schottky contact
on both linear and semi-logarithmic scales, simulated at
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temperatures ranging from 100K to 500K, are shown in
Figures 3 and 4, respectively.

At low bias voltages (V > 0.75V), the current
increases rapidly as the bias voltage rises, varies linearly
with the bias voltage, and gradually shifts toward the
higher bias side as the temperature decreases. The
threshold voltage is quickly reached as the temperature
increases. On the other hand, at high bias voltages (V <
0.75V), the current exhibits a significant decrease,
fluctuates linearly with the bias voltage, and
progressively increases as the temperature rises.

LA

V]

Fig. 3. forward I-V characteristics of the n-AlGaAs
Schottky diode at different temperatures (100K-
500K).

=

VLA

Fig. 4. Semilogarithmic I-V characteristics of n-

AlGaAs SD at different temperatures (100K-500K).

As can be seen, moreover, the current is low at
low temperatures due to the rise in series resistance,
which is well observed. The value of the current at 100K
is very small due to the freezing phenomenon, where the
mobility of carriers is very low. Conversely, the current
rises as the temperature rises to 500K. Therefore, due to
the combined influence of temperature and barrier height
on the saturation current, we observe a significant
leakage current. As the reverse bias increases, the inverse
current also increases; however, saturation is not
observed. This is a well-known phenomenon associated
with defects, such as bulk defects and surface states.

In addition, we can observe that both the
forward and reverse currents increase as the temperature
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rises, suggesting a typical thermal activation. We can
analyze these attributes in depth by obtaining the SD
parameters in the next part of our study. To extract
electrical characteristics, such as ideal factor, saturation
current, and high barrier, there are several methods for
extracting these parameters; we will focus on the
following two methods (Classical and Cheung-Cheung).

3.2.1. Classical method / thermionic emission
theory

SD has been effectively described in terms of
bias in accordance with the thermionic emission theory.
The current and voltage relation for moderate forward
bias voltages is given, as expressed as [27, 28]:

V=R )

1=1 [em—1 | 1] )
n¥t
where, Ve = kT/q
(V—B I _
=1 [expT———1] (3)
nkT

where g is the electron charge, k is the
Boltzmann constant, V is the forward-bias applied
voltage, T is the temperature in kelvin, n is the ideality
factor, and Rs is the series resistance.

In this equation, the reverse-saturation current at
zero bias voltage is denoted by I. Which is defined as the
following equation:

—q@
I.r =

AAT?exp (— (6)

where A and A* denote the contact diode area and
the effective Richardson constant, respectively. @,
represents the effective barrier height.

From the saturation current Eq. (6), extract the BH and
take the logarithm of both sides:

() =In(A4:T9) + (™ (7
(AT~ In(1 ) = () ®
£ kT

Employing Is values, the zero bias barrier height @bn
values are obtained from the following relation:
e =7 I )
b:‘] T J‘S

It is commonly known that the theoretical
connection between @, and @m is provided by:

Q)bn = Om — Xsc (10)

where ysc is the electronic affinity, ¢m is the
work function of metals.

Then, the factor ideality n can be computed from
the slope equation of the linear fit plot of the Inl — V from
the semi-log Inl — V. So:

()
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By taking the derivative of Eq. (11), we can

apply the following relation to extract n for each plot:
2 (12
kT din(l)

Figure (4) displays the semi-logarithmic profiles
of the I — V curves of the n-AlGaAs heterojunction diode
over a wide voltage range (£2V) at a specific temperature
(100K — 500K). The profiles of In I — V have been
extracted from the I — V values at lower positive
voltages, which exhibited good rectifying behavior.
However, at high bias voltages, a deviation from the
linearity curve occurs due to the effect of series
resistances [29]. Additionally, it has been observed that
as the temperature rises, the linear area shifts to lower
voltage values. To identify the potential present transport
system for our device, @bn, and Is parameters were
computed for the zone where the modification of Inl — V
is linear. All these calculations were based on the
Following Equation. (6), (9), and (12).

