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Abstract

In this paper, the Ni Schottky barrier on GaN epilayer grown on free standing substrates has been
characterized. First, transmission electrical microscopy (TEM) images and nanoscale electrical analysis by
conductive atomic force microscopy (C-AFM) of the bare material allowed visualizing structural defects
in the crystal, as well as local inhomogeneities of the current conduction. The forward current-voltage (I-
V) characteristics of Ni/GaN vertical Schottky diodes fabricated on the epilayer gave average values of the
Schottky barrier height of 0.79 eV and ideality factor of 1.14. A statistical analysis over a set of diodes,
combined with temperature dependence measurements, confirmed the formation of an inhomogeneous
Schottky barrier in this material. From a plot of ®g versus n, an ideal homogeneous barrier close to 0.9 eV
was estimated, similar to that extrapolated by capacitance-voltage (C-V) analysis. Local I-V curves,
acquired by means of C-AFM, displayed the inhomogeneous distribution of the onset of current conduction,
which in turn resembles the one observed in the macroscopic Schottky diodes. Finally, the reverse
characteristic of the diodes fabricated in the defects-free region have been acquired at different temperature

and its behaviour has been described by the thermionic field emission (TFE) model.

1. Introduction

Gallium Nitride (GaN) is considered an excellent semiconductor material to fulfill the requirements of the
next generation of high-power and high-frequency devices with a high energy efficiency [1,2]. In fact,

thanks to its large band gap (3.4 eV), high critical field (> 3 MV/cm) and high electron mobility in



AlGaN/GaN heterostructures (> 1000 cm?V1s?), GaN exhibits theoretical figures of merit that are superior
not only to Si but, in principle, also to the most mature silicon carbide (4H-SiC) [3]. However, there are
still several open scientific and technological issues that characterize GaN technology, which are mainly
related to fundamental material aspects, devices processes and reliability (e.g., metal contacts, dielectrics,
etc.) [4].

Till now, the lack of large area bulk material of good quality has restricted GaN technology to lateral devices
architectures on foreign substrates. In fact, while today a variety of lateral high electron mobility transistors
(HEMTS), both on Si and SiC substrates, have already reached the market [5], vertical GaN power devices
(Schottky, MOSFETS, etc.) are still limited to proofs of concept [6,7,8,9,10]. However, the vertical
topology is highly desired for power electronics to further reduce the chip-size and simplify the packaging
design. In this context, the metal/semiconductor interface represents the most important part of the Schottky
diode, as it rules the entire electrical behavior of the device. Hence, studying the electrical properties of
Schottky contacts in relation to the properties of homoepitaxial GaN epilayers is an important topic in this
emerging field of research. However, the absence of lattice parameter mismatch makes the GaN epilayer
properties more dependent with the quality of the GaN substrate, which motivates the present study. In
previous papers, the high leakage current in Schottky diodes on bulk GaN was correlated with the presence
of structural defects in the epilayer [11,12,13]. Moreover, the mechanisms of current transport dominating
the electrical behaviour at the metal/GaN interface have been recently discussed [14,15]. New metallization
schemes or advanced field plate structures have been proposed to reduce the leakage current in vertical
Schottky diodes on homoepitaxial GaN epilayers. [16,17,18].

In the present paper, Ni Schottky diodes have been fabricated on a homoepitaxial layer grown onto a free
standing GaN substrate. Then, the Schottky diodes have been electrically characterized in both forward and
reverse bias at different temperatures. Differently from previous literature work, here a correlation between
macroscopic electrical analyses on diodes with nanoscale electrical characterization on the epilayer is
reported. The cross correlation of these measurements enabled to explain the Schottky barrier

inhomogeneity and identify the dominant carrier transport mechanisms at the metal/GaN interface.

2. Experimental

The experiments were carried on 5 um thick n-type GaN epitaxial layer grown onto heavily doped (Np =
1x10* cm®) free standing GaN substrates provided by Saint Gobain Lumilog [19]. The GaN epitaxial layer
had a nominal net doping concentration Np-Na = 2x10'®cm™, as determined by Hg-probe capacitance-
voltage (C-V) measurements. The GaN substrate was grown by hydride vapor phase epitaxy (HVPE), while
metalorganic chemical vapor phase epitaxy (MOVPE) has been used to grow the epitaxial layer. X-ray

diffraction (XRD) analyses gave a full width at half maximum of the rocking curves taken around GaN



(002) FWHM ~ 150 arsec, thus revealing a good average crystallographic quality of the layer. From XRD,
the mean dislocation density was estimated to be inferior to 107/cm2.

