crystals MBPY

Article

Investigation of Barrier Inhomogeneities and
Electronic Transport on Al-Foil/p-Type-4H-SiC
Schottky Barrier Diodes Using Diffusion Welding

Mehadi Hasan Ziko **, Ants Koel”, Toomas Rang and Muhammad Haroon Rashid

Thomas Johann Seebeck Department of Electronics, Tallinn University of Technology, Ehitajate tee 5,
12616 Tallinn, Estonia; ants.koel@taltech.ee (A.K.); toomas.rang@taltech.ee (T.R.); murash@ttu.ee (M.H.R.)
* Correspondence: mehadi.ziko@taltech.ee

check for
Received: 30 May 2020; Accepted: 20 July 2020; Published: 23 July 2020 updates

Abstract: The diffusion welding (DW) is a comprehensive mechanism that can be extensively used
to develop silicon carbide (SiC) Schottky rectifiers as a cheaper alternative to existing mainstream
contact forming technologies. In this work, the Schottky barrier diode (SBD) fabricated by depositing
Al-Foil on the p-type 4H-SiC substrate with a novel technology; DW. The electrical properties of
physically fabricated Al-Foil/4H-SiC SBD have been investigated. The current-voltage (I-V) and
capacitance-voltage (C-V) characteristics based on the thermionic emission model in the temperature
range (300 K-450 K) are investigated. It has been found that the ideality factor and barrier heights of
identically manufactured Al-Foil/p-type-4H-SiC SBDs showing distinct deviation in their electrical
characteristics. An improvement in the ideality factor of Al-Foil/p-type-4H-5iC SBD has been noticed
with an increase in temperature. An increase in barrier height in fabricated SBD is also observed with
an increase in temperature. We also found that these increases in barrier height, improve ideality
factors and abnormalities in their electrical characteristics are due to structural defects initiation,
discrete energy level formation, interfacial native oxide layer formation, inhomogenous doping
profile distribution and tunneling current formation at the SiC sufaces.

Keywords: p-type 4H-SiC; diffusion welding; inhomogeneity; Schottky barrier diode; barrier height;
ideality factor

1. Introduction

During the last few decades, SiC (a wide bandgap semiconductor material) has gained significant
importance in a wide range of power electronics applications. SiC exists in many different crystalline
forms, which are called polytypes. Among these polytypes, 4H-SiC, 6H-SiC and 3C-SiC are attractive
for the development of power electronics devices thanks to their distinct physical and electrical
attributes. Meanwhile, 4H-SiC is a potential candidate for high-power device applications due
to its low-loss, low series resistance, stability at high-temperature, high electron velocity and its
extraordinary high thermal conductivity and high physical and chemical stability, high breakdown
voltage properties [1-4]. As a result of these properties, 4H-S5iC-based power Schottky barrier diodes
and modules are already commercially available. Temperature dependency for n-type SiC-based
devices has been investigated by many researchers [5-7] to commercialize the expected applications.
However, the prevalence of SiC has not yet been comprehensively exploited in different polytypes.
In particular, the promising properties of p-type 4H-SiC have not yet been accomplished to their full
potential for use in the fabrication of highly efficient power devices depending on the quality of the
SiC layers and metal-SiC contacts. The contact formation process for soldering and attaching dies,
(e.g., micro or nanoparticle pastes or solders) and their thermal stability as Schottky contacts have
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been studied to realize their operational requirements and to improve the performance of SiC-based
devices [8-11]. Direct bonding (DB) technology has significant attention in the development of power
electronics and micro electromechanical systems [12]. This DB technology have been used in the
metal-film and substrate of the same material or metal-film and substrate of different materials without
concern of the crystalline relationship between them. The main concern in DB technology is smoothness
of the surfaces without metallic contamination and suitability of bonding surface orientation to achieve
defect-free stronger bonding and structures [13]. However, DW (high temperature DB technique) is
a solid-state material joining process that can be utilized to bond various contact materials with the
high performance semiconductor substrate. The DW technology can help to improve the quality of
contacts. It also introduces a technological approach for the realization of the contacts with a thickness
over a millimeter (mm). Thick Aluminum (Al) Foil on p-type 4H-SiC forms a contact using DW,
which improves the the ability to handle large electric power and also increases the semiconductor
device’s current rating [14,15]. Additionally, interface states with high densities are likely to be formed
in the DW process. These interface states (caused by pinning of fermi-level) modify the potential
barriers at the interface of the diodes [16]. To date, Schottky barrier height (SBH) investigations have
been done by many researchers [17,18] to improve the performance and reliable SBDs on p-type 4H-SiC.

