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Effect of Buffer Layer Design on Vertical
GaN-on-GaN p-n and Schottky Power Diodes

Hougiang Fu, Xuangi Huang, Hong Chen, Zhijian Lu, Xiaodong Zhang, and Yuji Zhao, Member, IEEE

Abstract— We study vertical GaN p-n and Schottky power
diodes with different buffer layer thicknesses grown on
free-standing GaN substrates, using metalorganic chemical
vapor deposition. High breakdown voltage of > 1 kV and
low specific on-resistance of 3 mQ.cm? are achieved
on GaN p-n diode with 1 um buffer layer and 9 um drift
layer without passivation or field plate. Detailed device
analysis on GaN Schottky diodes indicates that buffer layer
has significant impacts on the electrical properties of drift
layer and thus device performances of GaN p-n diodes.
A thicker buffer layer will significantly enhance the break-
down voltages of these devices, which is possibly due to
the improved material quality of drift layers with reduced
defect densities. Higher doping concentration in drift layer
with thicker buffer layer will, however, lower breakdown
voltage. More discussions reveal improving the material
quality of drift layer plays a more dominant role in achieving
high breakdown GaN-on-GaN p-n and Schottky diodes with
increasing buffer layer thickness.

Index Terms— Gallium nitride, p-n diodes, Schottky
diodes, power electronics, buffer layer, drift layer,
breakdown.

I. INTRODUCTION

URTZITE II-nitride semiconductors have enabled a

variety of applications including laser diodes (LDs) [1],
light-emitting diodes (LEDs) [2]-[6], solar cells [7], pho-
todetectors [8], [9] and high electron mobility transis-
tors (HEMTs) [10]. Due to the advantages of low loss,
low noise and low junction capacitance [11], GaN-based
power diodes such as Schottky diodes and p-n diodes are
also attractive for high power and high voltage applications.
Conventional GaN power devices grown on foreign substrates
such as Si and SiC, however, suffered from high defect
densities (> 10° cm™2) in the materials, which significantly
limit device performances [12], [13]. Recently, vertical GaN
p-n power diodes grown on low defect density (< 10° cm™?)
bulk GaN substrates have been demonstrated with promis-
ing performances such as high breakdown voltages and
low on-resistance [14]-[18], where various device structures
such as thicker drift layer, passivation and field plate have
been proposed to further enhance the breakdown voltage of
GaN p-n diodes. In addition to device structures, material
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Fig. 1. (a) Schematic view of GaN p-n diodes grown on bulk GaN

substrate with varying GaN buffer layer thickness using MOCVD. Rocking
curve of (b) (0002) plane and (c) (1012) plane for GaN p-n diodes
by HRXRD.

properties such as defect density and doping concentration
of device epilayers will also play a significant role in the
performances of GaN p-n diodes. However, there are very
few reports on this subject. In this work, we study the
effect of buffer layer on the electrical properties of vertical
GaN-on-GaN p-n and Schottky diodes.

Il. GROWTH AND DEVICE FABRICATION

GaN p-n diodes were grown by conventional metalorganic
chemical vapor deposition (MOCVD) on free-standing n-type
GaN substrates (~10'8 cm™3) from Sumitomo Electric Indus-
tries Ltd. using dot core method [19]. The device structure
consists of a nT-GaN buffer layer ([Si] = 2x1018 cm—3
for all samples) with various thicknesses (50 nm, 400 nm,
1 um, and 1 gum for samples A, B, C, and D), a 9-um-
thick unintentionally doped (UID) or lightly doped ([Si] =
2x10'® cm™3 only for sample D) drift layer, a 500 nm
p-GaN with Mg doping concentration of 10'° c¢cm™3, and
a 20 nm heavily doped p*-GaN ([Mg] = 10%° cm™3).
GaN buffer layers are grown at lower growth rate and temper-
ature than drift layers and general information about growth
methods can be referred to Nakamura et al [1].

Before fabrication, the samples were characterized by
high resolution X-ray diffraction (HRXRD) measurement.
Figure 1(b) and 1(c) show the representative (0002) symmetric
and (1012) asymmetric plane rocking curves (RCs) for the
samples. The full width at half maximum (FWHM) of (0002)
RCs are 30-60 arc sec and FWHM of (1012) RCs are
20-30 arc sec. The dislocation density of the samplg:s can
be estimated using the following equation [19]: D = L‘m? +
5 1
%, where £ is FWHM and b is the Burgers vector. All

2

samples have a dislocation densities on the order of 10° cm™2,

which are significantly lower than that of typical GaN devices
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Fig. 2. AFM images (10 um x 10 um) of (a) sample A, (b) sample B,
(c) sample C, and (d) sample D.

grown on sapphire (> 10° cm™2). To further confirm the
quality of epilayers, the surface roughness of as-grown sam-
ples were examined by Bruker’s Dimension atomic force
microscopy (AFM) in Fig. 2. The root-mean-square (RMS)
roughness of 10 x 10 um? scanning area of the samples is
found to be in the range of 0.5-1.5 nm, which is comparable
to previous reports on bulk GaN substrate [21]-[23]. Both
HRXRD and AFM results show that low-defect-density GaN
epilayers with good surface morphology are obtained on bulk
GaN substrates.