The results are presented in Figure 5 and
summarized in Table 2. As noted in the TE theory, the n
value is expected to be equivalent to unity in a perfect
situation [30]. Nevertheless, an elevated value of n is
obtained, which means a deviation from TE theory. These
higher values of n at low temperatures may be due to the
breadth of the depletion region (Wd) and levels formed
by interface states, based on the density of doping atoms,
as discussed in [30, 31]. Several other parameters,
including non-ideal current flow, barrier inhomogeneity
development, generation—recombination effects, series
resistances, the spatial intensity distribution of Nss, and
surface cleaning procedures, all influence the ideal factor
for semiconductor diodes [32]. All of these elements have
the potential to produce an ideality factor larger than 1
and deviate from the ideal behavior defined by the ideal
diode equation [33].
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Fig. 5. Temperature dependance of n and @bn values
at a range of temperatures (50K-500K).
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In reality, the barrier level has an indented shape
and is not homogeneous, indicating that the energy levels
are not uniform. If electrons do not have enough energy,
they encounter obstacles that high energy levels cannot
overcome. As a result, electrons with sufficient energy
can easily cross the barrier when they come into contact
with lower energy levels. This situation causes current
values to increase even more [34]. As seen in Figure (5),
the n value has a double Gaussian distribution and it
decreases with increasing temperature, @bn increases
almost exponentially.

A linear association between n and @bn was
shown in the work by Schmitsdorf et al. [35], which was
according to Tung's theoretical lateral inhomogeneities
approach. Two distinct linear zones based on temperature
are observed in the @bn — n plot of the n-AlGaAs
Schottky diode illustrated in Figure 6. By extrapolating
the @bn — n figure to = 1 , the homogeneous barrier
height in the first area (50K —150 K) was found to be 0.55
eVv.

In the high-temperature range (T > 150K), this
value was found to be 1.05 eV. As the temperature drops,
the primary current begins to vary from the ideal TE
model, suggesting that lateral inhomogeneities are
effective in the device [36, 37].

Narrowing the depletion zone width and certain
physical conditions, like surface flaws, a high density of
interfacial states, and non-homogeneous doping
concentration, could produce these events. These
observations are related to the non-pure TE current [38].
Because the charge carriers do not have enough energy to
cross the high barrier height at a low temperature, current
transport is possible in the lower parts of the BH [34].
This variation of ideality factors and barrier height values
suggests that n-AlGaAs is not an ideal diode, and its
charge transport mechanism is not just TE [33].
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Fig. 6. @bnvs plots of the n-AlGaAs Schottky

diode.
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3.2.2. Cheung- Cheung method’s

Then, all these parameters are extracted by an
approach called the Cheung-Cheung function method.
The Cheung-Cheung approach method [30, 39] used to
obtain diode parameters from the I — V characteristics in

the forward bias using the following equation:

G =" =RI+nVv (13)
alnir) s £
HNO=v-"TIn ") (14)
by AarT?

By combining Eq. (13) and Eq. (14), and after some steps
(I) will be given as:
H(I) = Rl + n@s, (15)
where the RsI term represents the series
resistance from above Eq. (13). As expected, the
dV/dl(I) — I trends in Figure 7 are linear. From Eq. (13)
and Eq. (14), the Rs values were enumerated from the
slopes of dV/dl(I) — I curve drawn from Eq. (13), as
shown in Figure 7. The n values were resolved from the
y-axis intercept of the linear relation of V/dIn(I) — I
plots.
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Fig. 7. The plots of dV/dI(I) vs I for the n-AlGaAs
SD at a range of temperatures (50K-500K).

Using the values of n determined from Eq. (13),
they are substituted into Eq. (14) to obtain the (I) — I plot.
Figure 8 shows the plot of (I) versus I for the simulated
diodes. This plot is a linear curve, where the y-axis
intercept can be obtained from a slope of the (I) versus
I plot. The evaluated parameters of the simulated diodes
were determined using two methods: first, the linear
region of the dV/dl(I) versus I , and second, the H(I)
versus I plots, which are tabulated in Table 2. The n
factor ideality vs temperature that the two models were
able to obtain is displayed in Figure 9. This figure show
that, for both models, n rises as the temperature
decreases. At low temperatures, the TE field is
responsible for the increases in n [40, 41]. Figure 10,
illustrate how the @bn values increase with temperature
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in a comparable way for the TE and Cheung-Cheung
techniques.

