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Abstract—Forward-current-density JF /forward-voltage VF

characteristics of vertical gallium-nitride (GaN) Schottky-barrier
diodes (SBDs) and p-n diodes on free-standing GaN substrates
were computationally, as well as experimentally, investigated.
Based on the thermionic emission model, electron-drift mobility
µn was used as a parameter to fit the JF –VF characteristics of
both reported and fabricated GaN SBDs. At 300 K, µn was fitted
to be 600 cm2/V · s when electron concentration n was 1 ×
1016 cm−3 and 750 cm2/V · s when n was 5 × 1015 cm−3. Ac-
cordingly, the theoretical µn−n curve for a carrier compensation
ratio of 0.90 was applied in the case of n-GaN layers on GaN sub-
strates. With respect to GaN p-n diodes, the reported JF –VF

characteristics were successfully fitted with dislocation-mediated
carrier lifetimes in the high-injection region and with Shockley–
Read–Hall lifetimes in the generation–recombination current
region.

Index Terms—Gallium compounds, power semiconductor
devices, simulation.

I. INTRODUCTION

GALLIUM NITRIDE (GaN) is an attractive material for
optical and electronic devices, as well as sensors [1].

Its high breakdown electric field of 3.27 MV/cm [2], which
is about 10% higher than that of silicon carbide (SiC) and
about ten times that of silicon, makes it ideal for power
devices. GaN-based power devices are usually fabricated on
substrates such as sapphire, SiC, and silicon. These substrates
cause dislocations in heteroepitaxially grown GaN at high
density (108–1010 cm−2). Free-standing GaN substrates [3]–[6]
are thus expected to open the way to explore the intrinsic per-
formance of GaN and its related alloys. Schottky-barrier diodes
(SBDs) [7]–[12] and p-n diodes [2], [13], [14] have so far been
fabricated on GaN substrates. To further improve the perfor-
mance of these diodes, electrical characteristics of these devices
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should be numerically investigated. Although Shelton et al. [15]
and Baharin et al. [16] simulated current–voltage character-
istics of GaN SBDs and p-n diodes, the substrates that they
assumed were sapphire.

In contrast to previous studies on heteroepitaxially grown
GaN devices [15], [16], this paper on homoepitaxially grown
GaN devices distinguishes itself in that the two parameters are
carefully evaluated: drift mobility (μn and μp) and minority-
carrier lifetime (τn and τp), where subscripts n and p represent
electrons and holes, respectively. These parameters directly
affect forward-current-density JF /forward-voltage VF charac-
teristics of SBDs and p-n diodes. Among them, μn is known
to strongly depend on carrier compensation [17], which was
observed in n-type GaN on GaN substrates when net doping
concentration Nnet

D was below 5 × 1016 cm−3 [10]. In the
previous simulation [15], however, these parameters were ten-
tatively chosen as μn = 350 cm2/V · s (electron concentration
n: 5 × 1016 cm−3), μp = 12 cm2/V · s (hole concentration p:
2 × 1017 cm−3), and τn = τp = 1 ns.

In this paper, the JF –VF characteristics of GaN SBDs and
p-n diodes on GaN substrates were numerically simulated in
the cylindrical coordinate system. Moreover, to determine the
compensation ratio for n-GaN on GaN substrates, GaN SBDs
were fabricated.

The procedure for simulation and fabrication of GaN SBDs
on GaN substrates is explained in Section II. Reported [10] and
measured JF –VF characteristics of GaN SBDs are compared
with calculated JF –VF characteristics in Section III. The re-
ported JF –VF characteristics of GaN p-n diodes [2], [14] under
high- and low-injection conditions are separately investigated
in Section IV. The results of this study are summarized in
Section V.

II. SIMULATION AND FABRICATION OF SBDs

GaN SBDs on GaN substrates were simulated in the cylin-
drical coordinate system by using the thermionic emission
model in a commercial device simulator, i.e., ATLAS [18]. A
schematic of the GaN SBD reported in [10] is shown as an
example in Fig. 1. The epitaxial layers consist of 7-μm-thick
GaN (Si: 1 × 1016 cm−3) and 2-μm-thick n+-GaN buffer. For
the GaN substrate, thickness of 500 μm, n of 5 × 1018 cm−3,
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Fig. 1. Schematic of the GaN SBD on GaN substrates reported in [10].

