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Abstract—3C-silicon carbide (3C-SiC) Schottky barrier
diodes (SBDs) on silicon (Si) substrates (3C-SiC-on-Si) have
been found to suffer from excessive subthreshold current,
despite the superior electrical properties of 3C-SiC. In turn,
that is one of the factors deterring the commercialization of
this technology. The forward current-voltage (I-V) charac-
teristics in these devices carry considerable information about
the material quality. In this context, an advanced technology
computer-aided design (TCAD) model is proposed and validated
with measurements obtained from a fabricated and characterized
platinum/3C-SiC-on-Si SBD with scope to shed light on the
physical carrier transport mechanisms, the impact of traps,
and their characteristics on the actual device performance.
The model includes defects originating from both the Schot-
tky contact and the heterointerface of 3C-SiC with Si, which
allows the investigation of their impact on the magnification of
the subthreshold current. Furthermore, the simulation results
and measured data allowed for the identification of additional
distributions of interfacial states, the effect of which is linked
to the observed nonuniformities of the Barrier height value.
A comprehensive characterization of the defects affecting the
carrier transport mechanisms of the investigated 3C-SiC-on-Si
power diode is thus achieved, and the proposed TCAD model is
able to accurately predict the device current both during forward
and reverse bias conditions.

Index Terms— 3C-SiC-on-Si, band diagram, cubic silicon car-
bide (SiC), inhomogeneous, Schottky barrier diode (SBD), Schot-
tky barrier height (SBH), semiconductor device modeling, SiC,
technology computer-aided design (TCAD), traps.
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I. INTRODUCTION

ILICON carbide (SiC) is a very promising material due to
S its wide bandgap (WBG) properties and has the potential
to replace silicon (Si) in various power electronic applica-
tions [1], [2]. The 3C-SiC is the only cubic polytype of SiC,
also found in the literature as £-SiC [3]. Other major SiC poly-
types, like 4H- and 6H-SiC, feature a hexagonal structure that
introduces anisotropies in their electrical properties and are
generally grouped as a-SiC. Notably, power devices based on
3C-SiC inherit these isotropic electrical characteristics owned
to its cubic structure [4]. Such isotropic behavior, mainly on
the mobility and the impact ionization of carriers, is of signif-
icant importance for power devices [5]. In addition, the cubic
SiC features a slightly smaller energy bandgap (E;) compared
to 4H-SiC that stands as a remarkable benefit for metal—-
oxide—semiconductor field-effect transistors (MOSFETs) by
energetically locating the SiO2/3C-SiC interfacial traps in
the conduction band of 3C-SiC, and in turn, resulting in
a largely improved channel mobility [6]-[8]. Therefore,
3C-SiC MOSFETs are expected to have remarkably reduced
conduction losses and increased reliability. Furthermore,
3C-SiC has the ability to be grown on cheap Si substrates
(3C-SiC-on-Si) [9]. This allows large-area wafers of the mate-
rial to be obtained and the cost for power devices fabrication
to be reduced. Hence, 3C-SiC-on-Si power devices offer a
cost-effective high-performance WBG technology platform
where the improved devices’ performance, including high-
temperature operation, faster switching, and lower losses, can
translate in a new generation, high-performance, and compact
power electronics converters and accelerate the replacement of
Si technology. The 3C-SiC-on-Si Schottky barrier diode (SBD)
is a great candidate device because it combines the superior
WBG material properties of SiC with the properties of SBDs
such as negligible reverse recovery, low switching losses, and
high operating temperatures. However, so far, the formation
of a reliable pure Schottky contact on SiC has been proved as
a rather challenging task, mainly suffering from high reverse
leakage current [10].
The observed high leakage could be attributed to traps in
bulk or at the interface between the metal and the semicon-
ductor, some of which could originate at the heterointerface
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between Si and 3C-SiC, e.g., induced by the lattice mismatch
between the two materials [9], [11]. The presence of these
defects and the high leakage is considered a bottleneck,
hindering the commercialization of this technology [12]-[14].
Recent developments in the heteroepitaxy process [15]-[18]
suggest that 3C-SiC epilayers with low bulk defect densities
can soon be obtained yet a better understanding of the causes
of this leaky behavior is needed as well as the location
and type of defects and traps. An SBD is indeed an ideal
test device for the study of the carrier transport mechanisms
in any semiconductor material, the related physics, and the
impact of traps on the aforementioned. An appropriate model
that can include those would allow to reach a deep level of
understanding of these complex phenomena and would stand
out as a significant milestone for the creation of accurate
designs, which could in turn suppress the currently observed
excessive leakage and subthreshold current levels [19]—[21].

However, interfaces formed when SiC is brought into
contact with metals are rather complex carriers’ transport
systems [22]. The Schottky—Mott rule [23] is hardly ever
observed in experiments because it omits the impact of inter-
face states and charges on the actual Schottky barrier height
(SBH). In addition, evidences of SBH inhomogeneity [24]
discourage the adaptation of the Fermi level (Ef) pinning
mechanism in explaining why the Schottky—Mott theory lacks
in accuracy.

