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This study aims to optimize a metal/gallium nitride (GaN)/ gallium arsenide (GaAs)
heterostructure and this will be done by varying several parameters. More specifically, this
work allows the investigate of influence of GaN thin-film thickness on the -V and C-V
characteristics of an Hg/GaN/GaAs structure. The effect of the Schottky contact in two
different metal configurations (Au/GaN/GaAs and Hg/GaN/GaAs) has also been
evaluated. Finally, the influence of frequency variation on the capacitance-voltage C-V
and conductance-voltage (G-V) characteristics of the Au/GaN/GaAs structure has been
assessed. In this work, GaN thin films were grown on four GaAs substrates, which were
labeled A1, A2, A4, and A3, with respective thicknesses of: 1.8 nm, 2.8 nm, 2.4 nm, and
22 nm. Increasing the GaN layer thickness for the three structures Al, A2, and A3
improved the current conduction and notably reduced the interfacial layer, thereby
enhancing electron tunneling and leading to a dominant tunnel current. The extracted
Schottky barrier heights were respectively 0.80 V, 0.74 V, and 0.60 V for Al, A2, and A3
samples. The corresponding series resistances measured were respectively 86 Q, 66 Q, and
45 Q. From the 1/C?-V plots, the diffusion voltages obtained were 0.55 V,0.70 V, and 4 V
for A1, A2, and A3, respectively. Replacing mercury in the Hg/GaN/GaAs structure (A4)
with gold to form a new structure that is Au/GaN/GaAs markedly improved the structure's
performance. The ideality factor and also the series resistance decreased, while the doping
concentration remained nearly constant at 1.5 x 10'%/cm?. The ideality factors were found
to be 1.8 for Au/GaN/GaAs and 2.9 for Hg/GaN/GaAs, whereas the series resistances were
44 Q and 104 Q for Au/GaN/GaAs and Hg/GaN/GaAs, respectively. Conductance-voltage
G-V and capacitance-voltage C-V measurements at three different frequencies that are 10
kHz, 100 kHz, and 1 MHz for the Au/GaN/GaAs structure studied revealed that the device
behaves like a metal-insulator-semiconductor (MIS) structure at low frequencies and like a
Schottky diode at high frequencies.
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1. Introduction

Silicon technology is limited by its intrinsic properties. Accordingly, the design of
increasingly efficient electronic devices has required the use of non-silicon semiconductors,
predominantly those with high carrier mobility, wide bandgap, and direct band transitions
structures. Among these, III-V semiconductors are considered ideal candidates for device
optimization due to their exceptional physical properties, making them suitable not only for
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microwave and power electronic applications but also for low-power optoelectronic devices such
as photoluminescent and laser diodes [1]. Nitriding I1I-V semiconductors of the gallium arsenide
(GaAs) type enables the development of gallium nitride (GaN)/GaAs structures and the growth of
heterostructures with GaN nanofilms of varying thicknesses on GaAs substrates. This process
removes a large portion of the native oxide present on the GaAs surface and reduces leakage
currents, given that GaN is a chemically stable semiconductor. In this work, we focused on the
growth of GaN layers using a high-voltage discharge source under ultra-high vacuum conditions.
This method allowed the formation of heterostructures consisting of GaN nanofilms of different
thicknesses deposited on GaAs substrates. At the end of this work, the structure was optimized by
varying the metal used for the Schottky contact and comparing the performance of two
configurations: Au/GaN/GaAs and Hg/GaN/GaAs. Finally, the capacitance-voltage behavior of
the Au/GaN/GaAs structure was investigated as a function of frequency.

2. Experimental study

Nitriding GaAs enables the fabrication of GaN/GaAs structures, resulting in
heterostructures with GaN nanofilms exhibiting a range of thicknesses on GaAs substrates. This
process consists of subjecting the GaAs substrate to a stream of active nitrogen that is generated by
a high-voltage plasma source under ultra-high vacuum conditions. Spectroscopic analyses,
including Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS),
revealed insights into the internal structure of the devices as well as their physical properties.
Electrical characterization through current-voltage and capacitance-voltage measurements also
yielded meaningful informations about the GaN/GaAs heterostructures. To improve the quality of
the ohmic contact, in was deposited on the backside of the structures using N4CI. The assembly
was thereafter heated to 350 °C for 5 minutes to allow the in to diffuse into the GaAs. In the first
step, the A4 structure was metallized with a mercury pad to create a temporary contact with a
surface area of 7.85 x 107° cm2, forming the Hg/GaN/GaAs structure. After removing and
cleaning the temporary mercury contact via thermal evaporation, the front side of the A4 structure
was metallized with gold generating a permanent contact of roughly 2 x 10 cm?, resulting in an
Au/GaN/GaAs structure.

The technological steps for nitriding to create different thicknesses of GaN on GaAs are
summarized in Table 1.