In this paper, p-type-4H-SiC SBDs with Al-Foil as a metal contact have been fabricated for the very
first time with a novel technique: DW. A schematic of fabricated diode structures, doping concentration
and physically fabricated DW SBD is shown in Figure 1a,b. An attempt has been made here, to deal
with distinct aspects of temperature dependent current-voltage (I-V) and capacitance-voltage (C-V),
barrier height formation at the metal contact and SiC interface, ideality factor, doping concentration,
current transport mechanism, and activation energy plot analysis for Al-Foil/p-type 4H-SiC SBD.
The main goal of this work is to explain the inhomogeneity barrier height formations, current transport
phenomena, and to observe their influence in identically manufactured (with the same vacuum
pressure, contact force and annealing temperature) Al-Foil/p-type 4H-SiC SBDs using experimental
I-V-T and C-V-T characteristics.

Schottky contact (Al)
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@ (b)

Figure 1. Illustration of the structure of a Schottky barrier diode. (a) Schematic of the fabricated device
structures and doping concentration of Schottky barrier diodes. (b) Physically fabricated diffusion
welded Schottky barrier diode.

2. Sample Preparation and Experimental Procedure

This section contains the experimental details and procedures that have been adopted to develop
p-type 4H-5iC SBD.
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2.1. Sample Preparation Procedure

The SiC wafers that were used for this SBD study were purchased from Cree, Inc., (Durham, NC,
USA). These SiC wafers were p-type Al doped with a diameter of 76 mm. The average resistivity of
4.85 O-cm, 350 um thick wafers were Al doped substrate to a concentration of 1 x 1018
by 10 pum thick p-type epitaxial layers doped to a concentration of 1 x 10! cm 3. Si-face 4H-SiC (0001)
4° off-axis surface orientation has been polished by the chemical mechanical method on the bonding

cm 3, followed

face of the wafer (i.e., the side to which diffusion bond will be made). All of the wafers were diced into
10 x 10 mm? samples.

In the next step, surface preparation and cleaning has been done in three sequential steps. First,
each sample was cleaned with a dredge in methanol for 5 min. Then, the sample was dipped in a
solution of (48%) diluted HF, consisting of HO:HF (25:1) for 5 min to remove any native oxide (SiO5)
on the front and backside of the surface epi-layer and substrate layer, respectively. In the next step,
the samples were dredged by rinsing in normal water for 5 min. Finally, each sample was cleaned in
deionized (DI) water, at room temperature for 5 min.

Furthermore, the DW process has been used to deposit the Al-Foil as a metal contact with a
diffusion pumped chamber at a base pressure of not less than 1 x 10~* mbar. The Al-Foil and SiC
surface were brought into contact with each other under a pressure of 750 N force ( for 5 min) at 575 °C
temperature for 15 min. Finally, at the same time, 100 um thick of Al-Foil was welded as an ohmic
contact on the entire surface backside of the SiC substrates and 60 um thick of Al-Foil was welded as a
Schottky contact on the center of the SiC epitaxial layer.