The GaN p-n diodes were fabricated using circular mesa
with diameter ¢ of 260 um via inductively coupled plasma
(ICP) etch with etching depth of 1.5 um. No passivation or
field plate (FP) were incorporated. For p-GaN ohmic contact
(¢ = 200um), Pd/Ni/Au metal stacks were deposited by
electron beam evaporation and subsequently annealed in N».
P-contacts showed good ohmic behavior with a contact resis-
tance of 8.6x1073Q-cm? and sheet resistance of 33.3 kQ/sq.
extracted by transmission line method (TLM) with two probes.
For n-type ohmic contact, non-alloyed Ti/Al/Au stacks were
formed at the backside of GaN substrates using electron
beam evaporation. In addition, in order to study the electrical
properties of the drift layers (i.e., material quality and dop-
ing concentration), Pd/GaN Schottky barrier diodes (SBDs)
were also fabricated where Schottky contacts were directly
formed on the drift layers without growing p-GaN and
pT-GaN. Specifically, the SBDs have a n™-GaN buffer layer
([Si] = 2x10'8 cm ™ for all samples) with various thicknesses
(20 nm, 100 nm, 400 nm, and 400 nm for SBD1, SBD2, SBD3,
and SBD4), a 9-um-thick unintentionally doped (UID) or
lightly doped ([Si] = 2x10'® cm™3 only for SBD4) drift layer.
The current—voltage (I-V) and capacitance-voltage (C-V)
characteristics were measured using Keithley 4200-SCS para-
meter analyzer and Keithley 2410 sourcemeter at room temper-
ature. The reverse breakdown measurements were conducted
in Fluorinert liquid FC-70.

[1l. RESULTS AND DISCUSSIONS

Figure 3(a) shows the forward I-V characteristics and
differential specific on-resistance Roy (dV/dI) for sample A, B,
C and D. All p-n diodes exhibit good rectifying behaviors with
a turn-on voltage of ~ 3.1 V and high on/off ratio ~ 10'°.
The differences of on-current between four samples are not
intrinsic to the devices and are likely due to inhomogeneous
p-contact resistances [24]. Low Ry, of 3 mQ-cm? were
obtained on all devices at 4 V. It’s worth mentioning that
all devices show similar Ry, possibly due to large p-contact
resistances despite different drift layer resistances of four
samples. Furthermore, light emission was observed from
all devices under high forward bias voltage. The measured
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Fig. 3. (a) Forward |-V characteristics and differential specific
on-resistance Ron of sample A (50 nm n*-GaN buffer layer and 9 um
UID GaN drift layer), B (400 nm nt-GaN buffer layer and 9 um UID GaN
drift layer), C (1 wm nt-GaN buffer layer and 9 um UID GaN drift layer),
and D (1 um nt-GaN buffer layer and 9 um n~-GaN drift layer) in semilog
scale. The insets are |-V curves in linear scale. (b) EL spectrum of four
samples at forward bias of 4 V. The inset shows images of illuminated
sample A and an individual device on it.
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Fig. 4. Reverse |-V characteristics of sample A (50nm buffer, UID),
B (400nm buffer, UID), C (1 wum buffer, UID) and D (1 pum buffer,
n—-GaN).

electroluminescence (EL) spectrum of the four samples at
forward bias of 4 V was shown in Fig. 3(b). Three EL peaks at
2.2 eV, 3.2 eV and 3.4 eV were observed on all samples. The
origin of these peaks are explained in detail by Qi et al [24].
The strong EL suggests the radiative recombination in GaN
p-n diodes and is an indication of high material quality [24].

Figure 4 presents the reverse I-V characteristics of the four
samples. The samples in order of decreasing breakdown volt-
age are: sample C ( more than 1000 V) > sample B (772 V) >
sample D (687 V) > sample A (647 V). Sample C with 1 um
buffer layer and 9 xm UID drift layer shows the largest break-
down voltage. This result indicates that thicker GaN buffer
layer can significantly enhance breakdown capability of GaN
p-n diodes. Furthermore, the large difference in breakdown
voltages between sample C and D also suggests that the doping
concentration of the drift layer also plays a critical role in
determining the breakdown voltage. The following analysis
reveals that the improved breakdown capability of sample C
is the result of better material quality due to thicker buffer
layer and/or lower net doping concentration of dirft layer.