A As A A4
Concentration of
GaAs per cubic (5+0.1)x10" (5£0.1)x10" | (1.5+£0.1)x10'® | (5£0.1)x10"
centimeter cm”
Nitriding condition | 300 °C/20 min 300 °C/1 h 550°C/3 h 300 °C/1 h
Annealing 300 °C/1 h 400°C/1 h 550-600 °C /2 h | No Annealing
tcl}l?ykrllae}s/:r 1.8 nm 2.8 nm 22 nm 2.4 nm
Schottky contact Hg Hg Hg Hg > Or
Ohmic contact Sn+N4Cl Sn+N4Cl Sn+N4Cl Sn+N4Cl

Table 1. Technological stages for structures Al, A2, A3, and A4.
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Fig. 1. Diagram of the Hg/GaN/GaAS structure.

To study the effect of GaN on GaAs substrates, current-voltage [-V measurements were
conducted on our three samples, which are A1, A2, and A3, each having different GaN thicknesses.
These experiments were performed using a semiconductor parameter analyzer that is an HP 4155B.

3. Experimental Results and Discussion

3.1 Optimizing Hg/GaN/GaAs Structures via GaN Layer Thickness Electrical
current-voltage characteristics and modeling

The experimental -V characteristics under forward bias can be interpreted using the
thermionic emission model, which is described by the following expression:[2]

q(V — RsD)
————— |~ Iro

1= ITEO XEXp < kT (1)

qq)bn) @)

Itgo =S.A.T?exp(—1*°x8)exp ( T

Where:

Itro represents the saturation thermionic current.

Rs is the series resistance;

S is the contact area;

q is the electron charge;

T is the temperature;

A is an effective Richardson constant,

d is the thickness of the interfacial layer,

y is the average barrier height present in the interface layer.

k is the Boltzmann constant,

(I)bn is the effective barrier height. It is expressed as [3]:

k_Tln (S.A.T > 3)

bn q Itgo

The ideality factor noted “n” is directly extracted from the slope of the forward-biased I-V
curve’s linear region and expressed as follows:[4]
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The -V curves of the three samples presented clearly exhibit the behavior of a rectifying,
or Schottky, contact. The I-V curves that we obtained for Al, A2, and A3 samples are given in
Figure 2, measured at a temperature of 300 K. The saturation current, barrier height, ideality factor,
and series resistance were extracted from the I-V characteristics and summarized in Table 2.
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Fig. 2. Experimental I=V characteristics of samples A;, A, and A3,

Table 2. Extraction of I (V) parameters.

Samples Is (A) n Ri(QQ) | Dga (V)
Al 4.1x107"° 1.5 86 0.80
A 5.6x107° 1.87 66 0.74
As 5.7x1077 1.3 45 0.6

Our results are consistent with those that have been reported by M. Ambrico et al. [5] and
by Mehmet Ali Ebeoglu [6]. These results show an ideality factor greater than 1; this has also been
observed in other structures containing SiC and GaN [7]. This indicates that additional transport
mechanisms contribute to the total current (Eq.5). In addition to the thermionic current ITE,
contributions arise from the generation-recombination current IGR, the leakage current ILK, and
particularly the tunneling current ITU.

Ttot = It +IGr HITU HLK (5)
q(V—=R{D q(V—=R{D
Liot= TrEo <EXP <TS = 1)+ Toro | Exp TTS !
V-Rgl V—RgI
+ITU0 (EXp (—q( By )) - 1) + —( Rp ) (6)

Where ITEO, IGRO, and ITUO are zero-bias components, and EO is a particular parameter
suggested by Padovani and Stratton [8] that indicates the barrier transparency.
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Rp is the shunt resistance, and &s is the semiconductor permittivity.

Figures 3, 4, and 5 shows the effect of the generation-recombination current, leakage
current, and tunneling current on the final relationship. The parameters chosen for a data fit at
300 °C are presented in the table 3.

Table3. Parameters Selected for Simulating I-V Curve.

Samples Ay Az Az

Nd (cm™) (5+0.1)x10" (5£0.1)x10" | (1.5+0.1)x10"

Richardson constant A* (A cm™ K?) [9] 26.4 26.4 26.4

Effective electron mass m},[9] 22x107 my 22x10™ my 22x107 my
170 > Ior 250 »> Ior 85 > Ior

Rs (ohms) (introduced) 700 — Ity 96 — Ity 75 = Ity
75 — Ite 40 — Itg 60 — It

Rp (ohms) (introduced) 5% 107 5% 10° 5x10°

Eo (meV) (introduced) 75 126 90

IGro (A) (introduced 7 x 107" 4x10"® 2 x 10"

Ituo (A) (introduced) 2 %107 3.25x 1078 45x10°

Iteo (A) (introduced) 1 x 10% 2.4x10! 2.0 x 10
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Fig.3. Measured and theoretical I=V characteristics for Al structure.
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Fig. 5. Meseared and theoretical I=V characteristics for A3 structure.

