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ABSTRACT

A model to predict the ideal reverse leakage currents in Schottky barrier diodes, namely, thermionic emission and tunneling components,
has been developed and tested by means of current-voltage-temperature measurements in GaN-on-SiC devices. The model addresses both
current components and both forward and reverse polarities in a unified way and with the same set of parameters. The values of the main
parameters (barrier height, series resistance, and ideality factor) are extracted from the fitting of the forward-bias I-V curves and then used
to predict the reverse-bias behavior without any further adjustment. An excellent agreement with the I-V curves measured in the forward
bias in the GaN diode under analysis has been achieved in a wide range of temperatures (275-475 K). In reverse bias, at temperatures higher
than 425K, a quasi-ideal behavior is found, but additional mechanisms (most likely trap-assisted tunneling) lead to an excess of leakage
current at lower temperatures. We demonstrate the importance of the inclusion of image-charge effects in the model in order to correctly
predict the values of the reverse leakage current. Relevant physical information, like the energy range at which most of the tunnel injection
takes place or the distance from the interface at which tunneled electrons emerge, is also provided by the model.
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I. INTRODUCTION

Schottky barrier diodes (SBDs) have demonstrated excellent
high-frequency performance which has allowed the fabrication of RF
sources reaching the THz range" or building sensitive direct detectors
of THz radiation at room temperature.”” In the past few years, wide-
bandgap semiconductors like SiC and GaN have started to be used
for the fabrication of SBDs oriented to high-power applications,
which have today a broad field of purposes like the production of
on-board battery chargers and off-board charging stations for the
electric vehicle industry,”” DC/DC boost converters, DC/AC invert-
ers for solar and renewable energy applications,’ etc.

GaN-based devices have already demonstrated good perfor-
mances for high-power, high-frequency, and high-temperature elec-
tronics, mainly using the classical High Electron Mobility
Transistor (HEMT) technology.” GaN SBDs are also believed to be

suitable for the next generation of high-power circuits.” They could
offer high switching speed and low reverse recovery loss in
switched-mode power supplies, thus competing with SiC SBD tech-
nology as well as challenge the power handling capabilities of the
standard GaAs technology used in sub-THz multipliers.” However,
issues related to defects that originate a high reverse leakage
current, degrading their breakdown voltage and reliability, have
hindered the use of GaN SBDs for practical applications.'’ The
modeling of carrier transport through the metal-semiconductor
rectifying contact is essential to identify the origin of the technolog-
ical problems and find solutions for the exploitation of GaN SBDs
in modern electronic applications. Additionally, the in-depth
knowledge of these contacts is essential in understanding other
semiconductor devices, like field-effect transistors, where they act
as a gate terminal, controlling the electrical performance of devices.
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The dominant current mechanism in the forward-bias current
of SBDs is thermionic emission over the energy barrier formed at
the metal-semiconductor interface.'’ However, the electrical prop-
erties of fabricated devices deviate from the fundamental theory,
and additional fitting parameters like the ideality factor and the
series resistance are necessary to correctly reproduce the experi-
mental I-V curves.'”™'* In the reverse bias, ideally, in addition to
thermionic emission, tunneling current becomes important.'” This
leakage current contribution affects the high-power operation of
SBDs and degrades their breakdown characteristics.'” The widely
accepted models by Murphy and Good'® and Padovani and
Stratton'” provide analytical expressions for the current only appli-
cable in some specific ranges of the reverse bias. Here, one of the
difficulties is the inclusion of image-charge (IC) effects, with the
associated barrier lowering, necessary to determine precisely the
reverse current at low values of the surface electric field, when the
shape of the barrier top is of importance. Analytical expressions by
means of a trapezoidal approximation for the barrier have been
derived in the literature.'*"”

However, deviations from these two (thermionic-emission and
tunneling) ideal current components are regularly observed in the
reverse bias. In some cases, mainly in non-mature technologies,
current values much higher than expected are measured, leading to
a premature breakdown of the devices.”” The (non-ideal) additional
contributions to the reverse leakage current can be due to interface
or deep-level defects and dislocations. These effects can be espe-
cially important in GaN SBDs and related wide-bandgap devices
because of their relatively high defect density.'” Mechanisms such
as  trap-assisted  tunneling, Poole-Frenkel emission or
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FIG. 1. Scheme of the energy barrier with and without IC corrections, and
current contributions considered in the model. The arrows indicate the move-
ment of electrons, currents flow in the opposite sense.

