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Numerical investigation of G-V measurements of metal - A nitride GaAs junction
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In this study, a Schottky diode consisting of Au/GaN/GaAs was fabricated using a radiofrequency nitrogen plasma source. The voltage-
conductance characteristics (G/ω-V) of this diode structure were investigated at room temperature. To interpret the changes in the electrical
properties of the nitrided GaAs-based Schottky structure, we developed a simulation program. This program employs a numerical model to
calculate the G-V characteristics, allowing us to validate the experimental measurements conducted on the Schottky diodes. The geometric
model used in our simulation considers not only the GaN layer formed between the metal and GaAs substrate but also the density and
distribution of trapped states within the band gap. The program utilizes the numerical resolution of the Poisson and continuity equations to
calculate the electrostatic potential and the concentrations of both n and p mobile carriers. These parameters are then used to determine the
electric charge, current, capacitance, and conductance. The simulation results were subsequently compared to the experimental measurements
to ensure their accuracy.
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1. Introduction

Due to its remarkable physical properties (direct band gap,
high electron mobility . . . ) [1], Gallium Arsenide is used in
the production of optoelectronics components [2,3] and hy-
perfrequency devices [4]. However, the major disadvantage
of the GaAs substrate is its strong surface recombination [5]
which increases the device noise and the leakage current [6].
Furthermore, the performance of electronic components is
primarily determined by the quality of the material’s surface
[7]. To improve GaAs surface characteristics, various tech-
niques have been employed. Among these techniques, we
adopted the restructuring of the surface by exposing a GaAs
substrate to active nitrogen plasma created by a low-power
GDS source, leading to the creation of quality GaN lay-
ers. The GaN offers thermal and chemical stability [8] unlike
groupIII oxides [9] and can significantly decrease the sur-
face recombination velocity [10]. Extensive efforts have been
dedicated to the exploration of nitride GaAs Schottky diodes
for several years. In the study by Benamara [10],x-ray pho-
toelectron spectroscopy (XPS) and photoluminescence sur-
face state spectroscopy (PLS3) were employed to ascertain
the properties of GaN/GaAs (100). Additionally, the effect
of temperature on the forward and reverse bias characteris-
tics of GaN -based Schottky diodes has been investigated
by Sharma [12]. Ebeǒglu [8] focused on investigating the

current-voltage characteristics of the Au/GaN/GaAs structure
achieved through the chemical anodic nitridation method.
Kacha [13] examined the effects of GaN layers and anneal-
ing on the electrical properties of Schottky diodes based on
nitrided GaAs. Furthermore, the electrical and photoelec-
trical properties of GaN/Au/GaAs were studied by Rabehi
[14]. In the same context Helal [15] conducted a comparative
study of ionic bombardment and heat treatment on the elec-
trical behavior of Au/GaN/n-GaAs Schottky diodes. In this
article, we fabricated the Au/GaN/GaAs structure through
the nitridation process of the GaAs substrate. The substrate
was exposed to a nitrogen flow generated by a discharge
source with high voltage under ultra-high vacuum conditions
[16]. In our previous studies, we conducted frequency-related
measurements of the Au/GaN/GaAs structure including the
modeling and simulation of the C-V measurements of an
Au/GaN/GaAs structure [17] and the evaluation of low and
high-frequency capacitance of this structure [18]. In this
work, our focus lies in studying and modeling the interface
properties of the Au/GaN/GaAs diode using experimental G-
V characteristics measured at various frequencies. Our goal
is to establish a reliable simulation model for theG−V char-
acteristics with a continuous energy distribution of interface
states [19].
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2. Material and method