It is evident that the tunneling current dominates in the three structures studied,
particularly at low voltages, while the other currents become significant only at higher voltages.
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a. Electrical capacitance-voltage characterization
The C-V measurements were performed using the KEITHLEY Test System 590 CV
Analyzer, with a DC voltage range from —4V to 0V at 1 MHz. The inverse square of the
capacitance was plotted as a function of voltage for the three samples (Fig. 6).

1,0x10”! gy T T T 8,0x10"
3 < | —O— Hg/1.8nm-GaN/GaAs
— O Hg/2.8nm-GaN/GaAs
Hg/22nm-GaN/GaAs | —s 2,5x10™

Voltage (V)

Fig. 6. Inverse plot of capacitance versus bias voltage.

A moderately thick GaN layer gives rise to the accumulation of a residual positive electric
charge in the Hg/GaN/GaAs structure (Figure 6). This charge is confined within the GaN layer,
and its magnitude depends on the thickness of the layer [10].

The change in the slope of the curve is directly related to the doping profile (Figure 6) and
can be expressed as: [11].

_2 1
NC-V :qe e ’ 1 (9)
r€o d( ) av
/Csc2 S
25,80< kT
W= Val =) (10)
qghg \" %" ¢

€0: vacuum permittivity

€r: the relative permittivity of the GaN layer, which is equal to 9.5€0 [12].

The built-in potentials obtained from the 1/C? versus voltage plot for the three samples are
0.7V for A2, 0.55V for Al, and approximately 4 V for A3. It is noted that the built-in potential
for sample A3 is significantly higher. This is due to the residual capacitance located in the GaN
layer of this structure, as demonstrated by K. Ameur et al. [10].
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The figure 7 shows the variation of the doping profile of each structure as a function of the
space-charge region thickness.
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Fig. 7. Doping concentration as a function of the variation in the space-charge region for the three samples.

According to the results we obtained and represented in the figure above, unintentional dopant
migration from the GaAs substrate toward the GaN layer is evident. The dopant concentration in
the interfacial layer depends not only on the initial doping level of the substrate but also on the
GaN layer thickness. In other words, dopant migration is limited when the GaN layer provides
insufficient space. This behavior is noticeable in samples Al and A2, which have identical
substrate characteristics. However, dopant migration is more pronounced in sample Al than in
sample A2, due to the greater thickness of the GaN layer in Al (2.8 nm) compared with A2
(1.8 nm).

Another plausible hypothesis, proposed by P. Perlin et al. [13], attributes the increase in
doping concentration primarily to the intrinsic properties of GaN semiconductor that typically
contains defects and residual impurities formed during growth, which introduce energy levels
within the conduction band and also generate intrinsic free electrons. Consequently, GaN generally
exhibits residual n-type conductivity, with electron concentrations ranging from 1017 cm™ to
1020 cm™ in bulk samples, and on the order of 1017 cm™ in thin films grown by MOCVD or
MBE.

It is also manifest that considerable dopant migration or an increase in the intrinsic
concentration of GaN leads to a reduction in the thickness of the interfacial layer, thereby
promoting tunneling current conduction in the Hg/GaN/GaAs heterojunction. Sample A3 confirms
these evidences. In this sample, both the initial doping of the GaAs substrate and the GaN layer
thickness were increased, resulting in improved current conduction and a substantial reduction of
the interfacial layer thickness (Fig. 7).

The decrease in interfacial layer thickness in such structures exponentially enhances
electron tunneling, making the tunneling current the dominant conduction mechanism.
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3.2. Comparison between Au/GaN/GaAs and Hg/GaN/GaAs metal-semiconductor

structures
a. Current-voltage characteristics

To investigate the effect of the Schottky contact in the Hg/GaN/GaAs and Au/GaN/GaAs
structures considered, [-V measurements were performed and are shown in Figure8 at a
temperature of 300 °C. The saturation current, barrier height, ideality factor, and series resistance
were extracted from the [-V characteristics and are summarized in Table 4.
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Fig. 8. Extraction and Comparison of I-V Parameters for Hg/GaN/GaAs and Au/GaN/GaAs Structures.

It is clearly observed that the Schottky contact with gold has improved the performance of
the Au/GaN/GaAs structure, where the ideality factor and the series resistance have decreased
compared to the Hg/GaN/GaAs structure (see Tab.5). Our results are similar to those reported by
R. Khelifi, H. Mazari et al. [14] .

Table 5. Extraction and comparison of the I-V parameters for the two structures with different metals.