2.2. Electrical Measurement Procedure

The electrical properties at the interface of Al-Foil and p-type 4H-SiC depend on several factors
such as treatment on surfaces of the substrate before bonding, temperature, contact force, subsequent
annealing while DW bonding. It is noteworthy that prior to bonding, no RCA cleaning procedure
was introduced on the surface of the 4H-5iC sample. The cleaning procedure was done in a normal
environment. In this article, our motivation was to observed and represent Al-Foil/p-4H-SiC electrical
behavior and inhomogeneities within identically manufactured Schottky barrier diodes. We have
manufactured nine diodes by diffusion welding (DW) technology. These nine diodes are manufactured
with identical cleaning process and same manufacturing process parameters. Here, we emphasized
the comparative study of barrier inhomogeneities and current handling capabilities of these identically
manufactured Schottky diodes. So, we have chosen two diodes out of nine SBDs. The I-V and C-V
characteristics on these two p-type 4H-SiC SBD (DWSH#III and DWSH#IX) with the thickness of 365 (£2)
pum measurements were performed in a temperature range of 300 K—450 K. These SiC Schottky diodes
are placed in an enclosed probe station integrated with a DLS-83D temperature controller from Semilab
Co. Ltd. The comparative study also observed another seven Al-Foil/p-type 4H-SiC SBDs that were
identically manufactured by DW techniques, having an average thickness of 365 (£2) um. However,
the temperature dependence of I-V characteristics of the DWS# III and DWS# IX was also measured
at high temperature with a Keithley 2400 source and measurement unit, with a dedicated LabVIEW
program current that was set up to 1A.

3. Results and Discussion

This section is divided into four subsections: temperature dependent I-V, C-V characteristics,
discussion of the I-V, C-V results, and the activation energy plot are discussed based on the electronic
transport and barrier inhomogeneities for p-type 4H-SiC based Al-Foil contact SBDs.

3.1. Temperature Dependence of I-V Characteristics

Al has been extensively used as a metal contact and interconnects in semiconductor devices,
especially for Schottky contacts because it has a low SBH and low resistivity which results in
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a lower forward voltage drop. However, the barrier height is of concern for current carrier
transport mechanisms through the metal and 4H-SiC barrier interfaces. Therefore, to accomplish
a complete understanding of the current transport across the diffusion welded Al-Foil/p-4H-SiC
contact SBD characteristics, it is necessary to take into the consideration of thermionic emission
(TE) [19], interface state density distribution [20], the image-force lowering [21], the recombination
and quantum-mechanical tunneling [22,23], distinctive high level of TFE [24] and also the lateral
distribution of BH inhomogeneities [25,26] that influence the device current capabilities [27,28].
The DLS-83D measurement unit exhibits a forward I-V characteristic, as shown in Figure 2. This figure
shows the rectifying properties of nine (DWS#I-IX) Al-Foil/p-type 4H-SiC SBDs at room temperature.

A\\\,&A LSS
GLLELESL
. §3585 83
10 i s e T o
e 'j/::::’:vv"z.jﬁ;“AkA" 9\ﬂe’,\\ . .»""""" ;.
0 oy > £
10 N
107"
2107
£
=
o
el -
g 107 —— DWS-I
g - - DWS-II
i -+~ DWS-III
10* -~ DWS-IV
DWS-V
DWS-VI [
w4 e DWS-VII
- -+ - DWS-VIIl
————— DWS-IX
]0-6 T T T T — - T - T T

Forward voltage (V)

Figure 2. Current-voltage characteristics of p-type 4H-SiC (DWS# I-IX) SBD illustrating the effect of
tunneling and showing a decrease in the bulge in current as voltage increase.

Additionally, two diffusion welded diodes (DWS# III and DWS# IX) are utilized for
temperature-dependent I-V characteristics out of nine SBDs to study the barrier inhomogeneties
and current transport process. The Figure 3 show exponential behavior over a voltage range in forward
I-V-T characteristics for the SBDs DWS# III and DWS# IX at temperatures 300 K-450 K.