The inhomogeneity of the Schottky contacts has been
widely investigated for the SiC SBDs. Nonuniform properties
of the SBH create the conditions for an increased leakage cur-
rent and a reduced blocking voltage value [25]. In [26]-[28],
such variations in performance have been attributed to the
existence of a Gaussian distribution for the SBH values
around a mean value. Another simplistic approach suggests
two independent SBHs in parallel [29]-[31] to express the
resultant current. Inhomogeneous Schottky contacts have also
been described by Tung’s model [25], [32]. According to
this model, spatially, no uniformities of the barrier height
are related to potential fluctuations at the Schottky interface-
forming patches. The patch dimensions are comparable with
the space charge region width. Therefore, in low forward-bias
conditions, the conducting low-barrier patches have their cur-
rent laterally pinched-off. Nonetheless, this fitting model is not
applicable for diodes with a significant degree of nonideality
(n > 1.21) [30]. Furthermore, the physical interpretation of
these fitting parameters remains mainly unanswered [33].

Interestingly, it has been shown that the inhomogeneity
of the SBHs can be linked with the presence of defects
of various origins, including both the materials and the
devices [34]-[39]. In [40], defect clusters spatially located
near the Schottky interface were responsible for the formation
of partial low-barrier patches. Different SiC SBDs have been
characterized in [41], with the existence of varying degrees of
deep levels that were identified as the cause for the observed
differences in the leakage current. However, the physical
mechanisms of these traps’ influence on the barrier height of
SiC SBDs are still mostly unclear.

In this article, a model is developed based on interfa-
cial traps, which obey conditional trapping/detrapping rules,

to describe the behavior of the SBH in Schottky metal/3C-
SiC-on-Si interfaces. Advanced technology computer-aided
design (TCAD) is utilized along with measurements from a
fabricated and characterized vertical 3C-SiC-on-Si SBD [42],
establishing a deeply physical method, which allowed to link
the nonuniformities of the SBH with the impact of traps.
Thereafter, a comprehensive model is suggested to accurately
describe the observed excessive leakage currents in both
forward and reverse operations. The model is built upon
the presence of trap states at the Schottky interface, and
the physics governing their effect on the carrier transport
mechanisms are revealed. It is, therefore, considerably more
accurate to existing models, especially when the # value of
SBDs exceeds unity.

According to the proposed TCAD model, the interfacial
traps’ dynamics can introduce a nonuniform distribution of
the electric field at the surface of the Schottky contact. Such a
condition is likely to enhance mechanisms like the image force
lowering of the SBH, field emission (FE) or quantum barrier
tunneling mechanism, and trap-assisted tunneling (TAT). This
can significantly modify the number of carriers having the
required kinetic energy to cross the barrier and, in turn,
strongly affects the subthreshold current. Moreover, in the
postthreshold region, the forward current mainly depends on
the thermionic emission (TE) theory and is directly affected
by the discrete bulk deep levels. Consequently, in this article,
a complex contribution is modeled, which indirectly influences
the barrier height and the resistivity, in accurately reproducing
the subthreshold, the ON-state and the leakage current obtained
by measurements.

The rest of this article is organized as follows. In Section II,
the physics-based theory of the proposed TCAD model is
presented. In Section III, the model is applied and validated
utilizing measurements from a 3C-SiC-on-Si SBD. Finally,
in Section IV, the conclusions of this article are presented.

II. SUGGESTED MODEL FOR THE SUBTHRESHOLD
CURRENT WITH THE IMPACT OF THE SCHOTTKY
INTERFACE STATES

The terms defect, trap, and state are referenced throughout
this article. A “defect” is a generic term used to reference
material anomalies responsible for the formation of traps. The
term “trap” specifically refers to the energy level that exists
due to a defect of the crystal lattice and is able to conditionally
capture charge carriers, temporarily or permanently. Traps can
be of donor and/or acceptor type. The term ‘“state” indicates
a trap spatially located at the metal/semiconductor interface
demonstrating donorlike and/or acceptorlike behavior.

A. Linking the Interface States With a Uniform Behavior of
the Schottky Barrier Height of the Schottky Contact

In 3C-SiC SBDs, the TE theory predicts a low subthreshold
current in forward bias. For each temperature value, only a
fraction of majority carriers from the tail of the resulting
occupation distribution features enough energy to overcome
the Schottky barrier. However, elevated subthreshold current
levels are usually observed in fabricated devices. The main
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Fig. 1. Occupation distribution of the electrons in E¢ of 3C-SiC as resulted
from the multiplication of the probability of occupation of state (Fermi—
Dirac distribution) with the number of available density of states in this
band [43]. The calculations refer to a 1.5 x10'0¢cm n-type-doped material
and T = 300 K. The zero potential energy in this illustration corresponds to
the valence band (Ey) of 3C-SiC.

reason for this is the combined effect of both the Schottky
interface and the bulk 3C-SiC defects. For a given temperature,
the kinetic energy of the majority carriers remains unaltered
and so does the shape of the occupation distribution in the con-
duction band. Thus, the observed high level of the subthreshold
current indicates that the presence of traps should introduce
an effect on the potential energy at the interface affecting the
SBH value. This essentially modifies the ratio between the
number of majority carriers able to cross the barrier and their
total population at a specific temperature in the occupation
distribution. Therefore, a TCAD model is proposed to imitate
the impact of the traps and states existing in a 3C-SiC-on-
Si SBD on the SBH value and, in turn, the overall electrical
performance.

For the rest of this article, we assume n-type 3C-SiC-on-
Si material and, thus, electrons as the majority carriers. The
authors previously reported on the parameters and physical
models of the bulk 3C-SiC aiming for representative TCAD
modeling and simulation [43]. Utilizing this material physical
model, the occupation distribution of electrons in the conduc-
tion band (E¢) of the 3C-SiC is illustrated in Fig. 1.