ARTICLE scitation.org/journalljap

variable-range hopping have been typically identified as sources of
leakage current in GaN SBDs.'””’"*” Enhanced performance has
been achieved by appropriate growing conditions,” surface treat-
ments,24 or contact terminations.' >’

In order to assess how ideal is the behavior of SBDs in the
reverse bias and evaluate correctly the excess current contributions
associated with other leakage mechanisms, the development of an
accurate model for thermionic emission and tunneling currents is
essential. Such a model should be consistent with the behavior of
the diode in the forward bias, this is, described by the same param-
eters in both polarities, which requires to address them simultane-
ously."®*® In this work, we develop a comprehensive unified model
for thermionic and tunneling currents describing transport in both
polarities with a single set of physically meaningful parameters,
determined from the fitting of the I-V curve in the forward bias
and then applied to predict the diode behavior in the reverse bias
(with no other adjustable factors). The model includes a detailed
numerical treatment of IC, shown to be necessary to reproduce
experimental results, and the influence of the epilayer doping in
the shape of the barrier. Current-voltage-temperature characteris-
tics measured in GaN-on-SiC SBDs fabricated at IEMN”’ have
been used to validate the model, thereby finding always excellent
agreement in the forward bias and also for the highest temperatures
in the reverse bias, thus corroborating the good quality of the tech-
nological process used. For temperatures below 400K, leakage
current in excess is observed and attributed to trap-assisted
tunneling.

The paper is organized as follows. The model is described in
Sec. II. Experimental details about the devices and measurements
are reported in Sec. III. The results and their discussion are pro-
vided in Sec. IV. Finally, the main conclusions are drawn in Sec. V.

Il. MODEL

The total current in an ideal SBD is formed of two compo-
nents: thermionic emission, Jy, and tunneling, Jyun. In the
forward bias, as long as the Schottky layer is moderately doped, the
current is essentially due to thermionic emission, and Jyuue can be
neglected; while in the reverse bias, depending on the applied
voltage V, both contributions may be of importance. Thus, in our
model, we will consider the current components shown in Fig. 1,
corresponding to the thermionic emission of electrons from the
semiconductor to the metal J3,”™, from the metal to the semicon-
ductor J}; 7, and to the tunneling of electrons from the metal to
the semiconductor J;' > ..

The values of these current components for a given V depend
on the height and shape of the energy barrier. Taking the metal
Fermi level £p, as the zero-energy reference, and including the
influence of the IC and the doping of the active layer Np, the
potential energy in the Schottky layer at a distance x from the

. . . 28,29
metal interface is given by

2e 2

1
N 2
D(VB—V)] X+
€;

e?Npx? e
2€, 167ex’

ec(x) = edp — e{ (1)

where ¢y is the barrier height, V3 the built-in potential, and €;
the permittivity of the semiconductor. Note that the second term
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in Eq. (1) corresponds to —eEx, with E being the surface electric
field at the metal-semiconductor interface, and the third term
accounts for the influence of the doping and the last one for the
lowering of the barrier due to the IC.

We will use a general formalism for the calculation of these
current components. The injected current from one side of the
junction into the other one in the range de around an energy &
normal to the barrier can be written as

J(€)de = —eN(e)Tc(e)de, 2)
where
AT £—¢€p
N(e)—Eln{l—i—exp(— T )] (3)

is the number of electrons per unit area incident on the barrier
with normal energy & per unit time and per unit energy’’ at the
side (metals or semiconductors) from which they are injected and
Tc(e) is the transmission coefficient corresponding to that energy.
er is the Fermi energy at the side (metals or semiconductors) from
which electrons are injected, T the absolute temperature and
A'=4zxm’k3el/h® the effective Richardson constant, with kg being
the Boltzmann constant, m" the electron effective mass of the semi-
conductor, and h the Planck constant. We will consider a single
effective mass for both the Richardson constant and the tunneling
effective mass.'®*® Equation (2) assumes a negligible occupation of
the states with energy & at the side into which electrons are
injected, as expected for the case of thermionic contributions (as
long as the barrier is high enough) and tunneling from the metal to
the semiconductor in the reverse bias.

Tc(e) =1 for energies above the maximum of the barrier
€ > ECmax> corresponding to thermionic-emission processes, while
for £ < €cmax, corresponding to tunneling processes, Tc(g) is cal-
culated using the Wentzel-Kramers-Brillouin (WKB) approxima-
tion for the evaluation of the tunneling probability as’'

Tc(e) = exp [—%r \2m' (e.(x) — €)dx| , (4)

h

with x; and x; being the classical turning points at which
g(x) =e.

