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Characterizing the electrical breakdown properties of single n-i-n-n*:GaN
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The electrical transport properties and breakdown behaviors of single n-i-n-n" GaN nanowires
(NWs) are investigated through in-situ nanoprobing inside a scanning electron microscope (SEM).
The nanoprobing contact resistance is dramatically reduced by increasing the Si-doping concentra-
tion of the top n"-GaN segment of the NW. The dependence of the NW breakdown parameters
(i.e., breakdown voltage, power, and current density) on the n*-GaN Si-doping concentration and
the NW diameter is experimentally quantified and explained by the localized thermal decomposi-
tion mechanism of the NW. Enabled by the low NW-nanoprobe contact resistance, a breakdown
current density of 4.65 MA/cm? and a breakdown power of 96.84 mW are achieved, both the high-
est among the previously reported results measured on GaN NWs. Published by AIP Publishing.

https://doi.org/10.1063/1.5050511

Recent advances in microelectronics have made group
II-nitride nanowires (NWs) in the spotlight owing to the
excellent controllability of their electronic properties' and
their broad applications in (opto)electronics.” Catalyst-free
gallium nitride (GaN) NWs, usually vertically grown on a
substrate by molecular beam epitaxy (MBE), possess high
crystalline quality (e.g., strain- and dislocation-free) and
high electron mobilities, and thus hold great potential for use
in high-power and/or high-frequency electronic devices.>”

The electrical properties (e.g., transport property and
breakdown behavior) of GaN NWs significantly affect the
performance of GaN-NW-based devices. As an important
electrical property, the breakdown current density of GaN
NWs has been studied previously. Due to Joule heating, the
breakdown of horizontally arranged GaN NWs has been
observed to occur at an average current density of approxi-
mately 3 x 10°A/cm? at estimated peak temperatures of
around 1050-1100K.*> However, due to phonon surface
scattering, the relatively poor heat dissipation of NWs has
hindered the development of high performance vertically ori-
ented GaN NW devices.®” The level of breakdown current
density of GaN NWs tends to depend on NW geometries
(e.g., diameter and height), material compositions, and
arrangements on their growth substrates. Recently, GaN-NW
arrays with precisely controlled geometries, composition,
and array pattern arrangement have been synthesized by
using selective area epitaxy (SAE),*'? and these GaN-NW
arrays have been used to fabricate a variety of optoelectronic
devices such as multi-color light emitting devices (LEDs)
and full-color displays.''™"?
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The GaN NWs are typically grown on sapphire sub-
strates with thick GaN epilayers.'®"'? Compared to sapphire
substrates, heavily doped Si substrates exhibit advantages
of high thermal and electrical conductivities, and thus can
serve as a good heat sink at the NW bottom for high-power
electronic applications. To be compatible with existing sili-
con device technologies, SAE of GaN NWs on a Si sub-
strate has been recently explored and investigated by many
researchers.'*'® In this work, we synthesized high-quality
n-i-n-n” GaN NWs on a Si substrate using SAE, and
obtained SAE NWs with different diameters on the same Si
substrate. This allows us to readily perform electrical nano-
probing on as-grown GaN NWs, and study the effect of the
NW diameter and doping level on the electrical breakdown
behavior of the NWs.

This paper reports the electrical characterization of sin-
gle n-i-n-n* GaN NWs vertically grown on a Si substrate
through SAE. Benefiting from the flexibility of the in-situ
nanoprobing technique inside a scanning electron micro-
scope (SEM), the electrical breakdown parameters (i.e.,
breakdown voltage, power, and current density) of the n-i-n-
n" GaN NWs were experimentally quantified, and the
dependence of the NW breakdown behavior on the NW
diameter and the Si-doping concentration of the top n*-GaN
segment of the NW was investigated. Leveraging the excel-
lent transport property of the n-i-n-n" NW structure and the
low NW-nanoprobe contact resistance (enabled by the high
Si-doping level of the n"-GaN segment), a breakdown cur-
rent density of up to 4.65 MA/cm? and a breakdown power
of up to 96.84 mW were achieved, both the highest among
the previously reported breakdown parameters of single GaN
NWs. The results will provide useful guidelines for experi-
mentally improving the breakdown performance of single
GaN NWs with precisely controlled geometries on Si

Published by AIP Publishing.
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substrates, and thus enable applications of these GaN NWs
in high-power nanoelectronics.