With the suggested TCAD model, the subthreshold region
of the forward log(/)-V characteristics of an SBD is utilized
as a starting point. This region has been linked with the
quality of the material [44], allowing, therefore, for the various
trap distributions to be identified. The identified traps can act
either as recombination or generation centers depending on
the bias conditions. An illustration of the band diagrams for
a 3C-SiC-on-Si SBD is shown in Fig. 2 for the case where
no interfacial defects are considered. The TE theory predicts
a specific amount of majority carriers from the occupation
distribution, having the required energy to flow to the metal
side.

In equilibrium, this current is balanced by the occupation
distributions at the conduction bands of each system. Nonethe-
less, the existence of states at the Schottky interface disrupts
this thermal equilibrium condition.

In this section, we assume the Schottky interface to feature a
trap profile comprising donor and/or acceptorlike states. Each
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Fig. 2. For a defect-free metal/3C-SiC-on-Si interface in equilibrium and
for a specific temperature, the TE predicts a small amount of carriers from
the 3C-SiC occupation distribution in E¢ to be able to cross the barrier.
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Fig. 3. Interfacial donorlike states can modify the equilibrium conditions

enabling a greater portion of the electrons’ occupation distribution to cross
the barrier, thus resulting in more current in early forward bias. The dotted
Ec represents the initial bending due to the depletion region without any
effect from interfacial states.

type of these interfacial states is considered to have a contin-
uous energetic distribution over a specific range of energies.
The neutrality level (Eg) level separates the acceptor from the
donor levels. Traps energetically located below Ef are more
likely to carry an electron. On the contrary, the ones above Er
are more likely to carry a hole. The acceptor traps carrying
a hole are neutral, while they become charged (negatively)
after capturing an electron. Similarly, donor traps carrying an
electron are neutral unless they are occupied by a hole that
makes them charged (positively). Hence, the fixed position
of the traps’ Ep and the position of Er, which varies with
the applied voltage [45], essentially determine whether there
exists additional charge and of what polarity at the Schottky
interface.

Fig. 3 illustrates a case where the interface traps’ profile
consists of a continuous band of donorlike states. The donor
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states energetically above Ef can become occupied, forming a
positive charge at the interface, the Schottky barrier becomes
thinner, and an effective build-in potential (Vg’iff) is formed.
The difference between the actual build-in potential (Vi)
and Vlfiff can be seen in Fig. 3 as delta (). Notably, Vg’iﬁ
depends directly on the quantity of ionized occupied states.
Under zero bias, there exists an increased quantity of majority
carriers crossing the barrier because of thermionic FE (TFE).
FE current is also present and its importance depends on the
concentration of these states.

The application of small forward bias (Vy) moves all
bands, including Er upward. This upward movement of Ep
reduces the quantity of occupied donorlike states. Conse-
quently, the positive charge at the interface reduces, which,
in turn, decreases o, although both V;; and Vg’iﬁ decrease due
to Vy. The overall result is a significantly increased TE and,
at the same time, a reduction of the TFE.

Considering the case in which the traps’ profile consists of
a continuous band of interfacial acceptorlike states with an
energetic distribution, covering a wide range above and below
EF, then the states above Ef are not occupied, and thus they
would not contribute at all to the current at the equilibrium
condition. Similarly, although the acceptorlike states that lay
below EF are highly likely to be occupied, their effect would
be an increment of the SBH [46], which, in turn, would
further limit the already small percentage of electrons that
were allowed to cross the barrier with TE from the tail of their
occupation distribution. The large concentration of the occu-
pied acceptorlike states would degenerate the initial metal/n-
type 3C-SiC-on-Si with the emulated negative charge. Hence,
although the barrier increases, this increment should feature a
very thin triangular shape due to band bending. Therefore,
the limited TE will be balanced by the TFE. Moreover,
the recombination with TAT will not be favored due to the
energetic positions of these states below the relative position of
EF at the Schottky interface. For these positions in the energy
axes, the barrier separating the activated acceptorlike states and
the occupation distribution is relatively thick. In consequence,
both direct (FE) and indirect tunneling (TAT) would have a
negligible contribution.

Fig. 4 illustrates a scenario where the interfacial traps’
profile features a distribution of acceptorlike states closer to
Ec and a distribution of donorlike states below Eg. At zero
bias, the position of Er at the interface, in this case, also
determines a positive charge, however, less compared to the
one formed in Fig. 3. In turn, the induced J value and the
amount of electrons able to transport with TFE will decrease.

Fig. 5 depicts the same traps distribution but at higher
forward bias, while Vy < Vi The relative position of Ep
at the Schottky interface moves upward, and under these
conditions, the acceptorlike states energetically located below
EF can become occupied, i.e., forming a negative charge. thiff
becomes larger than Vy,; near the interface, 0 becomes negative,
and the charge causes the bands to bend and to form a “thin
triangular-shaped” region located at higher energies than the
original barrier. In consequence, the effective barrier height
increases. The contribution of TFE is sufficient through this
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Fig. 4. At the metal/3C-SiC-on-Si interface, both donorlike and acceptorlike
states exist separated by the notation of the neutrality level. In equilibrium,
Er determines a positive charge due to the donorlike states still energetically
remaining above this level. The dotted E¢ represents the initial bending due
to the depletion region without any effect from interfacial states. Red states
resemble acceptors and green resembles donor traps.

T=300K

junction

[ Metal System 3C-SiC-on-Si (n-type) |

L

Space Charge region

Energy

Device
Thickness [
—— =
0 ff
e
Vi —Vy |70 T
5
Fefy
Eg

cut LLLLLL L L L.