As shown in Fig. 1,  &cmax = e(¢py — A¢p), where
A¢p = \/eE/4dme; is the IC lowering of the barrier [calculated
neglecting the influence of Np, third term in Eq. (1)]. If IC effects
are neglected, £cpax = ep.

Thus, the current associated with electrons injected from the
metal to the semiconductor is calculated as™®

]m~>s — _eJ

Emin

— e J Non(&) Te(e)de — eJ

ECmax

N,.(e)Tc(g)de

N,,(e)de
Emin

__ ym—s

— Jtunnel + ]tr}rzlﬂs’ (5)
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where £, is the minimum energy in the metal for which tunnel-
ing into the semiconductor is possible (there must be available
states in the conduction band of the semiconductor at the same
energy). For the sake of accuracy, the calculation of J;; %, is per-
formed numerically, since there is no simple analytical expression
for Tc(e) when IC corrections are included in the energy barrier,
despite trapezoidal approximations have been reported.'™'” In the
case of Jj7*, since the involved energies typically fulfill

£ — &gy > kT, it is possible to approximate

A'T £ — Efm
Nm(s)%aexp<_ kBTF >’ (6)

thereby allowing to evaluate J/;—* analytically as

. £
I =—-A T? exp (— kC:;x) 7)
As explained before, the current associated with electrons
injected from the semiconductor to the metal is considered to be
only due to thermionic emission. Assuming no collision of elec-
trons in the depletion region (coherent with the relatively high
mobility of GaN in our case), this current is given by

=" = eJ Ni(e)de. (8)
ECmax
Again, since the involved energies typically fulfill
£ — ep; > kgT, it is possible to approximate
A'T £—€p
Ni(e) =~ — — . 9
(e) s exp< kaT ) %)
Taking into account that £r; = €p, + €V, one arrives to
S—m * ECmax eV
I,m=A T? exp (— ks T ) exp (kB_T> (10)
The total thermionic emission current will thus be given by
s—m m—s * E¢ eV
Jn=Ty "+ " =A T? exp <— k:;"x) {exp (kB—T) — 1}
eV
= — ] —1]. 11
Jo {exP (kBT) } (11)

In a general case with IC effects included, the reverse satura-
tion current Jy is A"T?exp[—e(¢py — App)/kpT] and thus depends
on the applied voltage V through Ad;.

This ideal expression for J;, must be further modified to
include real effects, like the influence of the series resistance R, and
the ideality factor 7, as

Vg SRs)
J(V) =To {6 T — 1]» (12)

where S is the surface of the Schottky contact. The inclusion of
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e ———

590nm (b)

e I 650nm

n** GaN 660 FIG. 2. (a) SEM image of a real SBD
HtGal 1x10%%cm?3 % fabricateq at.the IEMN and (b) scheme
490nm of the epitaxial layer.
Gal\)\l?\l'l'd 4 3000m
6H-SiC substrate
i S s VRV s O
these two parameters, external to the ideal model, is necessary to c i . . i i . i
achieve a good fitting of the forward I-V curves, essential to accu- E —— Experimental -
rately determine ¢;. -1, FM — ; —= (@)
The final aim of this model is to predict the ideal reverse I-V —

characteristics of SBDs as a function of temperature T. Six parame-
ters are involved in the model, namely, ¢z, Np, €5, m’, R, and n. e
We proceed as follows to determine their values. €, and m’ are - <
taken from the literature: 89¢, and 0.22m, (giving A 14
A*=264Acm?K™?) for the case of GaN. We use the low- £ ' 13
frequency permittivity for both the surface electric field and the IC 109 E S *oF 12
term. The value of Np is extracted from C-V measurements in the 100L L oer ook e 1447
reverse bias (1.05 x 10'” cm™ in our case). And finally, ¢, R;, and 10" — TOTE etk -*:333::@ :::I lio
7 are determined from the fitting to Eq. (12) of the experimental I- il Sl N los
V curves measured in the forward bias. 05 : }

Once the values of the parameters are determined, they are
used to predict the reverse I-V characteristics, including thermionic
and tunneling currents, as

]reverse(V) ]th(V) + ]rZ;,ZZ(V)) (13)

without any further fitting or adjustment of parameters.