TABLE I
MATERIAL AND ELECTRICAL PROPERTIES

OF GaN USED IN THE SIMULATION

and μn of 170 cm2/V · s [4] were assumed. Other important
parameters used in the simulation are listed in Table I. For sim-
plicity, the possible interactions between hydrogen and dopants
[19] were neglected.

The GaN SBDs were fabricated by using metal–organic
vapor-phase epitaxial layers grown on the Ga-polar face
of a free-standing GaN substrate. The substrate was fab-
ricated by the void-assisted separation method [6], which
keeps threading-dislocation density of epitaxial layers low
(around 106 cm−2) and uniform. The epitaxial layers consist of
n-type GaN (10 μm/Nnet

D = 5 × 1015 cm−3) and a 2-μm-thick
n+-GaN buffer. The Nnet

D value was determined from 1-MHz
capacitance–voltage measurement at room temperature. Prior
to the SBD fabrication, the GaN epitaxial wafer was cleaned in
an HF solution, followed by treatment in an NH4OH solution.
The epitaxial wafer was then rinsed in deionized water, dried by
nitrogen gas blow, and then loaded into a vacuum-evaporation
system. After forming the backside ohmic contact, which con-
sists of conventional titanium/aluminum electrodes, 200-μm-
diameter Schottky contacts were defined by evaporation of a
300-nm-thick palladium layer through a metal shadow mask.

III. SBD FORWARD ELECTRICAL CHARACTERISTICS

Fig. 2 shows the simulated JF –VF characteristics of the
Au/n-GaN(7 μm/Si : 1 × 1016 cm−3) SBD reported in [10]. In
the simulation, cathode contact resistance was neglected, and in
Fig. 2(a), μn was tentatively assumed to be 600 cm2/V · s. As
is clear in the figure, the measured results [10] were reproduced
not by a reported barrier height qΦB of 0.88 eV for Au/n-GaN
[20] but by qΦB = 1.58 eV. This situation did not change even
if μn was chosen to be lower than 600 cm2/V · s. The large
discrepancy in qΦB might be attributable to the existence of

Fig. 2. (Open circles) Measured (as reported in [10]) and calculated forward-
current-density/forward-voltage characteristics of the Au/n-GaN (7 µm) SBD
on GaN substrates on the assumption that (a) an electron mobility is
600 cm2/V · s and (b) a barrier height is 1.58 eV.

an interfacial insulator; for example, 0.16–0.23-eV increase in
qΦB was reported for Pt–Au/n-GaN SBDs with a 1–2-nm-thick
oxide layer remained at the metal–semiconductor interface [1].
The apparent qΦB in linear JF –VF plots should be increased
further by the increase in the ideality factor n as follows [21]:

n = 1 + {(d/εi) [(εs/W ) + qDsb] / [1 + (d/εi)qDsa]} (1)

where d is the thickness, εi is the permittivity of the insulating
layer, εs is the permittivity of n-GaN, W is the width of the
depletion region in n-GaN, q is the elementary charge, and Dsa

and Dsb are the densities of interface states (in cm−2eV−1) in
equilibrium with Au and with n-GaN, respectively.

Since it is not easy to numerically simulate metal–insulator–
semiconductor tunnel diodes [21], we decided to keep using
the thermionic emission model, regarding qΦB as a fitting
parameter. In Fig. 2(b), qΦB of 1.58 eV was thus assumed, and
the three curves were calculated, with μn as a parameter. The
measured characteristics [10], denoted by open circles, are best
fitted when μn is 600 cm2/V · s.

Fig. 3 shows the simulated isocurrent-density contours of
the Au/n-GaN SBD forward biased at 1.6 V. The current-
conducting area is laterally spread in the GaN substrate. This
finding supports the aforementioned assumption that cathode
contact resistance can be neglected.

Note that an error in μn due to inaccuracy in determining
qΦB remains because the reported JF –VF characteristics of
the Au/GaN SBD are not shown in semilog plots [10]. We
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Fig. 3. Simulated isocurrent-density contours in the Au/n-GaN SBD forward
biased at 1.6 V.

Fig. 4. Forward-current-density/forward-voltage characteristics of a Pd/
n-GaN SBD on GaN substrates in (a) semilog and (b) linear plots.

thus tried to confirm the validity of the μn value in the case of
n-GaN on GaN substrates by using the Pd/GaN SBDs described
in Section II. As shown in Fig. 4(a), qΦB of 1.24 eV was

Fig. 5. Carrier-concentration dependences of (a) electron-drift mobility and
(b) hole Hall mobility. The dotted and dashed lines in (a) and open symbols in
(b) are taken from [17] and [27], respectively. (Solid circles) The data fitted in
Figs. 2 and 4.

found to best fit the measured JF –VF characteristics when
VF < 0.8 V. The use of this qΦB value resulted in the best fitted
μn, namely, 750 cm2/V · s [see Fig. 4(b)].