' ! Unoccupied

Closer view to the
Ec in detail

Unoccupied
Acceptor-like states

Donor-like states

Fig. 5. At the metal/3C-SiC-on-Si interface, both donorlike and acceptorlike
states exist separated by the notation of the neutrality level. The application of
forward bias forces Ep to move upward. This alters the condition illustrated
in Fig. 4 and acceptorlike traps now become ionized, thus highly likely to
be occupied by an electron. This can balance the previously strong effect the
charged donorlike states introduced to the barrier height.

thin region, although reduced compared to the previous bias
condition in Fig. 4.

It is thus interesting to note the impact of bias condition on
the effective built-in potential as described in Figs. 4 and 5
where the interfacial traps’ profile features a distribution of
acceptorlike states closer to E¢ and a distribution of donorlike
states below Eg. The type of charged states and their strength
changes with bias that directly affects the TFE current element.
The FEs in both these bias cases remain less important,
whereas the TE eventually becomes the dominating factor but
only when the bias approaches Vy;.

Moreover, the presence of states in all the aforementioned
scenarios, i.e., in Figs. 3-5, can also stimulate TAT. The
impact of forward bias on TAT is explained as follows. The
Fermi level and the bands of the semiconductor move further
up increasing their energy. Electrons tend to move from a
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Fig. 6.  Amphoteric interfacial traps at the metal/3C-SiC-on-Si increase the
complexity of the modeled effect on the SBH, by counterbalancing their
influence, but also offer more degrees of freedom in matching characterized
diodes. The dotted Ec represents the initial bending due to the depletion
region without any effect from interfacial states.

higher Ef level to a lower Ep level side; thus, in these
conditions, they favor a move from the semiconductor to
the metal (Efpc_SiC > El\Fdetal). Donorlike interfacial states
above Ef are able to release majority carriers to the metal
side (capture a hole). Thus, electrons in the occupation dis-
tribution of the n-type 3C-SiC-on-Si conduction band that
is energetically located lower than the formed thiff are now
very likely to be captured from the ionized (occupied by
holes) interfacial donor states, giving rise to TAT recombi-
nation. In addition, the donorlike states can become positively
charged, as described earlier, and induce band bending that
further encourages the TAT mechanism. Similarly, acceptorlike
states below Ef absorb majority carriers in the vicinity of the
interface from the semiconductor side. In this condition, they
are able to capture holes from the metal side, i.e., resembling
the completion of a TAT recombination process. However,
the TAT recombination originating from acceptorlike states
below the Ef can be less intense compared to an equivalent
case with donorlike states above Er. That is because tunneling
in the latter takes place at a lower energy where a higher
part of the occupation distribution meets the correct energy
requirement.

Therefore, the donorlike interfacial states contribute to the
current by enhancing both the TFE and the indirect TAT
recombination, while the acceptorlike ones mainly affect the
TAT recombination processes. In both cases, the resultant
carriers’ flow adds to the TE and shapes the subthreshold
current of the power diode.

In the extreme case of the presence of amphoteric interfacial
traps [47], [48], we have states at the same energy which
can behave both as acceptors and donors. This is illustrated
in Fig. 6. Depending on the forward bias level, positive
charge, from the occupied donorlike states, is compensated
by negative charge, originating from the occupied acceptorlike
states. Accordingly, this can alter the contribution of the TFE,
FE, and TAT recombination to the resultant current.
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Fig. 7. Nonuniformities of the SBH resembled on the same band diagram.
Two interfacial trap profiles, A and B, featuring different donorlike state
distributions are able to model a first patch region (solid Ec). The dashed
Ec corresponds to the effect induced considering only the trap profile A,
which is a similar case to the one shown in Fig. 3 and can resemble a second
patch. The dotted E¢ represents a case without any effect from interfacial
states.

Summarizing, the exact /-V relationship and the amount
of majority carriers flowing toward the metal side, while in
the sub-threshold region at every bias condition, are directly
affected by the exact interface traps’ profile. We argue that
a spatially uniform distribution of this traps’ profile along all
the Schottky contact essentially defines a uniform behavior of
the SBH for this contact. Thereafter, this uniform behavior
can be disrupted by the introduction of multiple additional
trap profiles featuring different spatial properties along the
Schottky contact.