=5
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Fig. 8. (I) versus I plots of the n-AlGaAs Schottky
diode.
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Fig. 9. Temperature dependence of the refractive
indices n calculated by the Classic method and
dv/dl(I) curve.
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Fig. 10. Temperature dependence of the barrier

height @bn values calculated by the Classic and
Cheung- Cheung methods.
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Temperature also affects the series resistance,
which usually rises with temperature. This can change the
ideality factor, barrier height, and measured current,
particularly at high temperatures. The Rs — T graph is
given in Figure 11 for the diode. The values of Rs
obtained from dV /dl(I) — I curve and H(I) — I curves are
suitable for one another.

A |
e Clunnny) Cluwasny redies]

TLE]

Fig. 11. R ersus T graph of the n-AlGaAs Schottky
diode.
The results of the comparison between model fitting
curves and experimental measurements are depicted in
figure 12. These results are consistent with previously
reported results, indicating that the diode is in good
simulated if we compare it with the one fabricated.
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Fig. 12. Comparison between experimental and
theoretical I — V characteristics.
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Table 1 - The values of the work Function of some Metals used in the simulation.

Metals Work Function (eV) Reference
4.64 [24]
4.26 [21]
Ag 43 [21]
4.70
4.32 [24, 23]
51 [24, 21]
Au 48 [21]
45 [21]
Cr 4.6 [24, 21]
45 [23]
494 [24]
44
Cu [21]
4.65 [23]
4.70 [24]
4.63 [24]
w
4.55 [21, 23]
Co 5 [24, 23]
Re 4.96 [24, 23]

Table 2 - The electrical parameters, in a range of 50K to 500K temperatures, calculated using different methods.

Inl-v dav HI) -1

T din(I)
K n oppleV) Is(A) Rs (KQ) ®by(eV) Rs (KQ)

50 3.16 0.162 22610 325 85.80

100 2.98 0.316 225108 267 96.18 0.36 80.132
150 25 0.434 1.1510 253 84.18 0.49 86.814
200 232 0.531 32510 241 82.98 0.55 97.389
250 2.27 0.628 25510° 233 93.83 0.65 110.34
300 215 0.738 6.8410° 216 99.42 0.79 122.323
350 1.95 0.835 22510° 199 114.32 0.848 105.084
400 17 0.918 6.95 108 17 141.44 0.89 47.89
450 148 1.018 155107 1.38 43.73 0.99 36.68
500 1.38 1.073 276107 1.39 17.42 1.05 36.31

4. Conclusion of 50 K to 500 K. The TE theory was used to calculate

In the present work, n-AlGaAs Schottky diodes
were successfully studied. The SBD's primary electronic
characteristics were investigated utilizing the -V
simulated approach with varying values of Metal-Work
Functions ( @ m ) at room temperature. I — V for different
values of @m show that the current and the threshold
voltage increase with increasing @ m. Current-voltage
properties have been examined in the temperature range

WwWWw.smenec.org
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the ideality factor (n) and @bn values at various
temperatures. It is significant to observe that, in contrast
to the @bn value, the n value diminishes with rising
temperatures. The Chung-Chung method has also been
used to calculate these parameters, including the Rs
value. In addition, TE theory and the Chung-Chung
method have shown that the @bn values increase with
temperature, in contrast to the effect of n. Consequently,
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it was shown that the fundamental parameters (n, @bn,

Rs),

were significantly affected by temperature.

Therefore, higher n values were observed due to the

inhomogeneity of the

barrier and generation-

recombination. Therefore, we can conclude that these
outcomes in the parameters (n, @bn, and Rs), which
determine the SD's performance based on voltage and
temperature, demonstrate the device's suitability for use
in electrical and optoelectronic applications.
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