Some of the theoretical μn−n curves calculated in [17] are
shown in Fig. 5(a). As shown by the solid circles, the two
n-GaN layers appear to have a compensation ratio r ranging
from 0.75 to 0.90. This range in r is comparable to that
reported in [22] (0.7–0.85) and that in [23] (0.85); however,
it is much larger than the ratio reported in [24] (0.60) and that
in [25] (0.35). Although the observed carrier compensation in
n-GaN on GaN substrates is probably due to residual hydrogen,
oxygen, and carbon, whose concentrations were reported to be
in the order of 1016 cm−3 [10], the carrier-compensation mech-
anism is still unclear. This high compensation ratio results in
low μn but increases the dislocation-mediated electron lifetime
[26], as discussed in the next section.

IV. p-n DIODE FORWARD ELECTRICAL CHARACTERISTICS

The JF –VF characteristics of GaN p-n diodes on GaN sub-
strates reported in [2] and [14] are shown in Figs. 6 and 8,
respectively. These diodes consist of the following epitaxial
layers: p+-GaN (20 nm/Mg :2×1020 cm−3)/p-GaN (500 nm/
Mg : 2 × 1019 cm−3)/n−-GaN (10 μm/Si : 2 × 1016 cm−3)/
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Fig. 6. (Open circles) Measured (as reported in [14]) and calculated forward-
current/forward-voltage characteristics of a p-n diode on GaN substrates in
(a) linear and (b) semilog plots.

n+-GaN (2 μm/Si :2×1018 cm−3) [14] and p+-GaN (75 nm)/
p-GaN (500 nm/Mg : 7 × 1017 cm−3)/n−-GaN (7 μm/Si :
3 × 1016 cm−3)/n+-GaN (600 nm) [2]. Since the original
data were presented in linear [14] and semilog plots [2], p-n
diode operations under high- and low-injection conditions are
separately investigated in the following.

Under high-injection condition, some of the photons created
by radiative recombination are emitted from the GaN surface or
absorbed within the GaN crystal. Since the mesa of p-n diodes
reported in [14] was covered with spin-on glass and field-
plate metal films, it is simply assumed here that all the photons
are absorbed within the GaN crystal. Most of the photons would
be absorbed within p+ and n-GaN regions of the forward-biased
p-n diodes, which creates electron–hole pairs. Both radiative
and nonradiative recombination of the created minority carriers
(i.e., electron in p+GaN and holes in n-GaN) would then
be taking place. The photons emitted through this radiative
recombination would again be absorbed within the GaN crys-
tal. Under this assumption of photon recycling effect, carrier
lifetimes are considered to be limited only by nonradiative
recombination.

A number of acceptorlike levels are known to be formed in
GaN through threading dislocations. For dislocation-mediated
lifetimes, Karpov and Makarov derived the following [26]:

τn = (4πDnNdis)−1
[
(2Dn/aVnS)−3/2−ln(πa2Ndis)

]
(2)

τp = (4πDpNdis)−1
[
(2Dp/aVpS)−3/2−ln(πa2Ndis)

]
(3)

where Dn (Dp) is the electron (hole) diffusivity, Ndis is the
dislocation density, a is the lattice constant of hexagonal GaN,
Vn (Vp) is the electron (hole) thermal velocity, and S is the
fraction of electrically active sites on the dislocation core. Other
possible impact of carrier leakage from dislocation or other
structural defects is ignored.

In the current simulation, the theoretical μn−n curve for
r = 0.90 [see Fig. 5(a)] was used. Although μn became 30%
(n = 2 × 1016 cm−3) to 36% (n = 3 × 1016 cm−3) lower than
μn for r = 0.75, the simulated results in Figs. 6 and 8 did not
change very much as far as an order of magnitude change in
Ndis, τn, and τp is concerned. The hole-drift mobility μp is
represented by the curve in Fig. 5(b), which fits the reported
data of hole Hall mobility [27]. It is assumed that the value of S
is equal to 0.5 for gallium- or nitrogen-vacancy cores [26] and
that minority-carrier mobility is the same as majority-carrier
mobility (see Fig. 5) when Dn and Dp are calculated from the
Einstein relation [28].