B. Modeling the Nonuniformities of the
Schottky Barrier Height

Nonuniformities of the SBH can be modeled by defining
multiple interfacial trap profiles that must act in patches at
different locations on the Schottky contact. This is illustrated
in the same band diagram shown in Fig. 7. The solid line
resembles what could be a “patch region one,” while the
dashed one resembles what could be a “patch region two.”
In “patch region two,” the profile of the states can be similar
to what is described in Fig. 3—for simplicity, we will refer
to it as “profile A.” In the “patch region one,” there can exist
“profile A” but also “profile B.” The traps’ “profile B” can
introduce different states’ distributions of a different neutrality
level. In the scenario of Fig. 7, trap “profile B” consists
of donorlike states close to Ec. Qjra corresponds to the
charged donorlike states from the “profile A.” On the other
hand, Q;;p corresponds to additional charged donorlike states
contained in the “profile B,” which is energetically expanding
in a narrower band of energies. This emulates a lower SBH
value on the Schottky contact for the “patch region one”
compared to the “patch region two” in which only the trap
“profile A” applies. As with previous cases, the application
of bias strongly affects which one of those two trap profiles,
and thus patches, will be more active. For Vy < VW,
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in “patch region one,” both donorlike state distributions form
a positive charge, creating enhanced electric field conditions
at the interface. In turn, the TFE, FE, and TAT recombination
becomes more dominant compared to the rest of the contact
area. Consequently, &' becomes larger for “patch region one”
(0 > ¢), indicating a smaller Vb*’iff AB and thus a smaller
SBH value, as shown in Fig. 7. With the applied forward bias
increasing, both Q;;4 and Q;;p reduce. Beyond a specific bias
level, EF will eventually overcome the shallowest donorlike
energy level of the interfacial trap “profile B” and Q;/p
will become zero. Thereafter, only “profile A” will affect the
carriers’ transport, thus determining a larger effective build-in
potential ( Vlfiff ‘ A). In turn, the TAT recombination will reduce,
resulting in a different # value, closer to unity. In consequence,
the subthreshold region of the log(/)-V curve will feature two
different slopes. Similarly, even more complex curves of the
subthreshold current can be associated with the presence and
contribution of even more complex states profiles and patches
at the Schottky interface.

The spatial information of any additional traps’ profile,
which accounts for a localized nonuniformity of the SBH,
remains arbitrary and can be adjusted given the actual states’
distribution for each Schottky contact. Thus, it is assumed that
any patch definition will expand within a particular percentage
of the total Schottky contact area. Currently, it is not possible
to determine the exact location and the dimensions of the
patch, responsible for the inhomogeneity, within the Schottky
active area. Given the accurate TCAD model of the diode and
the utilization of the area factor, the percentage of the actual
active area over which the additional trap-profile spatially
expands should be decided with simulations.

III. ATTRIBUTING THE SUBTHRESHOLD CURRENT
TO THE INTERFACIAL STATES—CASE STUDY

A. 3C-SiC-on-Si Schottky Barrier Diode
TCAD Modeling Methodology

The vertical power SBD, considered in this article, features
cylindrical contacts and its fabrication was reported in [42].
The Schottky interface was formed from the evaporation of
platinum (Pt) on a 4-um-thick nonfreestanding drift layer of
the 3C-SiC material, epitaxially grown on Si. The area of the
Schottky contact is smaller than that of the back titanium (Ti)
ohmic one in order to deal with parasitic capacitance elements
of the device [49]. Consequently, a fraction of 3C-SiC surface
is exposed on the top. A buffer layer of 1 um is included
resulting in a punchthrough design. The Si substrate is approx-
imately 500 xm thick [50], while all the layers are nitrogen
(N) doped. The design details can be identified in the device
cross-sectional view illustrated in Fig. 8.

The annealing process for contact smoothing eventually
forms platinum silicides (PtSi) [46]. The work function of PtSi
is still greater than the electron affinity of the n-doped cubic
SiC (Dpsi > X3c). This indicates that, after contact, majority
electrons flow from the semiconductor to the metal to reach
equilibrium. This flow lowers the potential energy of the bands
at the 3C-SiC side. The SBH, or metal-semiconductor work
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Ny —f——

.

w T
Q| N- Drift 4um
« 1.5x10%cm=3

a L N'buffer  5x10%cm 2 1um
@

= 500um
=]

5

S
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Fig. 8. TCAD simulated cylindrical asymmetric SBD structure based on an
isotype 3C-SiC on Si heterointerface.

TABLE I
BASIC PARAMETERS OF BULK 3C-S1C FOR THE BAND DIAGRAM

Parameter Bulk 3C-SiC
Bandgap (E;) at T=300K [eV] 2.353
Intrinsic carrier concentration (n;) [cm™] 0.2285
Electron affinity [eV] 3.83
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Fig. 9. Band diagram of the Schottky contact between n-type 3C-SiC-on-Si
and thin PtSi. The interfacial traps’ Profile A, in Table II, and the position of
EF decide the formed positive interface charge.

function (®p,), formed governs the current transport in the
SBD.

The band diagram of the investigated SBD is illustrated
in Fig. 9. The work function of thin PtSi, ¢®psi =
498 eV [51] and the validated bulk 3C-SiC parame-
ters [43], [52], listed in Table I, have been employed in the
calculations. For the accurate representation of Er in the bulk,
the bandgap narrowing phenomenon has been considered in
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the calculations in (1), where nq is the equilibrium concen-
tration of majority electrons at 7 = 300K. The band diagram
assists in identifying the relative position of Er at the Schottky
interface, which is crucial information for the discussed model.

Ep —Eg/2

ny = njexp T

(1)

B. Suggested Model on the Subthreshold Current Assuming
a Spatially Uniform SBH Behavior

Synopsys Sentaurus Structure Editor [53] and Synopsys
Sentaurus Device [54] were utilized to simulate the 2-D model
of the SBD depicted in Fig. 8 with the application of a
proper area factor value. The design methodology includes
an initial simulation without the inclusion of any bulk or
interfacial trap profiles in order to obtain the subthreshold
current as predicted from the TE only. Thereafter, the com-
parison between the obtained log(/)-V and the measurements
assists in deciding which case of interfacial trap distributions,
from the ones described in Section II, is more likely to cause
the differentiations between the simulated and the observed
current. The band diagram of the diode largely assists toward
this direction because it contains critical information, i.e., the
position of Ep. Utilizing the information of the relative
position of EF at the Schottky interface and the selected case
of the traps’ profile, the distribution properties of the donor
and/or acceptorlike states within this trap profile are roughly
estimated. The mean and sigma values of these Gaussian
distributions are set in such a way so that the neutrality level
can be determined. Thus, E( is not defined in the simulations,
rather it arises as the energy level that separates the two
Gaussian distributions of the interfacial traps’ profile. Finally,
the concentration and the exact range of energies for each
state type are identified through extensive simulations and
comparison to the experimental results.