2.1. Experimental elaboration

In this study, a unique radio frequency discharge nitrogen
plasma source, extensively described in Matolı́n’s work [20],
was employed for the nitridation process. The nitridation pro-
cess involved the production of continuous nitrogen plasma
at a power level of 5W, resulting in the creation of a majority
of N atomic species. The specific parameters used for this
process included a nitrogen pressure of1.33× 10−5 Kpa, an
ion energy of 2.5 keV, and a sample current of 1µA/cm2.
For this work, an n-type GaAs (100) substrate with a con-
centration ofNd = 4.9 × 1015 cm−3 and a thickness of
400±20 µ was utilized. The cleaning procedure for the sam-
ples followed a common practice [21], involving sequential
chemical cleaning in H2SO4, deionized water, and cold and
hot methanol, with the assistance of ultrasound. The samples
were then dried usingN2 and subjected toAr+ ion bom-
bardment within an ultra-high vacuum (UHV) chamber. The
ion bombardment process had an ion energy of 1 keV, a sam-
ple current of 5µA/cm2, and lasted for 1 hour. Before the
nitridation process, the GaAs (100) substrate was heated to
500◦C for a duration of 1 hour. Subsequently, the samples
were exposed to a nitrogen flow for a chosen duration of 5
minutes.

The experimental procedures were conducted within a
custom-built ultra-high vacuum (UHV) chamber, which was
equipped with an X-ray photoelectron spectroscopy (XPS)
system consisting of a dual-anode Al-Mg X-ray source and a
hemispherical electron energy analyzer. This setup enabled
us to determine the chemical composition and crystal struc-
ture of the samples under investigation. For the XPS exper-
iments, we utilized a Mg K-alpha source with an energy of
1253.6 eV, and the incident angle was set at 55◦ for normal
detection. The pass energy of the analyzer was maintained at
20 eV. Details of the preparation parameters specific to our
sample can be found in Table I. The electrical testing of the
structure involved the use of an Au contact, where the contact
area and thickness were specified asS = 4.41 × 10−3 cm2

andd = 100 nm, respectively. In order to enhance the quality
of the Ohmic contact, a layer of tin (Sn) was deposited on the
back face using NH4Cl at a temperature of 350◦C for a dura-
tion of 5 minutes. This deposition process aimed to prevent
the formation of oxides and other impurities on the surface of
GaAs, which facilitates improved diffusion of Sn into GaAs.

TABLE I. Preparation parameters of the sample.

Parameter Value

GaAs concentration Nd = 4.9× 1015 cm−3

Nitridation conditions 500◦C 5W, 5 min

Annealing 620◦C at 60 min

GaN thickness 0.7 nm

Metal contact Au

Ohmic contact Sn

FIGURE 1. Schematic ofAu/GaN/GaAs diode.

To conduct the capacitance-voltage (C − V ) measure-
ments, various frequencies were employed, namely 1 MHz,
500 KHz, 100 KHz, 10 KHz, and 1 KHz. The measurements
were performed at room temperature using a Keithley test
system with a 590C − V analyzer.

2.2. G-V-f measurements

Schottky diode conductance-voltage measurements are an
experimental technique employed to examine the electrical
characteristics of a Schottky diode in relation to the applied
voltage. This technique involves measuring the conductance
or resistance of the diode at various voltage levels. Plotting
the conductance against the voltage allows for the extraction
of important diode parameters, including barrier height, se-
ries resistance, and interface properties. These measurements
offer valuable insights into the behavior and performance
of Schottky diodes across different applications. Figure 2
presents the conductance of the Au/GaN/GaAs structure as
a function of the applied voltage at various frequencies rang-
ing from 1 kHz to 1 MHz, all measured at room temperature
(300 K). The applied voltage spanned from−2 V to +2 V.
The curves ofG/ω − V demonstrate that the conductance
G/ω is affected by both the bias voltage and the frequency.