Samples I (A) n R (Q) D, (V)
Hg/2.4 -8

am GaN/GaAs 3.38x10 2.9 104 0.7
Au/2.4 8

am GaN/GaAs 2.1x10 1.8 44 0.64

b. Electrical capacitance-voltage characterization
C-V measurements were carried out for both the Hg/GaN/GaAs and Au/GaN/GaAs
structures over a voltage range of —6 V to 0 V at 1 MHz. The inverse square of the capacitance as a
function of voltage for both structures is presented in Figure 9.
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Fig. 9. 1/C? characteristic as a function of the applied voltage.

Our results indicate that the doping concentration in the Au/GaN/GaAs structure is circa
1.5 x 10"/cm® and remains approximately constant over the voltage range of =6V to 0 V. In
contrast, the doping in the Hg/GaN/GaAs structure is irregular, exhibiting two distinct regions: a
doping concentration of 8.36x1016 cm™ between —1.5V and —0.02V, and 6.18 x 1015cm™
between —6 V and -3 V.

A shift is also observed in the C—V characteristic of the Hg/n-GaN/GaAs structure
compared to the Au/n-GaN/GaAs structure, likely resulting from residual capacitance associated
with the Hg contact, as previously reported for Hg/GaN/GaAs structure [11].

3.3. Frequency dependence of Au/GaN/GaAs structure

Capacitance-voltage (C-V) and conductance-voltage (G-V) measurements were conducted
as a function of frequency for the Au/GaN/GaAs structure, which features a 2.4 nm-thick GaN
layer. The C-V characteristics of this sample, measured at three frequencies (10 kHz, 100 kHz, and
1 MHz), are presented in Figures 10 and 11.

Voltage (V)
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Fig. 10. C-V Characteristic at Different Frequencies of the Au/GaN/GaAs Structure
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Fig. 11. G-V Characteristic at Different Frequencies of the Au/GaN/GaAs Structure.

T
he C-V characteristics, plotted at different frequencies for the Au/GaN/GaAs structure, clearly
show that this structure behaves like a MIS device, with three distinguishable regions: a weak
inversion region, a depletion region, and an accumulation region.

The frequency-dependent C-V characteristics of the Au/GaN/GaAs structure studied
expose a pronounced depletion region along with an enhancement in capacitance at low
frequencies. This additional capacitance can be attributed to the presence of interface states at the
Au/GaN and/or GaN/GaAs interfaces, and may also result from trap states within the material,
either in the bulk of GaN or GaAs. At high frequencies (1 MHz in our case), the alternating signal
varies at a higher rate than the response time of the interface states, effectively minimizing their
contribution to the total capacitance. This behavior is consistent with the findings reported by
Fanash [15].

The G-V curves shown in Figure 10 indicate that the conductance values depend on
frequency, particularly in the depletion region. The conductance values increase as the frequency
decreases. This can be explained by the distribution of interface states and traps, which can more
easily follow the alternating signal at low frequencies.

At a low frequency, in our case 10 kHz, the conductance value decreases to 1.3 x 10*Q', This
value reaches 102Q " at 1 MHz.

4. Conclusion

In our work, comprehensive analyses of two studied structures that are Hg/GaN/GaAs and
Au/GaN/GaAshave been achieved. Our analyses reveal the characteristic behavior of Schottky
contacts, where tunneling dominates charge transport at low voltages. This behavior arises
predominantly from an evident reduction in the interfacial layer, associated with both the
unintentional migration of dopants from the GaAs substrate and the increased thickness of the
GaN film. Among the examined samples, the third sample A3 illustrates most notably this
correlation, exhibiting a higher diffusion voltage and a marked enhancement in conduction current.

Intrinsic defects and residual impurities within GaN additionally contribute to the
generation of free carriers, thereby reinforcing the material’s intrinsic n-type conductivity.
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Accordingly, careful optimization of the initial doping level and GaN layer growth conditions
proves essential for precise control of charge transport mechanisms in these heterojunctions.

Compared with the mercury-based contact, the Au/GaN/GaAs structure demonstrates
superior electrical stability, as demonstrated by the improved current—voltage and capacitance—
voltage characteristics. Enhanced parameters, such as a reduced ideality factor and lower series
resistance, further corroborate its superior performance. The C-V and G-V analyses also show a
clear frequency dependence: at low frequencies, the structure reveals a typical MIS behavior,
where interface states and traps introduce additional capacitance and limit conductance; at high
frequencies, these effects lessen, and the device exhibits a Schottky-like response with
considerably improved conductance.

These results obtained in this work emphasize the critical role of frequency selection in
analyzing and optimizing the performance of such structures, principally in reducing parasitic
effects associated with interface states.

Moreover, these results demonstrate that metal choice, interlayer thickness, doping
concentration, and operating frequency constitute a set of key parameters governing the behavior
of GaN-based devices.

In general, these results open promising perspectives for the design of engineered tunnel
junctions and the progress of high-performance components developed for power and high-
frequency electronic applications.
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