According to the suggested model in this article, a trap
profile is considered, featuring states with a continuous band
of energies at the PtSi/3C-SiC-on-Si interface. Focusing on
the subthreshold current measurements of the investigated
diode, subsequent TCAD simulations were carried out to
identify the distributions of these interfacial states. The best
match between measurements and simulations was obtained
with the introduction of a traps’ profile with both donorlike
and acceptorlike distributions (Profile A), resembling the case
illustrated in Fig. 4, and properties as listed in Table II. The
result, which compares the measurements with the simulations
considering uniform SBH behavior, is shown at the end of this
section.

The simulations revealed that E(, separating the two dis-
tributions of the traps’ Profile A, should be energetically
considered above Ef in equilibrium, as illustrated in Fig. 10.
The notation @ is used to identify the neutrality level with
respect to the valence band (Ey). This implies that a positive
charge is formed at the Schottky interface due to occupied
interfacial donorlike deep levels, as shown in Fig. 9.

The characterized states, in Profile A, are coupled with
the Schottky contact through a calibrated nonlocal TAT

TABLE II
IDENTIFIED DEFECTS IN THE INVESTIGATED 3C-S1C-ON-SI1SBD

Traps’ . Energetic
Description Type Concentration Distribution
Schottky Gaussian
interfacial Donor 6x10" cm™ EICIT,;'" Ev —0.8eV ,
states lE _0.8eV
resulting in Sig —

a specific Gaussian
effect on the Acceptor 5x10"% em™ Efr_g"‘ Ec = 0.4ev
SBH MlE = 0.4eV

(Profile A) sig = 0.a€
Bulk deep
le:el‘; g”e Single Level
; c /S; Acceptor | 1.5x10"%cm™ | Activation Energy [55]:
Ey —
hetero- EfTomEr = 0.5V
interface

Metal / n-type 3C-SiC-on-Si

Interface
3¢ |
Eg ok
——  ACCEPTOR STATES Neutral: Ep below £
~ |=F= Ionized: £, below E
g Y I Ey
— EE ) ) ) o Neutral: Epbelow Ep
I 1= DONOR STATES [ Ionized: Ep below Ej,
o ——
RIMES Ey
E,
ACCEPTOR ¢
STATES Eo = 1.6eV fromEy
s/c _
DONOR ~— L —— Ep’” =2177eV from Ey
STATES (relative position at the surface

due to band bending
after equilibrium)
Ey

Fig. 10. Continuous band of donor and acceptor states in conjunction with
the assumed position of E( and the calculated position of Ef for the n-type
3C-SiC-on-Si produces a positive charge at the Schottky interface while in
equilibrium. The energies of the acceptor and donor states are indicated as
E 4 and Ep correspondingly.

TABLE III
MOBILITY AND TUNNELING PARAMETERS

Parameter 3C-Sic
electrons holes
Mobility [cm*/Vs] 650 50
Tunnelling mass [in units of 0.05 0.05
mo]
Interface prefactor (gc) 1x107 0.66x10~

model [56]. The values of the parameters for this model were
fine-tuned for 3C-SiC, as shown in Table III, to achieve the
best match to the experimental data [42]. The tunneling mass
of electrons is a dimensionless property of the material that
forms the tunneling barrier, whereas the prefactor (gc) refers
to the ratio between the effective [57] and the free electrons
Richardson constant [58].

Furthermore, to accurately emulate the ON-state perfor-
mance, the influence of bulk acceptor traps was also required

Authorized licensed use limited to: Cyprus University of Technology. Downloaded on August 05,2024 at 09:31:19 UTC from IEEE Xplore. Restrictions apply.



ARVANITOPOULOS et al.: DEFECTS-BASED MODEL ON THE BARRIER HEIGHT BEHAVIOR 61

—— (1) Thermionic Emission
10" . ---(2) Inclusion of Traps
——(3) Image Force mechanism

a ---(4) Direct Barrier Tunnelling
s ‘ () Trap—{%ssisted Tunneling ‘

0.5 1 15
Anode contact Voltage (V)

Anode contact Current (A)

Fig. 11.  Combined contribution of the identified traps in Table II and
their effect on the majority carriers’ transport after TCAD simulations of
the investigated 3C-SiC-on-Si SBD.

in the simulations. These deep levels, originating from the
3C-SiC/Si heterojunction region, are modeled to spatially
distribute in a uniform manner throughout the 3C-SiC epilayer.
The properties of the bulk traps are given in Table II. Such
bulk traps affect the majority carriers’ transport by capturing
and releasing electrons, which decreases their mobility and,
in turn, increases the simulated on-resistance. The defects
generated at the heterointerface of 3C-SiC to Si are mainly
attributed to the out-diffusion of Si from the substrate in
order to contribute to the formation of the overlying SiC
layer [15]. To the credit of this article, the TCAD simulation
results are in line with reported observations for the 3C-SiC,
which consider the silicon vacancy (Vs;) to act as a deep
acceptor level [59]. Moreover, the observed simulated behavior
of the introduced deep levels originating from the 3C-SiC/Si
heterointerface resembles the presence of stacking faults (SFs).
The SFs in 3C-SiC are highly electrically active also causing
scattering of electrons especially in n-type materials [60]. This
source of increased resistivity is the main cause of power
device degradation. More specifically, the accumulated N at
such crystallographic defects creates preferable paths for the
current to flow in 3C-SiC [61].