In order to confirm the need to include the IC correction in
the calculations, a fitting of the I-V curve measured in the forward
bias will also be performed without con51der1ng the influence of IC,
thus obtaining an effective barrier height ¢B , lower than the value
of ¢y extracted when IC is considered, and the corresponding n</.
Remarkably, excellent agreement of the forward I-V curves can be
attained in both ways, which could erroneously lead us to believe
that the reverse I-V curve should also be well predicted by both
approaches. To check this fact, calculations of the reverse I-V char-
acteristics with the full model [including IC and taking
Ecmax = e(py — Ad)] will be compared with those ignoring IC
[removing the last term in Eq. (1)] and using effective parameters
(Ecmax = ed)B ) to eventually determine which is the model best
fitting the experimental reverse I-V curves.

I1l. EXPERIMENTAL

GaN-on-SiC SBDs fabricated at IEMN have been character-
ized to validate the model.”” The epitaxial layer was grown at
CRHEA by metal organic vapor phase epitaxy on a semi-insulating
6H-SiC substrate. A SEM image of one of the diodes is shown in
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FIG. 3. Measured (solid lines) and modeled (dashed lines) I~V curves for (a)
forward and (b) reverse bias. The (full) model includes thermionic emission and
tunneling currents (the latter only in the reverse bias) with the influence of IC
and R;. Inset: ¢bg and 71 extracted by fitting the full model (FM) to the experi-
mental curves in the forward bias; the values of the effective parameters ¢g"
and 7°" fitting the forward -V curves in the absence of IC effects (NoIC-EP
case) and the barrier height extracted from the C-V curves are also shown.
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FIG. 4. Current density in the reverse bias modeled including IC (FM, green
lines) and without IC using effective parameters (NolC-EP, red lines) as com-
pared to measurements (circles). For the modeled values, the two ideal contri-
butions, tunneling current (dashed lines) and thermionic emission (dotted lines),
as well as the total reverse value (solid lines), are represented. T=475K.

Fig. 2(a), while the details of the epitaxial layer are provided in the
scheme of Fig. 2(b). A 490nm unintentionally doped GaN was
grown first, followed by a highly doped 950 nm thick GaN layer
(300nm @ 1 x 10" cm™ and 650 nm @ 2 x 10"° cm™) to achieve a
good ohmic contact and a low series resistance, and finally a 1 um
n~ GaN layer (nominally 6.6 x 10'cm™) acting as the Schottky
layer. The diode mesa definition was made by Cl,/Ar ICP dry etch
using a 250 nm thick PECVD SiO, hard mask. After the diode mesa
etching, the SiO, hard mask is left on the top of the Schottky core in
order to protect the surface from damage and contamination during
the subsequent technological steps. Then, just after a Buffered Oxide
Etch (BOE) surface cleaning, a standard Ti/Al/Ni/Au ohmic contact
was deposited on the n** layer with an e-beam metal evaporator.
Next, a rapid thermal annealing was performed at 850 °C for 30s in
a N, ambient. Before the Schottky contact deposition, the sample
was treated again with a BOE solution to remove the remaining SiO,
layer and thus uncover the GaN epilayer surface. Apart from remov-
ing the SiO, hard mask, BOE acts as surface treatment by eliminat-
ing contaminants and oxidized GaN. Hereafter, a rapid introduction
in the evaporator is performed in order to avoid surface re-oxidation
and Pt/Au metals are deposited on the top n~ layer. The results
shown in this work correspond to a circular diode with a diameter of
221 um. The large area of the Schottky contact allows expecting a
negligible influence of edge effects. Diodes with other similar sizes
exhibit the same qualitative behavior.

I-V and C-V measurements have been performed at different
temperatures by means of a LakeShore CRX-VF cryogenic probe
station. Assuming an ionization energy of 15 meV for Si donors in
GaN,” the fraction of ionized atoms (for the nominal doping of
the epilayer) should theoretically increase from 90% to 96% in the
analyzed temperature range (275-450 K). However, the C-V mea-
surements in the reverse bias used to extract the doping of the

ARTICLE scitation.org/journalljap

epilayer Np provide a temperature-independent value of about
1.05x 10" cm™, which will be the one used in the calculations.
Barrier height values are also extracted from C-V measurements
but, for consistency, we will adopt the values fitting the forward I-
V characteristics.