The forward current dramatically increases with temperature, as shown in Figure 3.
This represents the various mechanisms of current transport dependence on temperature. It can
also be observed that the measurement of forward current bulges more at high temperatures, while the
thermionic emission current mechanism encountered overloads the tunneling current. However,
this bulge is reduced by increasing the applied forward voltage, where the tunneling current is more
prominent over the thermionic emission current, as shown in Figure 3 for the diffusion welded
DWS# III and DWS# IX diodes with a temperature step of 50 K. Furthermore, a keithley 2400 and
4-point measurement unit (current set up to 1A) measures the temperature dependent forward I-V
characteristics for the p-type 4H-SiC-SBD (DWS# III and DWS# IX) at room and 500 K, as shown in the
inserted Figure 3. In particular, inserted Figure 3 clearly shows that with identically manufactured
devices have different current loading mechanisms at different temperatures. This variation in
the current handling capabilities of identically manufactured devices may be due to the thermal
annealing process integrated during DW technology, as well as the cleaning process before fabrication.
The total forward current that is affected by each of these temperatures at forward bias voltage for
current-carrying an ideal homogeneous SBD (without considering small series resistance) can be better
described by thermionic emission theory [28],
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where, I is the total forward current, I; is the saturation current, ®p is the BH, A is the area of the diode,
n is the ideality factor, and A* is effective Richardson’s constant (146 Acm ™2 K~2), k is the Boltzmann’s
constant, g is the electron charge and T is the absolute temperature [29-31]. The temperature-dependent
Dp, nand I; can be extracted from the experimentally obtained forward (I-V) characteristics, which will
clarify the conduction mechanism in the Al-Foil/4H-SiC SBDs.
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Figure 3. Forward I-V-T characteristic of diffusion welded p-type 4H-SiC-SBD (DWS# III and DWS#
IX) showing various current transport mechanisms with the temperature step 50 K. The inset shows
the plots of I-V characteristics as a function of temperature step of 200 K with current set up to 1 A.

For this purpose, the Chung and Chung procedure [32] is used to extract these parameters from
the I-V characteristics. The saturation current I; and the ideality factor (n) can be determined from
the intercept of experimental In (I) versus voltage (V) plot at zero voltage and the slope of the linear
forward region of the In (I) versus V plot respectively. Once I; is determined, the barrier height ®pg
and ideality factor n can be evaluated from following equations (Equations (3) and (4)) by rearranging
Equations (1) and (2):

AA* 2
P = Kqun (— IST ) (3)
_ 4 (_ 9V
"TKT (a(lnls)) @)

Figure 4 shows the apparent barrier height and ideality factor extracted from the p-type
4H-SiC-SBD (DWS# III and DWS# IX) with temperature range 300 K—450 K dependent I-V
characteristics. These obtained BH and ideality factor characteristics help to understand the behavior
of the inhomogeneous potential barrier. Figure 4 demonstrate that the ideality factor decreases with
increasing temperature, whereas Schottky BH increases with the increasing temperature. The large
value of the ideality factor, particularly at room temperature, for both of the identically manufactured
SBDs are shown in Figure 4. In DWS# 111 SBD, it is noted that the value of SBH ®p( has ranged from
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1.03 eV to 1.42 eV, and the ideality factor decreases from 1.98 to 1.34 with increasing temperature.
Barrier height variation is observed in two identically manufactured SBDs, where BH of DWS# III
slightly higher than that of DWS# IX SBD are shown in Figure 4.
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Figure 4. Ideality factor and barrier height investigation of diffusion welded p-type 4H-SiC-SBD (DWS#
III and DWS# IX) as a function of various temperatures deduced from I-V measurement.

Unlike the DWS# 11, DWS# IX SBD shows that the value of SBH (®p) has ranged from 0.95 eV to
1.35 eV and the ideality factor decreases from about 2.45 to 1.95 with increasing temperature. However,
Raghunathan et al. [33] and other researchers [34,35] obtain a high value of the ideality factor and low
value of the barrier height at low or room temperature.

These dissimilarities within identically manufactured SBD devices suggest that the recombination
current is dominated at low forward voltage regions instead of classic thermionic emission theory,
which is also shown in Figure 3. The noted barrier height and ideality factors divergent in both identical
SBDs is resulted due to the lower electron mobility of p-type 4H-SiC-SBD in fractional ionization of
impurities and the structural defects that are initiated by surface preparation processes or during the
deposition process additionally contribute as a carrier recombination center at room temperature [36].