All the identified defects (interfacial traps’ Profile A and
bulk traps) affect the carrier transport and accordingly the
shape of the SBD log(/)-V curve. Simulation results shown
in Fig. 11 give an insight into how the presence of these
defects impacts the current mechanisms, which are subse-
quently activated. In particular, in curve 1, only the TE is
activated in the simulations of the power device. In curve 2,
the inclusion of the interfacial traps’ Profile A does not
have a strong contribution in the subthreshold current unless
additional interacting mechanisms are involved to describe
its effect on the SBH. The deep level bulk acceptor traps
mainly affect the postthreshold part of the /—V characteristic
by draining majority carriers and, thus, limiting the ON-state
current level. In curve 3, the image force lowering, due to the
depletion region charge and the charged donorlike interface
states, signifies the contribution of the TFE current. This
results in more carriers crossing the barrier for the same
potential energy and temperature. In curve 4, the barrier

”

100
—&-Pt/3C-51C SBD measurements
Simulations with Bulk traps and
States Profile A
10°

107

Anode contact Current (A)

0 02 04 06

Anode contact Voltage (V)

0.8 1 1.2

Fig. 12. TCAD simulated log(/)-V characteristics of the investigated
Pt/3C-SiC-on-Si SBD after the inclusion of the traps in Table II is in a very
good agreement to the experimental data [42].

tunneling mechanism is activated to account for the FE of
electrons. Finally, in curve 5, the calibrated nonlocal TAT
model accommodates for the indirect tunneling of electrons
through the identified interfacial states of Profile A.

Interestingly, the simulations in Fig. 11 indicate an almost
negligible contribution of the FE mechanism to the subthresh-
old current. In fact, the specification of the interfacial states’
distributions is responsible for this behavior. The positive
charge formed due to the portion of the donorlike states
that become occupied is relatively small. Thus, the resultant
band bending induced by this charge is not significant and
the barrier shape does not get thin enough to strengthen the
FE of the majority carriers. At the same time, the occurred
band bending encourages TAT by moving the occupation
distribution of electrons closer to the interfacial states. If the
distribution of the interfacial states featured only donorlike
traps as shown in Fig. 3, then the FE element of the total
current would be greater at the expense of the TAT element.
Comparing curve 1, in Fig. 11, to the final simulated forward
bias log(/)-V curve of the SBD in Fig. 12, it is clear that
the subthreshold current is a representative indicator of the
semiconductor material quality in 3C-SiC-on-Si.

The proposed TCAD model, with the inclusion of the
identified defects in Table II, is able to replicate accurately
both the forward and reverse electrical performances of the
SBD. A very good match between the simulations and the
measurements is obtained, as shown in Figs. 12 and 13.

Notably, the effect of the interfacial traps’ Profile A,
in Table II, suggests a specific behavior of the SBH. Although
this simulated behavior is in agreement with the forward
experimental data, it is still weak in accurately predicting
the subthreshold current for early forward bias conditions,
as shown in Fig. 12.

C. Expanding the Suggested Model to Accommodate for the
Inhomogeneous Features of the Investigated Schottky Contact

It is reasonable to argue that the Schottky interface in SiC
would not feature uniform properties in the lateral direc-
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Fig. 13.  Reverse characteristics can also be accurately predicted with the
inclusion of the traps in Table II.

tion [20], [62]-[66]. In the case of the investigated SBD,
the small mismatch observed in the early forward bias stages
in Fig. 12 can be attributed to such an SBH inhomogeneity.

To model this in the simulations, a patch region on the
Schottky contact is assumed to feature a second profile of
interfacial states, additive to the existing Profile A. Within
this small part of the contact, the added profile should con-
sist of a donorlike states’ distribution energetically located
above the relative position of Ep at the Schottky interface.
This will directly link their impact only to a limited set of
early forward bias values; this corresponds to the simulated
forward bias log(/)-V region featuring the mismatch with
the measurements. The concentration of these added donorlike
states should be higher than the one defined in the previously
identified Profile A, in order to ensure an elevated subthreshold
current. As long as E is below these states, the likelihood of
their switching between the unoccupied and the charged state
is high. Furthermore, energetically above these extra donorlike
states, an additional acceptors’ distribution succeeds, also with
a higher concentration compared to the corresponding one in
Profile A. This will balance the subthreshold current, after a
specific value of the forward bias, by locally increasing the
resistance. Thus, a tradeoff is formed between these two new
concentration values. These additional interfacial distributions
of states are grouped together, in Table IV, as Profile B,
and their properties were determined through simulations. The
patch region, where both traps’ Profiles A and B apply, gives
accurate result when it covers 30% of the total Schottky con-
tact. Essentially, this patch region describes the nonuniformity
of the SBH. The addition of the interfacial traps’ Profile B
in the TCAD model and its supplementary effect on the
electrons’ transport mechanisms results in simulations that can
accurately predict the subthreshold and the ON-state electrical
performance. This is shown in Fig. 14.