A large area ohmic contact was created on the wafer back-side by a Tisnm)/ Aloonm)/Niso nmy/ AUo nm)
multilayer, followed by an annealing at 850 °C. The front-side of the wafer was subjected to a wet cleaning
in diluted hydrofluoric acid prior to Schottky metal deposition. Then, circular diodes with radius of 50 pum,
have been defined by standard photolithography, metal deposition and lift-off technique, using a
Nionm)/ Ausonm) bilayer as Schottky electrode. The electrical characterization of the diodes has been carried
out on a Karl-Suss MicroTec probe station equipped with a parameter analyser. Nanoscale resolution
morphological and electrical characterization of the bare GaN surface was performed by conductive atomic
force microscopy (C-AFM) using a DI13100 equipment with Nanoscope V controller electronics. Doped
diamond coated Si tips with curvature radius of 10 nm and cantilever spring constant of 80 N/m were used
for local electrical measurements. Force-distance curves have been acquired to properly set the deflection
set-point, in order to minimize the applied force. Plan view transmission Electron Microscopy (TEM)
analysis has been performed using a 200 kV JEOL 2010F microscope.

3. Results and discussion

A. Nanoscale assessment of the epilayer quality

The GaN epitaxial layers have been firstly investigated by plan view TEM analysis. In this analysis, the
GaN epitaxial layer appears mostly as free from defects (Fig.1a), with the presence of regions where few
defects can be observed (Fig.1b). The pits visible in the plan-view TEM image in Fig. 1b can be associated
to the presence of threading dislocations [20,21].

Under the morphological point of view, a very smooth surface of the epilayer was observed by AFM, with
a root mean square roughness (RMS) of 0.1 nm. On the other hand, interesting insights were gained by the
C-AFM measurements. These measurements have been performed by applying a negative bias of -2.5 V to
the back of the sample and collecting the current to the conductive tip on the GaN surface. Figlc and Fig.1d
show the C-AFM maps acquired on a 10x10 pum? scan area, on the surface of the GaN epitaxial layer. While
the defect-free region exhibits a very uniform current map, few spots with a higher conductivity are visible
in the region containing defects. This observation demonstrates the electrical activity of the defects already
observed by TEM (i.e. threading dislocations), which act as preferential vertical leakage paths in the GaN
epitaxial layer [22].The defects density was typically in the order of 10°-10° cm™. However, some more
defective parts of the sample were identified, in which the defects density was higher (i.e. 1x10” cm™). This
non uniformity is due to the process used to grow the free-standing GaN substrate which results in the

formation of defect clusters [19].
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Figure 1. (a) TEM plan-view images of the GaN epitaxial layer in a “defect-free region” (a) and in a
“defective region” (b). The red circles indicate the observed defects. C-AFM maps, acquired on a 10x10

um? area of the GaN epilayer, in a “defect free region” (c) and “defective region” (d).

B. Electrical characterization of Schottky diodes

Statistical electrical characterizations on the diodes fabricated on this material have been carried out by
means of current-voltage measurements in forward bias. Fig. 2a shows the current density vs voltage (J-V)
characteristics measured at room temperature. The forward J-V curves display a linear behaviour in semi-
log scale, with the current density that first increases up to 0.6 V and then saturates, due to the onset of the

series resistance region
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Figure 2. (a) Forward J-V curves acquired in different Schottky diodes and histogram of the
extrapolated Schottky barrier height ®g values (inset). (b) Plot of the Schottky barrier height ®g as a

function of the ideality factor n.

The electrical behaviour of the diodes was described by the Thermionic Emission (TE) mechanism, where
the current density in the linear region is expressed by:

J = Jsexp () Eq. 1

with the saturation current density Js given by

Js = A'T? exp (- 22) Eq. 2

where A* is the Richardson constant (26.9 A/(cm?K?), T is the absolute measurement temperature, K is
the Boltzmann constant, and ®g and n are the Schottky barrier height and the ideality factor, respectively.
The inset of Fig. 2a reports a histogram of the barrier height values ®g extrapolated from the experimental
J-V curves. As can be seen, the statistical distribution exhibits an average barrier value close to 0.79 eV,
with some diodes showing a lower barrier close to 0.7 eV. Such distribution clearly indicates the presence
of an inhomogeneous Schottky barrier [23]. Schottky contacts typically show a linear correlation between
the n and ®g, which depends on the degree of inhomogeneity of the barrier [24,25]. In particular, correlating
n and ®g enables to extrapolate the values of the ideal homogenous barrier, corresponding to the barrier
value obtained for n=1. Fig. 2b plots the values of the barrier height ®g as a function of the ideality factor
n extrapolated from the linear fit of the semilog J-V curves. As can be seen, these two parameters exhibit a
linear correlation, i.e. the higher barrier values, the better the ideality factor of diodes and vice versa. By a
linear fit of the data, from the extrapolation of ®g at n=1, an “ideal” homogeneous barrier of ®go= 0.87 eV
has been obtained, clearly higher than the average ones (0.79 eV).