3.2. Temperature Dependence of C-V Characteristics

In the first scenario, the capacitance-voltage (C-V) characteristics of nine p-type identically
manufactured SBDs are measured as shown in Figure 5. Except for some anomalous nature, all of
the DW manufactured SBDs (DWS# I-IX) show typical C-V characteristics. Additionally, temperature
dependent C-V characteristics were measured on DWS# III and DWS# IX SBDs for the SBH to study
their atypical nature with a temperature range from 300 K-450 K, as shown in Figure 6. Unlike DWS#
III SBD, DWS# IX shows distinct C-V-T characteristics, where a decrease in capacitance with increasing
temperature is observed, as shown in Figure 6. In Figure 6 the C-V-T characteristics also shows
abnormality at a higher temperature (450 K) for both DWS# III and DWS# IX SBDs. However, here it
is noted that the DWS# III SBD represents more than double capacitance value at room temperature
compared to that of DWS# IX at 450 K. This distinct nature within an identically manufactured SBDs
could be due the to homogenous doping profile distribution. For a semiconductor with a homogenous
doping profile, the differential capacitance C = % can be expressed by:

Co

C=—F—==

©)
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where
Cy = A=Y oD
2
In our previous paper [16], it was observed that capacitance increases with the temperature
increases, such as the normal C-V-T characteristics for n-type 4H-S5iC SBDs. However, for the DWS# 11
and DWS# IX SBDs, the discrepancy between these C-V-T characteristics can be explained by assuming

the presence of inhomogeneous barrier height and the device processing as well as the measurement
environment conditions, which will be discussed in the following sections.
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Figure 5. Room temperature C-V characteristics on various p-type 4H-SiC-SBDs (DWS# I-IX).
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Figure 6. Temperature dependence of reverse C-V characteristics for p-type 4H-SiC- DWS# III and
DWS# IX SBD.

The BH and doping concentration can be determined from the voltage intercept in plotting 1/C?
as a function of reverse voltage using the standard equation [36]:
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& = (= W) ©)
Dpy = Vpi + Vi (7)
Vi = Vit oo ®)

q
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where Np denotes the doping concentration, V; is the diffusion potential (voltage intercept), Vj; is the
built-in voltage, V; is the reverse voltage, V; is the depth of the Fermi level (between the Fermi level
position and conduction band edge), N¢ is the effective density of states in the conduction band, ¢; is
the static dielectric constant and ¢ is the permittivity of free space and kT is the thermal energy. But at
zero reverse voltage; the capacitance depends on doping density (Np) and building voltage without
considering the effect of image force can be represented as:

KT
Vi = ®po — (Ec — Epn) — ra (11)

These diode doping concentrations and built-in voltages were obtained by rearranging
Equation (6) from the slope and intercept of 1/C? vs. V, plot. The value of the barrier height is
then determined from Equation (10). At the same time, the build-in voltages of the DW SBDs are
obtained by extrapolating intersection of 1/C? vs. V, axis, which can be express by Equation (6).

Figure 7 shows the BH and doping concentration analysis obtained from the measurement
of C-V-T values that justified the C-V-T characteristics. Here, it is remarkable that the higher
inhomogeneous doping profile is present in DWS# IX SBD and it is one order magnitude higher
than DWS# III. Additionally, the DWS# IX barrier height is lower compared to that of DWS# 111
SBD. Nonetheless, the values of the extracted SBH by means of C-V technique increase significantly
as the temperature increases, as shown in Figure 7. The investigated SBH and doping density are
evidently related to the effect of lattice defects in the silicon carbide, by a non-uniform interface creating
inhomogeneity in the BH or thin oxide film introduced in the interface region (between Al Foil and
silicon carbide layer), that was reported by Lundberg et al. [37]. Consequently, the barrier capacitance
influenced in the identically manufactured DW Al-Foil /SiC Schottky contact is due to the decrease in
the barrier height and formation of unknown existence of an intermediate layer.