To further study the electrical properties of the drift layers
and their impacts on device performances of GaN p-n diodes,
the GaN SBDs with the same drift layers were characterized
by I-V and C-V measurements. Figure 5(a) shows the forward
I-V characteristics of the four Pd/GaN Schottky diodes
(SBD1, SBD2, SBD3 and SBD4) with diameter of 260 xm.
Note GaN p-n diodes have similar forward current level on all
samples as shown in Fig. 3(a) due to large p-contact resistance
while forward current of SBDs is mainly determined by
the metal/semiconductor (drift layer) interface. Therefore, the
I-V characteristics of SBDs are directly related to the electrical
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Fig. 6. (a) C-V characteristics of four GaN Schottky diodes. The

inset shows the extracted net doping density for the four devices.
(b) Comparison of critical electric field of p-n diodes with different buffer
layer thicknesses.

properties of drift layers. Distinct on-currents are observed on
different samples, which suggest that buffer layer thickness can
dramatically alter the electrical properties of the drift layers.
A near unity ideality factor of 1.07 was obtained for SBD3 as
shown in Fig. 5(b), which signifies very high material quality
of the drift layer [25]. With the same UID drift layer, the
ideality factor decreases with increasing buffer layer thickness,
indicating thicker buffer layer results in better material quality
which can result from reduced defect density. This argument
is also supported by the AFM data in Fig. 2. RMS of devices
with thicker buffer layers are also smaller. In contrast, with
the same buffer layer, higher drift layer doping concentration
leads to larger ideality factor and therefore reduced material
quality. These results showed thick buffer layer is required to
improve the material quality of drift layers and achieve high
breakdown voltage even though devices are grown on bulk
GaN substrates.

Figure 6(a) shows C-V characteristics of the four Pd/GaN
SBDs at a frequency of 1 MHz. The net doping concentration
(Np—Ny) can be extracted using Eq. (1):

2
qeoerd (é)/a’v

where Np is donor concentration, Na is acceptor concen-
tration, ¢ is electron charge, g9 is permittivity of the vac-
uum, and &, is relative permittivity of GaN. After plotting
1/C? vs V, a good linear relationship was obtained on all
devices. The net doping concentrations of UID drift layers are
in the range of 2x 10" to 4x10'> cm™3, which are compa-
rable to that of recent reports on MOCVD grown GaN p-n
diodes [15], [16], [25]. With nominal Si concentration of
2x10'® cm™3, a net doping concentration of 5.8x10'> ¢cm™3
was determined, indicating a very low acceptor doping
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Fig. 7. Reverse |-V characteristics of four GaN Schottky diodes (SBD1,
SBD2, SBD3 and SBD4) with mesa diameter of 260 pm.

concentration on the level of 10'® cm™3 [25]. It’s also worth
noting that the net doping concentration is increased for
devices with thicker buffer layers, which is possibly related
to charged defects [26]. With the net doping concentration
obtained, critical electric field can be calculated in [16]:

q (Np — Na)tpr

Vep = Ectpr — (2)
2¢e0&r

where Vpp is the breakdown voltage, E. is critical electric
field, tpr is thickness of drift layer. Figure 6(b) shows the
critical electric fields of sample A and B in comparison with
reported device with 2 um buffer layer [16]. Devices with
thicker buffer layer showed larger critical electric field, which
is preferable for high breakdown devices. It should also be
noted that the breakdown fields of our devices are relatively
lower than that in Ref. 24 due to insufficient mesa isolation and
larger contact diameter. The breakdown voltages of the GaN
Schottky diodes were also measured in Fig. 7. The Schottky
diodes showed the same trend as the p-n diodes (Fig. 4):
thicker buffer layer can enhance the breakdown voltage while
high doping concentration in drift layer can considerably
reduce it.

Combining results from Fig. 4-7, we found that a thicker
buffer layer can (1) not only contribute to better material
quality which will enhance breakdown voltage, (2) but also
result in a higher doping concentration in the drift layer which
will reduce breakdown voltage. However, the highest break-
down voltages were still obtained on devices with thickest
buffer layers (Sample C and SBD3). These results indicate
material quality of a drift layer is more important than its
doping concentration in achieving high breakdown voltage for
the devices.

IV. CONCLUSION

We study the effect of buffer layer thickness on the electrical
properties of vertical GaN-on-GaN p-n and Schottky diodes
grown on free-standing GaN substrates. At forward bias, all
diodes exhibit excellent rectifying behaviors with on/off ratio
of ~ 10'% and low Ry of 3 mQ-cm?. At reverse bias, thicker
buffer layer can significantly enhance the breakdown voltage
due to improved material quality of the drift layer possibly
by reducing defect density. Breakdown voltage of over 1 kV
were achieved. These results indicate that material quality is
the key to achieving high breakdown on GaN p-n and Schottky
diodes.
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