IV. RESULTS AND DISCUSSION

Current-voltage-temperature measurements were carried out
from 275 to 475K, as shown in Fig. 3 for (a) forward and (b)
reverse bias. Note that the lower limit of the measurements is about
107" A. The expected increase of current with temperature is
observed. As explained, the ideal model for the forward I-V charac-
teristics includes the thermionic emission contribution Jy;, incorpo-
rating the lowering of the barrier originated by IC. Additionally,
real effects like the influence of the series resistance R, and the ide-
ality factor 1 are accounted for to provide the final expression given
by Eq. (12). As observed in Fig. 3(a), our model reproduces very
closely the experimental curves. From the fitting, the values of ¢g,
n, and R; at each temperature are determined, obtaining very rea-
sonable values well within the range of those in the literature.'>' "’

The inclusion of R, taking values around 10 Q for all the tem-
peratures, is essential to fit the experimental values for current levels
above 10™* A. Since the resistances associated with the epilayer, sub-
strate, and ohmic contact are of the order of tenths of Q for the
diode size used here, this value of R corresponds essentially to the
contribution of the cables and probes used in our setup, which are
expected to be nearly temperature independent. The values of ¢p
and 7 extracted from the fittings are provided in the inset as a func-
tion of temperature. Values of ¢p in the range of 0.92-0.94 eV are
obtained, while the ideality factor is always lower than 1.05 (nearly 1
for the highest temperatures), indicating the good quality of the
diodes. The slight increase of ¢y and decrease of  with growing T
evidence a small influence of inhomogeneities.*

Once the parameters of the model have been fixed from the
fitting of the forward I-V curves, we can use it to predict the ideal
behavior of the diodes in the reverse bias, where, in addition to the
thermionic current, the tunnel contribution, calculated as indicated
in Eq. (5), is also included. As observed in Fig. 3(b), for the highest
temperatures, the results of the model practically coincide with the
experimental values, thus confirming the validity of our approach
and the nearly ideal behavior of the diodes. However, for tempera-
tures below 425K, the current values deviate from the addition of
the two ideal contributions, exhibiting significantly higher values,
which means that additional non-ideal leakage current mechanisms
are present.

An excellent fitting (not shown) of the forward I-V curves,
similar to that reported in Fig. 3(a), can also be obtained if IC effects
are ignored in the model and different values of the barrier height
and ideality factor are used, ¢ and 7%, respectively, denoted as
effective parameters [also shown in the inset of Fig. 3(a) as the
NOoIC-EP case]. As expected, ¢§ff is systematically lower than ¢y to
afford the same current level in the absence of IC barrier lowering.
On the other hand, 7™ lies in the range of 1.05-1.10, thus exhibiting
a slightly higher deviation from ideality than when IC is considered.
Finally, the barrier height obtained from the C-V curves is also
plotted for comparison in the inset. The values are higher than those
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obtained from the I-V curves, as often observed in several technolo-
gies,'”"” including GaN,”” and typically attributed to non-ideal inter-
faces (inhomogeneities, interfacial charges, e'[c.).12

Despite the excellent agreement obtained in the forward bias
by both the full model (denoted as FM) and the case ignoring IC
effects but using effective parameters (denoted as NoIC-EP), in
Fig. 4 we show that only the former is able to correctly predict the
behavior of the diode in the reverse bias, especially for low voltages.
To compare both approaches, we have performed calculations at
475K, where we have already confirmed that the behavior of the

T, IIN_(m?s”eV")
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diode is practically ideal, and the FM is able to correctly reproduce
the experimental results. In the figure, the measured values are
compared with the total reverse current (J,eerse) Obtained in both
cases. The thermionic (Jy;,) and tunnel (J,,,.,..;) contributions are
also shown for completeness. In the absence of IC, the NoIC-EP
case provides the expected bias-independent J,;,, which is practically
negligible as compared to J;,nes in all the bias range. In the case of
the FM, Jy,, apart from being larger due to the barrier lowering,
increases with the reverse bias as corresponds to the higher surface
electric field. On the other hand, J,, is comparable or even higher
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FIG. 5. Comparison of three case studies for T=475K and V=—20 V: (i) including IC (FM, red lines), (i) without IC and using the same parameters as the FM (NolC,
black lines) and (iii) without IC but using the effective parameters (NolC-EP, blue lines). (a) Injected current (solid lines), transmission coefficient (dashed lines), and rate of
electrons incident on the barrier [Eq. (6), green line] as a function of energy; (b) conduction band and (c) tunneling current (solid lines) and transmission coefficient
(dashed lines) as a function of the distance from the metal-semiconductor interface. The horizontal dotted lines in (a) and (b) indicate the top of the barrier in each case,
i.e., the energy separating tunneling and thermionic injection. The vertical dashed line in (b) and (c) indicates the position of the maximum of the barrier in the FM case.