3.3. Discussion of the I-V-T and C-V-T Results

The barrier heights of DWS# III and DWS# IX SBDs fluctuate about 0.04 eV and 0.07 eV for the
I-V-T and C-V-T measurements, respectively, as noted in Figures 4 and 7. Here, we can observe that
the BH variation is not significantly affected in C-V-T compared to that of I-V-T characteristics. The BH
resulting from the I-V-T and C-V-T characteristic values illustrate that barrier inhomogeneity strongly
depends on in the interface layer, which is caused by a slightly induced BH lowering. Another cause
of the higher dependency of BH on C-V-T characteristics can be explained by the locally induced
non-uniform interfacing lateral BH, which approaches the flat-band SBH [38,39].
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Figure 7. The barrier height and doping concentration plot as a function of various temperatures
deduce from C-V-T measurement for diffusion welded p-type 4H-SiC-SBD (DWS# III and DWS# IX).

Furthermore, the barrier heights obtained from C-V-T characteristics are not mainly dependent
on the ideality factor and therefore they are more compatible for the individual diode, as shown
in Figure 7. These interfacing lateral BHs can be associated with the particular conditions, such as
the cleaning preparation of these SBDs and the fabrication processing steps, especially annealing
temperature [40]. This reduction in the barrier height is one of the main reasons for the effect of an
intermediate layer between Al-Foil and 4H-SiC semiconductor epi-layer. Another possible justification
is that a thin oxide layer is created at the interface during sample preparation, which can also act as
additional capacitance in C-V measurements. Consequently, we can conclude that current through the
contact may be significantly influenced by the existence of the inhomogeneity of BH’s and this can be
more justified by considering the activation energy plot for both identical Schottky diodes.

3.4. Activation Energy Plot Analysis

The activation energy plot of In (I;/T?) versus 10% /T expression can be retrieved from Equation (2)

I

=) = In(AA") = (Zo) g

KT

The values of activation energy plot were calculated from the normalized I-V-T DWS# III and
DWS# IX of Al-Foil/p-type 4H-SiC SBDs as shown in Figure 8. Here, the term In (I;/ TZ) dealings with
two almost parallel regions for both (DWS# III and DWS# IX) SBDs are independent of applied potential.
These lines within two parallel non-uniform regions are anomalous due to the inhomogeneous barrier
or potential fluctuations between the Al-Foil and p-type SiC epi-layer interface layer. Therefore,
from these discussions, and taking into account the formation of the activation energy plot, it is
assumed that at least two discrete barrier heights are present in each of the SBDs. These barrier heights
are mainly concentrated locally as an interface layer existing as regions with relatively lower or higher
barrier heights that is developed are due to the temperature at the boundary between these two-barrier
heights regions during the formation each of the SBDs.

In( (12)
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Figure 8. Activation energy plot of the In (I;/T?) vs. 103/ T deduced from normalized I-V-T data for
DWS# III and DWS# IX SBDs.

4. Conclusions

In this work, we fabricated 60 pum-thick-Al foil/p-type-4H-SiC SBDs by DW technology.
We observed Schottky like characteristics in all nine manufactured devices with identical process
parameters. This investigation found undesired anomalous in their electrical characteristics and
observed barrier inhomogeneties present in all SBDs. The SBH and ideality factors are different while
comparing within SBDs despite their identical manufacturing process. We also found that the ideality
factors is improved by annealing. It observed that at a higher temperature and higher forward voltage,
the tunneling current is dominated compared to thermionic emission current mechanism. However,
at room temperature, the Schottky junction current influenced by the carrier recombination center is due
to incomplete ionization. These results is explained by considering the inhomogeneous barrier height
due to discrete energy levels, tunneling current formation, interfacial native oxide layer formation
during surface preparation and inhomogenous doping profile distribution. The results suggested that
diffusion welded processing parameters and surface preparation steps need to be optimized.
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