The n-i-n-n” GaN-NW heterostructures were epitaxially
grown on an n-Si substrate (prime grade as-doped Si wafers,
Nova Electronic Materials; thickness: 279 * 25 um), using a
radio frequency plasma-assisted MBE system (GENxplor,
Veeco). Ti-mask-based SAE was employed to regulate the NW
diameter.>*!'7 The details of the NW growth process are intro-
duced in the supplementary material. As shown in Fig. 1(a), an
n-i-n-n” GaN NW heterostructure consists of segments of
~100nm lightly Si-doped n-GaN, ~500nm non-doped GaN,
~100nm lightly Si-doped n-GaN, and ~100nm heavily Si-
doped n"-GaN (bottom to top). The heavy doping of the n*-
GaN segment ensures low resistance between the NW and the
subsequently deposited Ti/Au electrode on its top surface.

Figure 1(b) shows a typical SEM photograph of five n-i-
n-n":GaN NWs grown on the same substrate, all with a hex-
agonal morphology. The maximum diameter of the hexagonal
NW cross section (simply called the diameter of the NW in
the following paragraphs) of the NW samples ranges from
400 nm to 950 nm, and was controlled by adjusting the size of
the Ti nanohole initially patterned on the Si substrate (Ti
mask). The capability of readily controlling the NW diameter,
enabled by the Ti-mask SAE technique, allows us to charac-
terize the electrical transport properties of the n-i-n-n" GaN
NWs at different NW diameters and, therefore, establish the
relationship between the NW diameter/cross-sectional area
and the material’s electrical breakdown parameters such as
breakdown voltage and power.

The crystal quality of the NW was examined through
high-resolution transmission electron microscopy (TEM) (FEI
Tecnai F20 with a camera of 4000 x 4000 pixels). Figure 1(c)
shows the crystalline structure of the root region of the n-i-n-
n":GaN NW, indicating high crystal quality. The interplane
spacing of the NW crystal was measured to be 0.26nm,

Growth
-7 \Direction

FIG. 1. Sample illustrations: (a) SEM images (45° tilt angle) of single GaN
NWs with precisely controlled diameters ranging from 400 to 800 nm. (b)
Schematic of single n-i-n-n":GaN NWs grown on a Si substrate. (c) High-
resolution TEM image and selected area electron diffraction (SAED) pattern
(inset) of the NW crystal structure.
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confirming the NW growth along the [0002] direction (c-
axis). The selected-area electron diffraction (SAED) pattern
[inset of Fig. 1(c)] also confirms the [0002] growth direction.

To improve the electrical contacts between the two nanop-
robes and the NW sample, Ti/Au electrodes were deposited on
top surfaces of the NWs and on the back side of the Si sub-
strate [Fig. 2(a)] through e-beam deposition. The Ti/Au deposi-
tion on top of the n"-GaN segment was based on polyimide-
based surface passivation and planarization,'® and the process
details can be found in the supplementary material.

We performed two-point electrical in-situ nanoprobing
of the as-grown single n-i-n-n":GaN NWs inside a SEM by
following a previously developed protocol.'® Compared with
the conventional nanolithography based techniques for estab-
lishing electrical contacts with a single NW,?® in-sifu nano-
probing is relatively easy to perform, is more rapid, and
allows the testing of many NWs with less experimental
efforts for examining the effect of different growth parame-
ters on the material’s electrical properties. More importantly,
nanolithography for patterning electrodes on a NW involves
chemical treatment of the NW that may alter the NW’s elec-
trical properties,”®*' but this is avoided in in-situ
nanoprobing.

A nanomanipulator (LF-2000, Toronto Nanoinstrumentation
Inc.), mounted inside an SEM (Quanta 450 FEG, FEI), was
employed for positioning conductive nanoprobes for electri-
cal probing and testing of single NWs. The nanomanipulator
integrates position feedback (resolution: 0.1 nm) on each of
its fine positioning stage, allowing closed-loop controlled,
high-precision nanopositioning. The bottom-right inset of
Fig. 2(b) shows an n-i-n-n":GaN NW being probed by a Pt-
coated tungsten nanoprobe (ST-20-0.5, GGB Industries).