FIGURE 2. Schematic of Variation deG/ω − V of Au/GaN/GaAs
for various frequencies diode.
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2.3. Structure modeling

Due to the fact that the Au/GaN/GaAs heterostructure can
be modeled by basic semiconductor equations, Poisson and
continuity equations are as follows:

∂2ϕ

∂2x
=

q

ε
(−p + n− pT + nT −N+

D + N−
A ), (1)

1
q

∂jn

∂x
= Un, (2)

1
q

∂jp

∂x
= −Up. (3)

Here,ϕ is the electrostatic potential,ε the dielectric con-
stant,n andp are the density of electron and holes, its equa-
tions are as follow:
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A are the doping concentrations with the assumption
of totally ionized impurities,nt andpt are the concentrations
trapped carriers of electrons in the acceptor states and holes
in the donor states which are [24]:

nt =
∫ EC

EV

yD(Et)fct(Et)dEt, (8)

pt =
∫ EC

EV

yA(Et)fvt(Et)dEt. (9)

In this context,yA represents the density of acceptor
states per unit volume and energy, whileyD represents the
density of donor states per unit volume and energy.Et de-
notes the energy level of the defect state located within the
band gap. Under thermal equilibrium conditions, the func-
tions fct(E) andfvt(E) represent the occupation functions
of the acceptor and donor traps, respectively, as dictated by
the Schockley-Hall-Read kinetics [23]:
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Cvt
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, (10)
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whereCct
n , Cct

p , Cvt
n , Cvt

p are respectively the electron cap-
ture sections and the holes by the valence band and conduc-

tion edges. For the generation-recombination rate U, one
finds

U = Un = Up =
∫ Ec

Ev

[
yA(E)

× αnAαpAnp− enAepA

αnAn + enA + αpAp + epA

+ yD(E)
αnDαpDnp− enDepD

αnDn + enD + αpDp + epD

]
, (12)

whereenA, epA, enD, epD, are the emission rates andαnA,
αpA, αnD, αpD are the capture constants, respectively. There
are various models of the continuous distribution of traps
states form the exponential model Gaussian model and uni-
form model [24].

The interface state density ofGaAs structure is observed
to be a U-shaped localized state continuum extending over
the entire bandgap by Hasegawa [25], meaning that the inter-
face state density increases exponentially from the midgap to
the band edge.

NV T (E) = NV T0 exp
(

EV − E

kTv

)
, (13)

NCT (E) = NCT0 exp
(

E − EC

kTc

)
. (14)

Here, kTc and kTv are the characteristic levels respec-
tively of the acceptor and donor states andNCT0, NV T0 are
the densities per unit of energy respectively at the edge of
the conduction and valence band. Several studies suggested a
Gaussian distribution for nitride MIS structures [26-29], the
Gaussian distribution of states for donor and acceptor trap-
ping states are:

NdbaT (E) = NGA exp

(
−

[
E − EGA

WGA

]2
)

, (15)

Ndbd(E) = NGD exp

(
−

[
E − EGD

WGD

]2
)

. (16)

In the context of our study, (NGA, NGD) represents the
maximum density of interface states, while (WGA, WGD)
corresponds to the standard deviation of the Gaussian distri-
bution. Additionally, (EGD, EGA) denotes the peak position
of the interface state distribution.

To achieve a more comprehensive representation, our in-
vestigation incorporates both Gaussian and exponential dis-
tributions. The energetic distribution of trap states is obtained
through the superposition of two exponential distributions
and two Gaussian distributions for acceptor and donor states,
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FIGURE 3. Gaussian and Exponential distribution profiles of con-
tinuous state density in bandgap.

as depicted in Fig. 3. The total interface state distribution for
acceptor and donor states is as follows:

yA(E) = NV T0 exp
(

EV − E

kTv

)

+ NGA exp

(
−
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WGA

]2
)

, (17)

yD(E) = NCT0 exp
(
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kTc

)

+ NGA exp

(
−

[
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WGA

]2
)

. (18)

The differential conductance of the structure has been cal-
culated as follow:

G =
∆i

∆i
, (19)

where∆i is the difference in the electrical current in the
structure for two very close external voltages with difference
∆i [30].