The three curves in Fig. 6 were calculated with Ndis as
a parameter. As clear from (2) and (3), τn and τp increase
with decreasing Ndis. When Ndis = 1 × 106 cm−2, i.e., τn =
0.41 μs and τp = 1.1 μs, the calculated curve becomes the
closest to the measured results, although further experiments
are required to discuss the validity of these ultralong lifetimes.
The deviation of the measured data from the solid curve
around VF = 3 V in Fig. 6(a) is due to a nonideal diode
current with an ideality factor of larger than unity, as shown
in Fig. 6(b).

Fig. 7(a) shows isocurrent-density contours in the p-n diode
[14] forward biased at 5 V. As reported in [16], current concen-
tration is observed in the periphery of the p+-GaN anode layer.
This nonuniform current conduction is the reason that forward
current, instead of JF , is plotted in Fig. 6(a) and (b). Isocarrier-
concentration contours at VF = 5 V, shown in Fig. 7(b) and
(c), clearly show that conductivity modulation occurs in the
n−-GaN layer.

Nonideal diode current at low VF in the p-n diode reported
was also observed in [2] [open circles in Fig. 8(a) and (b)].
Since anode size was 400 × 400 μm [2], the simulated anode
diameter was chosen as either 452 μm (equivalent area) or
510 μm (equivalent perimeter). As shown by the dotted curve
in Fig. 8(a), the use of the long lifetimes assumed in Figs. 6
and 7 underestimates JF under a low-injection condition. The
same lifetime was thus assumed for electrons and holes, and the
reported characteristics were fitted using the 452-μm-diameter
anode structure. The solid curve in Fig. 8(a) indicates that
τn and τp of the p-n diode in [2] are about 0.1 ns. The
deviation of the measured data from the solid curve (VF >
3 V) is considered to be due to large series resistance. No
appearance of conductivity modulation in the measured results
[2] is attributable to this large resistance, which is probably at
the metal/p+-GaN contact.

Fig. 8(b) shows forward current–voltage characteristics of
the p-n diode simulated with different anode diameters. As
shown by the dotted curve, τn = τp = 0.1 ns is too short in the
case of the 510-μm-diameter anode. Three-dimensional simu-
lation is therefore needed to accurately determine the lifetime
in p-n diodes with a noncircular anode.
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Fig. 7. Calculated contours of (a) isocurrent density, (b) isoelectron con-
centration, and (c) isohole concentration in a p-n diode (see Fig. 6) forward
biased at 5 V.

The minority-carrier lifetime is known to depend on in-
jection level [29]. If the minority-carrier lifetime under high-
and low-injection conditions is denoted by τH and τL,
respectively

τH � τL (4)

should be satisfied [29]. Under a low-injection condition, the
influence of carrier recombination within the depletion region
extending around the p-n junction is large (i.e., nonradiative
recombination lifetime τNR ≈ τL). Under a high-injection con-
dition, on the other hand, the influence of carrier recombination
within the minimized depletion region becomes small (i.e.,
τNR ≈ τH ). This supposition explains why the different carrier
lifetimes were needed to fit the measured characteristics in
Figs. 6 and 8.

It is finally noted that the surface-recombination velocity
assumed in the simulation previously described was zero (see
Table I). The quantitative agreement between the measured
and calculated forward electrical characteristics in Figs. 6
and 8 indicates that surface recombination can be negligibly
small in p-n diodes, even with a reactive-ion-etched mesa
structure [2], [14].

Fig. 8. (Open circles) Measured (as reported in [2]) and calculated
(a) forward-current-density/forward-voltage and (b) forward-current/forward-
voltage characteristics of a p-n diode on GaN substrates.

V. CONCLUSION

Forward current–voltage characteristics of vertical GaN
SBDs and p-n diodes on GaN substrates have been numerically
analyzed. The characteristics of SBDs with n = 1 × 1016 and
5 × 1015 cm−3 were best fitted with μn = 600 and 750 cm2/V ·
s, respectively. Accordingly, the theoretical μn−n curve for a
compensation ratio of 0.90 was applied in the case of n-GaN
layers on GaN substrates. Two reported characteristics of p-n
diodes were reproduced through two parameters: dislocation-
mediated carrier lifetime under a high-injection condition and
Shockley–Read–Hall lifetime under a low-injection condition.
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