In our nanoprobing experiments, one nanoprobe con-
tacts the metal at the top surface of a GaN NW [inset of Fig.
2(b)], and the other one contacts the back electrode on the
back side of the Si substrate. The resistance of the Si sub-
strate (resistivity: 0.005 Q-cm and thickness: 279 * 25 um)
along its thickness was estimated to be 0.00014 Q, which can
be safely ignored compared to the GQ- to kQ-level resistance
of the NW. A precision source meter (SMU 2400, Keithley)
was employed for I-V measurements of the NW samples.
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FIG. 2. (a) 3D schematic of GaN single NW devices fabricated on a Si sub-
strate. (b) Representative I-V characteristics of single GaN NWs with differ-
ent doping levels, obtained by nanoprobing individual GaN NWs with a
length of ~800nm and a diameter of ~500 nm. The top-left inset shows the
magnified I-V curves (voltage: —1.5V to 1.5V), based on which the NW
overall resistance was calculated. The bottom-right inset shows the SEM
image of such nanoprobing with a Pt-coated tungsten tip.
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The sweeping voltage was from —5V to 5V with a step
increment of 0.25V and a ramp rate of 100 V/s. During the
measurement, the e-beam radiation from the SEM was
switched off using a beam blanker to avoid any electrical
noise induced by the incident electrons. In addition, before
each measurement, the two nanoprobes connecting the GaN
NW sample were first grounded to eliminate any charge
built-up on the sample due to SEM imaging.

Figure 2(b) shows the representative I-V curves of single
n-i-n-nt GaN NWs (height: 800nm and diameter: 500 nm)
with four different doping concentrations in the n™ segments
of the samples. The linear I-V characteristics are observed in
the low voltage bias [—1.5 to 1.5V, top-left inset of Fig. 2(b)]
region (ohmic regime), while the nonlinear current voltage
characteristics are generally observed in the relatively high
voltage bias (—6 to 6 V) region which is a space-charge-lim-
ited (SCL) regime for a solid with a relatively low free carrier
concentration.””**> One can also see that the Si-doping level
in the n*-GaN segment of an n-i-n-n" GaN NW significantly
affects its I-V characteristics. According to the slopes of the
linear regions of the I-V curves in the low sweep voltage
range of —1.5 to 1.5V, the resistance values of individual
GaN NW were calculated to be 2MQ, 0.5MQ, 16kQ, and
3.3kQ for NWs with Si doping temperatures of 1150 °C,
1200°C, 1300°C, and 1350°C, respectively (n=15). Based
on the resistance equation R =//(c - A), the overall conductiv-
ity values (denoted by o) of these NWs were calculated to be
0.023 (Q-cm)” ', 0.092 (Qcm) ', 2940 (Qcm) !, and
14.255 (Q-cm) " for the Si doping temperatures of 1150°C,
1200 °C, 1300 °C, and 1350 °C, respectively.

Based on the overall conductivity of a single NW, we
estimated the electron density of the intrinsic, non-doped
GaN segment of the NW, which is one of the primary param-
eters of the NW quality. To this end, we used the resistance
data measured from n-i-n-n” GaN NWs with n* segments
doped at 1350 °C, which have the lowest contact resistance
with the top electrode. Specifically, the electron density
value of the non-doped GaN segment was calculated from
equation c=e - n - u,>* where ¢ is the conductivity in the
non-doped GaN segment, e is the constant value of elemental
charge, n is the electron density to be obtained, and y is the
electron mobility for non-doped GaN NWs. A previous study
has tested the electron mobility of non-doped GaN NWs to
be 650 cm?/(V-s),! which was used in our calculation. The
corresponding conductivity ¢ of the non-doped GaN segment
was calculated to be 10.11 (Q~cm)71 based on the equation
R=1I/(c - A), where the resistance value R for the non-doped
GaN segment was determined to be 3044 Q (by subtracting
the resistance values of the n-GaN and n"-GaN segments
from the total NW resistance of 3.3 kQ), / is the length of the
non-doped GaN segment (/=100nm), and A is the
NW cross-sectional area (diameter: 500 nm). From equation
g=e - n - U, the electron density value of the non-doped
GaN segment was finally estimated to be 9.71 x 10'°cm
which is in agreement with the previously reported results of
high-quality GaN materials.'*

After the I-V characterization, single n-i-n-n* GaN NWs
were driven to their electrical breakdown by applying a for-
ward ramp voltage from 0V to 10V (with a step increment of
0.25V and a ramp rate of 100V/s) at room temperature

s
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(21°C), and the corresponding I-V curves were recorded.
When the ramp voltage reached the NW breakdown value,
the GaN NW was broken because of the Joule heating effect,
and the breakdown voltage of the NW was determined to be
the peak value of the I-V curve before the current dropped to
zero [Figs. 3(b)-3(e)]. Figures 3(a-1)-3(a-3) show a sequence
of three SEM photographs illustrating the process of NW
breakdown testing. We also detached two broken NW por-
tions (from two individual tests) onto the same Si substrate
for high-magnification SEM imaging. As shown in Fig. 3(a-
4), there were Ga nano-balls on the NW portions that were
formed from the thermal decomposition of GaN and the sub-
sequent deposition of the decomposed Ga.*