2.4. Computational solution

Computational solutions have numerous advantages over an-
alytical methods. They offer flexibility to handle complex
equations and models without analytical solutions, making
them suitable for nonlinear and multidimensional problems.
They are efficient, processing large datasets quickly and sav-
ing time compared to manual approaches. Computational so-
lutions excel in accuracy, especially for intricate systems with
multiple variables, providing realistic outcomes through nu-
merical approximations. They can handle complex geome-
tries, boundary conditions, and simulate real-world scenar-
ios accurately. Overall, computational solutions revolution-
ize scientific and engineering fields by providing flexibility,
efficiency, accuracy, and the capability to handle complex
systems and scenarios. For those reasons, we used a com-
putational solution to solve the equation over an analytical

one. Solving the system of equations in this study poses a
challenge due to the numerous unknown variables involved.
To simplify the system, we reduce it to three unknowns: the
electrostatic potentialφ , and the concentrations ofn andp
carriers. However, the presence of exponential terms in the
expressions forn andp introduces strong non-linearity into
the resulting equations. To address the nonlinearity intro-
duced by the exponential terms in the expressions forn andp,
we discretize the partial differential equations using the finite
differences method. The grid is constructed with non-equally
spaced points, ensuring sharp discretization at the junction
(GaN/GaAs) for accurate calculations [31]. This approach
involves replacing the differential equation with a difference
equation after discretizing the study domain. We employ the
Gummel algorithm [32] to solve the system. This algorithm
solves the three equations successively, with each equation
based on estimated solutions for the other two unknowns.
The corrected value of each unknown is then updated in the
subsequent equation. This iterative process continues until
convergence is achieved for all three equations.

3. G-V Characteristic simulation

3.1. Work function effect

The work function is the minimum energy needed to extract
an electron from the surface of a material and transport it to
a point immediately outside the material. Measured in elec-
tron volts (eV), the work function varies for different mate-
rials. It signifies the energy barrier that electrons must over-
come to escape the material, playing a significant role in com-
prehending electronic phenomena like electron emission, the
photoelectric effect, and the formation of Schottky barriers
in electronic devices. The work function relies on factors
such as the material’s electronic structure, surface properties,
and temperature. In electronics, the output work is an impor-
tant quantity for the design of metal-semiconductor junctions
of Schottky diodes. In recent years, many studies have es-
timated gold work function values between4.8 and5.47 eV
[33,34].

We studied the effect of work function variations on the
conductance-voltage (G − V ) characteristics of a Schottky
Au/GaN/GaAs structure using the developed simulation pro-
gram. Figure 4 illustrates the impact of work function varia-
tion on the G-V characteristic of the Au/GaN/GaAs diode.
By fixing the other parameters- the doping concentration
Nd = 5.1014 cm−3 and the state distribution profile of the
interface with tail state values of the density bands (NCT0 =
1010 cm−2 eV−1 NV T0 = 1010 cm−2eV−1) and Gaus-
sian peak parameters (NGD = NGA = 1010 cm−2eV−1).
We observed that the value of the gold work function sig-
nificantly influences theG − V characteristics of the struc-
ture, particularly the threshold voltage. An increase in the
gold work function shifts the curve upwards and increases the
threshold voltage, while the maximum value of conductance
remains unchanged.

Rev. Mex. Fis.70061604
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FIGURE 4. SimulatedG− V characteristics for severalφm values
of gold.

We observed that the value of the gold work function sig-
nificantly influences theG − V characteristics of the struc-
ture, particularly the threshold voltage. An increase in the
gold work function shifts the curve upwards and increases
the threshold voltage, while the maximum value of conduc-
tance remains unchanged. These findings highlight the im-
portance of the gold work function in tuning the electrical
behavior of the Au/GaN/GaAs Schottky diode. Adjusting the
work function allows for precise control over the threshold
voltage, which can be critical for optimizing the diode’s per-
formance in various applications. However, the constancy
of the maximum conductance value suggests that while the
threshold voltage can be modulated, the overall conductive
capacity of the diode is maintained.