Moreover, as shown in Fig. 15, the assumed patch region
on the simulated Schottky contact does not influence the
very good prediction of the reverse performance, obtained
previously in Fig. 13. In reverse bias, the main contribution
on the current is due to TAT generation processes through
the ionized donorlike states. With the increased reverse bias,

TABLE IV

ADDITIONAL INTERFACIAL TRAP PROFILE TO MODEL
THE SBH INHOMOGENEITY

Traps’ Type Concentration Distributions
Description P Energetic Spatial
Sehottk Gaussian °

chott Y 19 -3 fromEy E 4"‘:- Z
interfacial Donor 4x107em Eviq =leV & s 3
states to Egig = 0.3eV \2 ‘g =
model a é § ]
Non- Gaussian & ; %
S = o
Uniform Acceptor 2x10" em? ETOMEY _ 170y | BE T
SBH value ME‘ — 0.4eV 38 5
(Profile B) sig = V%€ Og¥
10°
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Fig. 14. Inclusion of the interfacial states’ Profile B, which acts as additive
to the states” Profile A, makes the suggested TCAD model able to predict
the observed non-uniformity of the SBH in the lowest part of the measured
log(1)-V characteristics of the SBD [42]. The traps’ Profile B is described
in Table IV.
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Fig. 15. Inclusion of the additional interfacial states’ Profile B in Table IV
does not disrupt the donorlike state distribution below Ep, as defined in the
traps’ Profile A in Table II, thus the generation current in reverse bias will
remain mainly unaltered.

the relative position of Ef in Fig. 10 will energetically
drop lower for all the Schottky contact, and more interfacial
donorlike states will become occupied by a hole. Furthermore,
the electrons will now favor a move from the metal side to
the semiconductor side (EMe@! > E%cfslc). The generation
process is then realized with these occupied states, first,
emitting the captured hole to El\\,/Ietal and then emitting the
trapped electron to EgC_SiC. This two-step process depends
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Fig. 16. Predicted /-V from the proposed model in this article, and the
measurements [42] indicate that the identified defects accurately describe the
net electrical performance of the diode.

on the concentration of the interfacial donorlike states that
were energetically located below Ef in equilibrium. The
specifications of the additional trap Profile B, in Table IV,
will not entail any change to the concentration of these traps;
therefore, Figs. 13 and 15 are almost identical.

When all the identified defects, as described in Tables II and
1V, are included in the TCAD model, the simulation results are
in excellent agreement with the measurements regarding both
the forward (subthreshold, ON-state) and reverse bias condi-
tions. Comprehensively, the final matching is also illustrated
in Fig. 16 in the linear scale.

IV. CONCLUSION

In this article, the development of a highly accurate and
deeply physical model is proposed to describe the nonideal
behavior of the SBH in SBDs due to the presence of defects.
To validate the model, the experimental performance of a
fabricated 3C-SiC-on-Si SBD is used. Various combinations
and cases of traps were regarded and their subsequent effects
on the carrier transport mechanisms were thoroughly pre-
sented, analyzed, and illustrated. As the subthreshold region of
the log(/)—V measurements carries considerable information
relevant to these defects, it is exploited in identifying their
properties. According to the proposed model, an interfacial
traps’ profile is initially considered by modeling both donor-
like and acceptorlike states. Each state type features its own
energetic distribution and concentration. It has been shown
that the specifications of a single interfacial traps’ profile,
spatially expanding over the total active area, determines a
certain SBH behavior owned to the effect of these traps on the
carrier transport mechanisms. By modeling the additional traps
profiles that are spatially present over parts of the Schottky
interface, it has been achieved, for the first time, to model
the observed inhomogeneity of the SBH and to explain the
physics behind it. In consequence, the suggested model is able
to sufficiently predict complex subthreshold leakage current—
voltage relationships by appropriately characterizing these trap
profiles. This can be considered as an advantage over Tung’s
model, which can also be utilized to describe nonuniform

Schottky contacts, but its application is delimited by the
ideality factor value of the diode.

The way the determined defects affect the carrier transport
mechanisms has also been analyzed, with the role of the Schot-
tky interfacial states on the TAT generation and recombination
current revealed to depend on the bias condition. Since both
the subthreshold and the leakage current of the SBD can be
accurately described and explained by the model, the quality
of the Schottky contact (in terms of the presence of states) can
be evaluated and understood. The ON-state has been found to
be mainly affected by bulk deep levels. In this article, these
deep levels have been characterized as Vs; acceptor type in
the 3C-SiC epilayer. These defects are due to the out-diffusion
of Si originating from the heterointerface between the 3C-SiC
and the substrate. Finally, potential similarities of the modeled
bulk traps to the reported electrical behavior of SFs in 3C-SiC
are encouraging and require further investigation.

In conclusion, the TCAD model, with the inclusion of the
identified interfacial trap profiles and bulk deep levels, allowed
for an excellent prediction of the total electrical performance
of the investigated 3C-SiC-on-Si SBD. Indeed, the simulation
results, presented in this article, are in excellent agreement
with the measurements for both the forward bias and the
reverse bias. The ability to analyze and model such complex
behavior enables the optimization of fabrication strategies that
would allow the reduction/elimination of interfacial states but
also the design of device structures, which could mitigate
from those. Finally, it should be highlighted that the suggested
model is not limited only to 3C-SiC-on-Si substrate diodes
rather it can be applied to any SBD, enabling for the identifi-
cation of the defects (both Schottky interface states and bulk
traps) and their subsequent effect on the electrical performance
of the power diode. To also highlight the ability of the model
to work when strong nonidealities exist and to provide the
relevant physical insight of the underlying causes of those,
where other models, e.g., Tung’s model, do not work.
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