Then, the forward J-V characteristics have been measured also at different temperatures in the range

between 25°C and 125°C. As can be seen in Fig. 3a, the measured current on a Schottky diode increases



with increasing the temperature. By applying again the TE model, it was possible to extract the values of
the ideality factor n and of the Schottky barrier ®g at each temperature, which are reported in Fig.3b. In
particular, the ideality factor of the diode decreases with increasing the temperature, while the barrier height
increases with temperature. Similarly to what already shown for the room temperature analyses on different
diodes, also from these data it was possible to generate a plot of the barrier height ®g versus ideality n
determined at each temperature on a single diode. Interestingly, also in this case a linear correlation between
these two parameters can be deduced, which confirm the inhomogeneity of the barrier [26]. The ideal
homogeneous barrier extrapolated at n=1 was estimated to be 0.9 eV, very close to the value found by the
®g vs n plot determined at room temperature (Fig. 2b). The same barrier height value of 0.9 eV could be
determined by C-V analysis (see Fig 3d) from the x-axis intercept of the 1/C2 vs V, shown as inset of Fig.3d.
From the slope of the linear fit of the 1/C? vs V plot, a donor concentration Np=2.5x10%® cm™ could be
determined, which is in good agreement with the nominal doping of the epilayer and the Mercure-probe C-
V performed on the sample before process.
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Figure 3. (a) Forward J-V curves acquired on a Ni/GaN Schottky diode at different temperatures; (b)
Ideality factor n and Schottky barrier height ®g as a function of the temperature T; (c) Plot of the Schottky
barrier height ®g as a function of the ideality factor n; (d) the 1/C? versus reverse bias extrapolated by the

C-V curves of the diode (inset).



In order to get additional information on the behaviour of the barrier at the nanoscale, local current voltage
measurements have been carried out by C-AFM on the bare surface of the GaN epilayer. Fig. 4a reports an
arrays of 25 local current-voltage (I-Vip) acquired with a spacing of 10 um. As can be seen, the
experimental I-V curves exhibit a certain dispersion, which confirms the local inhomogeneity of the current
conduction, i.e. of the barrier. From these curves, an onset voltage Von was defined as the tip bias (Vtip)
corresponding to a current of 5x10 pA. Notably, the histogram of the Von values, reported in Fig. 4b,
shows the presence of two different Von distributions, thus graphically resembling the same inhomogeneity
observed at macroscopic level (see inset of Fig. 2a).
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Figure 4. (a) Arrays of local current-voltage (I-Vip) curves measured by C-AFM on the bare surface of

the GaN epilayer; (b) Histogram of the onset voltage of the current conduction (Von) extrapolated from the
local 1-V curves at the current of 5x107 pA.

The reverse J-V characteristics of the diodes fabricated in the defect-free region have been studied at
different temperatures (see Fig. 5a). In particular, the reverse current of the diodes measured at 25 °C
slightly increases with increasing of the reverse applied bias up to reach the value 4.2x10° A/cm? at Vg = -
10 V. At the same bias, an increase of the temperature at 75°C or 125°C results into an increase of the
reverse leakage current to 2.2x10“ A/cm?or 1.3x10° Alcm?, respectively.

In wide band gap semiconductors, the thermionic Field Emission theory has been often used to explain the
reverse J-V characteristic in Schottky Diodes [27,28,29]. The experimental J-V curves (at 25, 75 and

125°C) are reported together with those calculated using the thermionic field emission model (TFE) [30].
Accordingly, the current density is expressed by
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constant of GaN.
The image force lowering effect has been considered by using the following expression for the barrier

height @.
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As can be seen, the reverse leakage current curves calculated using the TFE model are in good agreement
with the experimental ones. However, at room temperature, at low applied bias a discrepancy between the
theoretical TFE curve and the experimental data is observed. A possible explanation is the occurrence of
different current transport mechanisms, which coexist with TFE. A similar conclusion has been reported
in literature to model the electrical behaviour of Schottky diodes on GaN bulk in forward and reverse
configuration [14,31].

101 T T T T T T T T T

©  25°C (exp) = 25°C (TFE) ]

y o 75°C (exp) —— 75°C (TFE) ?
10

125°C (exp) —— 125°C (TFE) 1

Current Density (A/cm2)

Reverse Bias (V)



Figure 5. Reverse experimental J-V curves acquired on a Ni/GaN Schottky diode at 25, 75 and 125 °C

(scatter) and the respectively theoretically J-V curves calculated according TFE model.

Conclusions

In summary, the Ni Schottky barrier has been characterized on GaN epilayer grown on bulk substrates. The
forward characteristics of the diodes were described by thermionic emission model, with an average barrier
height of 0.79 eV and ideality factor of 1.14. A statistical analysis over a set of diodes, combined with
temperature dependence electrical measurements, demonstrated that an inhomogeneous Schottky barrier
has formed. Nanoscale local currents-voltage measurements on the material displayed the inhomogeneous
distribution of the onset of current conduction, in agreement with the inhomogeneity observed in the
macroscopic diodes. The reverse leakage current of the diodes fabricated in the defects-free region could
be described by the thermionic field emission (TFE) model, as already observed in other wide band gap
semiconductors. The cross-correlation of macroscopic and nanoscale measurements presented in this paper
is a powerful tool not only to get insights on the barrier inhomogeneity in relation to the quality of the

epilayer, but also to better understand and optimize the behavior of vertical devices on free standing GaN.
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