1§:GZ:€l €20z Isnbny gL

J. Appl. Phys. 132, 044502 (2022); doi: 10.1063/5.0100426
Published under an exclusive license by AIP Publishing

132, 044502-6


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

AL
AD

JTEVEI'SE (A/mz)
2

10

JIEVEISE
102 J — 1

tunnel
103 JTEM"3 * * 4
104 ‘JTFEMVG A a ]

4 Jo e o o
109F/ . . e . . i
0.0 0.5 1.0 1.5 20 25
E (MV/cm)

FIG. 6. Current density as a function of the surface electric field obtained by
means of our numerical model (solid lines, total current; dashed lines, tunneling
current) and by Murphy and Good's analytical model (symbols) for two tempera-
tures, T=300K (blue) and T=475K (red). Murphy and Good's results are rep-
resented in the range of validity corresponding to the different current regimes:
thermionic emission (TE, stars), thermionic field emission (TFE, triangles) and
field emission (FE, circles).

than Jy,.er at lower voltages. As concerns Jy . it is substantially
higher in the NoIC-EP case, mainly at the lower values of the
reverse bias, due to the thinner energy barrier [see Fig. 5(b)]. The
relative difference diminishes when the bias increases since a signif-
icant electron injection takes place at (lower) energies not so close
to the top of the barrier. As a result of these differences, the total
current is overestimated in the NoIC-EP case, mainly at the lowest
voltages. We conclude that the FM, including the IC correction, is
necessary to correctly reproduce the current in the reverse bias.

In order to understand the key role played by the barrier low-
ering associated with IC effects, and exploiting the capabilities of
the model to provide a deep physical insight of injection processes
in the reverse bias, in Fig. 5 we compare, for a temperature of
475K and a bias of =20V, the details of electron injection as a
function of energy and position in three case studies: (i) including
IC effects (FM case), (ii) without including IC effects and using the
same parameters as the FM (NoIC case), and (iii) without includ-
ing IC effects but using the effective parameters (NoIC-EP case).
While cases (i) and (iii) provide similar values of the total reverse
current (1.12x 10° and 1.38 x 10> A/m?, respectively, see Fig. 4),
case (ii), by considering a too high barrier, obviously underesti-
mates the current (0.34 x 10°> A/m?).

Figure 5(b) shows the shape of the conduction band in each of
the cases. At this temperature, epp = 0.940 eV and e(b%ff: 0.882 ¢V,
and for a bias of —20V, eA¢p =0.123 eV. Thus, the maximum of
the barrier €c,, in the FM case is e(¢pp-Adg)=0.817€V.
As expected, e takes an intermediate value between ey and e
(¢pp—Ad¢pp). Figure 5(a) shows the current injected per unit energy
J(€), jointly with the transmission coefficient T(€) and the rate of
incident electrons N,,(€). Tc=1 once the energy is higher than
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€Cmax corresponding to the range of thermionic emission, where,
as expected, J(€) coincides in the three cases. For this bias, tunnel
injection takes place mainly at energies fulfilling € — £p,, >> kT,
so that N,,(e) exhibits the exponential behavior described by
Eq. (6). It is remarkable that the average energy of the tunneled
electrons is higher within the FM, fact that may have important
implications for the precise calculation of the breakdown voltage
(higher energies lead to earlier impact-ionization and avalanche).
Finally, in Fig. 5(c), the transmission coefficient and the tunneling
current per unit length are represented as a function of the distance
to the metal-semiconductor interface. The transmission coefficient
of the two cases without IC is exactly the same since the barrier
seen by carriers injected at a given position is identical in both
cases. As observed, for this applied voltage, tunnel injection takes
place mainly along the first 5-6 nm from the interface, slightly
closer to the metal when IC is considered.