3.2. Doping effect

The effect of doping concentration was examined using our
low frequency conductance simulation program by varying

FIGURE 5. Simulated G-V characteristics for multiple doping con-
centrations.

the uniform doping concentration from2×1013 to1015 cm−3

as shown in Fig. 5. The Examination of Fig. 5 indicates that
the doping concentration has a direct relationship with the
conductance of the structure in the forward bias regime, in
contrast to the reverse regime, the effect of the doping con-
centration is negligible.

The maximum value of the conductance increases by
8×10−4 s for a doping concentration equal to2×1013 cm−3

and 4 × 10−2 s for a doping concertation of the order
1 × 1015 cm−3. When the doping concentration increases,
the maximum value of the conductance of the diode also
increases. This phenomenon can be explained by the fact
that doping introduces additional charge carriers into the
structure, which enhances conductivity and subsequently in-
creases the current flow. As more charge carriers are avail-
able, the material becomes more conductive, allowing for
greater current at a given voltage. In light of the simula-
tion results, the effect of doping on the conductance-voltage
(G−V ) characteristics in a Schottky diode can be further de-
tailed. Higher doping concentration increases the number of
charge carriers in the semiconductor material. This enhanced
carrier density significantly improves the diode’s conductiv-
ity. Consequently, with more available carriers, the diode can
support a higher current flow for a given voltage, leading to
an increase in the maximum conductance observed in the G-
V characteristics. This relationship demonstrates how modi-
fying the doping concentration can effectively tune the elec-
trical performance of a Schottky diode. By carefully control-
ling the level of doping, it is possible to optimize the diode’s
conductance properties, thereby improving its overall func-
tionality in various applications.

3.3. Experimental fitting

The comparison between the simulated quasi-staticG −
V curve with experimental low-frequency measurements
(1 kHz) is shown in Fig. 6. We adjusted the two curves with
the following parameters: the work function of the gold, the
doping concentration and thus the distribution of the states of
the interface.

We can see in Fig. 6 that the low-frequency G-V ex-
perimental characteristics (1 KHz) and the simulated G-V
characteristics have sufficient agreement. This adjustment
was obtained for the interface distribution profile uw (gaus-
sian and exponential) interface with values of the density
band tails states (NCT0 = 1010 cm−2eV−1, NV T0 =
1010 cm−2eV−1) and Gaussian peak parameters (NGD =
NGA = 1010 cm−2eV−1) and doping concentration of
1014 cm−3 and gold work function of 4.9 eV. The results
obtained indicate that the doping concentration estimated by
the simulation is lower than that provided by the supplier.
This discrepancy can be attributed to the effect of annealing
on the carrier concentration; several studies have shown that
annealing at temperatures above 600◦C can significantly re-
duce the carrier concentration [35,36]. Our program is based
on a valid quasi-static model for low frequencies, which can

Rev. Mex. Fis.70061604
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FIGURE 6. Experimental and simulated G-V characteristics at low
frequency.

slightly disagree with experimental features including; the
characteristicG− V .

4. Conclusions

This study investigated a Schottky diode based on
Au/GaN/GaAs, fabricated using a radiofrequency nitrogen
plasma source. The diode’s voltage-conductance character-
istics (G/ω − V ) were explored across frequencies from
1 kHz to 1 MHz, revealing significant frequency-dependent
behavior due to interface states. A 1D simulation program
was developed to analyze the electrical characteristics of the
Au/GaN/GaAs diode. By studying various parameters, we
found that doping concentration affects the diode’s conduc-
tance, with higher doping levels increasing maximum con-
ductance by introducing additional charge carriers. Further-
more, the gold work function was found to influence the
diode’s threshold voltage. An increase in the work func-
tion raised the threshold voltage while maintaining a constant
maximum conductance. Future work will involve developing
a 2D numerical simulation program to delve deeper into the
electrical behavior of these structures. This will aid in opti-
mizing GaAs-based structures through better control of their
electrical properties.
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