Another test for the correctness of our model is the compari-
son with existing analytical models whose validity is restricted to
some ranges of surface electric field values, like those of Murphy
and Good'® and Padovani and Stratton.'” None of the mentioned
models correspond exactly to our FM, since Padovani and Stratton
ignore IC effects (thus, their model corresponds to our NoIC-EP
case) and Murphy and Good ignore the effect of the doping [third
term in the right-hand side of Eq. (1)]. Our model, considering the
appropriate terms, correctly reproduces the results of both models,
as shown in Fig. 6 for the case of Murphy and Good’s model at 300
and 475 K. We represent both the total and the tunneling current
calculated by our model excluding the influence of the doping -
(which, on the other hand, could be significant for highly doped
SBDs oriented to ultra-high-frequency applications). For the lower
values of the electric field, Murphy and Good’s thermionic emis-
sion current (J3% ©), which, despite the name, includes also the
tunneling contribution, is well reproduced by the total current
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obtained from our model. For intermediate electric fields, our
model matches with the Murphy and Good’s thermionic field
emission current (JYro). Finally, for the higher electric fields,
when electron injection takes place mainly near the metal Fermi
level, our model fits accurately the analytical field emission current
(¥, As observed, the lower the temperature, the lower the elec-
tric fields at which TFE and FE become dominant.

To confirm that tunnel injection takes place at the expected
energy regions when good agreement between our model and that
of Murphy and Good is achieved, Fig. 7 shows the injected current
as a function of energy at T=300K for surface electric fields of
0.20, 0.75, and 2.25 MV/cm, corresponding to the ranges of agree-
ment with TE, TFE, and FE currents, respectively. As observed, for
0.20 MV/cm, even if having some tunnel injection, the main
current contribution is thermionic emission over the barrier, as
expected in the TE regime; for 0.75 MV/cm, tunneling is already
dominant and injection occurs not far from the top of the barrier,
as corresponds to the TFE regime; and for 2.25 MV/cm, it is local-
ized around the Fermi level, as happens in the FE regime.

Once the model has been validated, it allows us to estimate
the ideal leakage current due to thermionic emission and tunneling.
Measured reverse current in excess of this ideal value indicates the
presence of other leakage-current mechanisms, as happens in

Fig. 3(b) for temperatures below 425 K. Figure 8(a) represents the
experimental values of the current subtracting the two ideal contri-
butions to the leakage current estimated by the model for different
temperatures (in the range of 300-475K) and reverse-bias condi-
tions (from —10 to —30V). The excess current, while increasing
with the reverse bias, does not change significantly with the tem-
perature, thus allowing us to discard Poole-Frenkel emission and
variable-range hopping mechanisms.”’ By representing this extra
leakage current as a function of the inverse of the surface electric
field for two different temperatures, 300 and 375K [Figs. 8(b)
and 8(c), respectively], a quasi-linear dependence is identified. This
dependence indicates that the mechanism leading to the extra
leakage current could be tunneling assisted by traps.”” From the
slope of the dependence, energies of the trap level in the range of
0.26-0.35 ¢V are identified (in particular, 0.28 and 0.33 eV for 300
and 375K, respectively).

V. CONCLUSIONS

A unified model for the calculation of ideal thermionic emis-
sion and tunneling currents in SBDs, including IC and doping
effects, has been developed. The model addresses forward and
reverse bias with the same set of physical parameters. Non-ideal
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effects related to the series resistance and the ideality factor are
included in the thermionic emission current in order to achieve a
good fitting of the forward-bias experimental curves. The values of
the barrier height, series resistance, and ideality factor are deter-
mined from such a fitting. The other parameters are the doping of
the epilayer, calculated from the C-V curves, and the dielectric
constant and the effective mass of the semiconductor, taken from
the literature. Once the parameters are known, they are used to
predict the diode behavior in the reverse bias.

The model has been validated by comparison with current-
voltage-temperature measurements performed in circular large-
area GaN-on-SiC SBDs. An excellent fitting of the forward-bias
I-V curves has been achieved in a wide range of temperatures
(275-475K). In reverse bias, at the highest temperatures, the
current is quite close to the ideal value predicted by the model, but
at temperatures lower than 425K, a significant deviation from the
ideal behavior has been found and identified to be possibly due to
trap-assisted tunneling.

Apart from the determination of the characteristic parameters
of the SBDs, the model allows assessing how ideal is the behavior
of SBDs in the reverse bias and which are the limits associated with
a given technology. For example, it is possible to determine which
is the voltage at which the ideal reverse leakage current reaches a
given value limiting practical applications. It is also useful to evalu-
ate the current in excess over the ideal value present in measure-
ments in order to identify the leakage mechanisms at its origin, as
done in the GaN diodes measured in this work.
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