The I-V curves for electrical breakdown of single NWs
with different diameters (400nm-900nm) and Si-doping
temperatures (1150°C-1350°C) are shown in Figs.
3(b)-3(e). We can see that the current injected through single
NW increased with the applied voltage bias until a certain
critical point, beyond which the current dramatically dropped
to zero. The current and voltage values at the critical point
were defined as the breakdown current and voltage. The
dependence of the breakdown voltage on the NW diameter
and Si-doping level of the n"-GaN segment is illustrated in
Fig. 4(a). Note each data point in Fig. 4(a) is the average of
breakdown voltage values measured from three GaN NWs
with the same diameter and Si-doping temperature, and the
x-axis error reflects the small variation of the NW diameter.
The data show that, for the same n™ doping concentration,
the NW breakdown voltage remains relatively constant with
small fluctuations (1150°C doping: 8.51 =0.28 V, 1200°C
doping: 8.23 =0.52V, 1300°C doping: 6.84 =0.78 V, and
1350°C doping: 5.38 = 0.25 V). The electric field strength at
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FIG. 3. (a) Sequential SEM images of single GaN NW probing before/on/
after breakdown tests (left scale bar: 500nm) and magnified image (right
scale bar: 500nm) of evaporated Ga balls and the broken NW cross section
area of the Ist and the 2nd measurement. (b)—(e) Single GaN NW failure I-
V characteristics with different Si doping temperatures used in n"-GaN: (b)
1150°C, (c) 1200°C, (d) 1300°C, and (e) 1350°C.
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FIG. 4. (a) Doping-dependent breakdown voltage as a function of the NW
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down current density and breakdown power density (red line) as a function
of doping temperature (the four data points correspond to the highest current
density and power density within four doping temperatures from 1150 °C to
1350°C). (d) NW breakdown power density as a function of NW current
density. n =3 for all the data.

the NW breakdown was calculated to be in the range of
10.76—17.02 MV/m, which is higher than that (~4.36 MV/m)
measured from single GaN NWs tested in a lateral arrange-
ment.’ Furthermore, it was observed that, at the same NW
diameter, the breakdown voltage decreased when the nt
doping level increased.

A previous study” demonstrated that the electrical break-
down of a GaN NW, which was arranged horizontally inside
a TEM, occurred in the middle portion of the NW because the
thermal distribution of the NW has the highest temperature
(T 0 10 its middle portion and lower temperatures at its two
ends connected with electrodes. In our experimental setup,
the Pt-coated tungsten nanoprobe has higher thermal conduc-
tivity than that of the Si substrate; thus, the top of the n-i-n-n"
GaN NW has a lower temperature than that of the NW’s root.
Assuming constant thermal conductivity over the entire NW,
the NW’s highest temperature T, is>*

acU?
Tmax = TOCXP ( 3 )7 (1)

where o is a constant inversely proportional to the thermal
conductivity of the NW, ¢ is the electrical conductivity of
the NW, and U is the applied DC bias (by ignoring the
nanoprobe-NW contact resistance). According to Eq. (1),
the maximum temperature 7,,,, on the NW only depends on
the DC bias not the NW diameter.” This explains the rela-
tively constant breakdown voltages required to elevate the
highest NW temperature (7,,,,) to the material’s melting
point for NWs with the same Si-doping concentration but
different diameters [Fig. 4(a)]. In addition, a higher Si-
doping concentration resulted in a larger electrical conduc-
tivity (¢) of the NW; this led to the decrease in the break-
down voltage U for NWs with the same diameter [Fig. 4(a)]
when the Si-concentration increased, assuming 7,,,. is the
same for all the NWs. Note that Eq. (1) does not consider the
heat transfer efficiency at the top and bottom of a NW and

Appl. Phys. Lett. 113, 193103 (2018)

was only used to qualitatively explain the observed trends of
the breakdown voltage vs. the Si-doping level and the NW
diameter.

Figure 4(b) shows the dependence of the NW break-
down power P (the product of the breakdown voltage and
current) on the NW diameter and the n"-doping level. One
can observe that for each Si-doping concentration, the NW
breakdown power is linearly proportional to the NW cross-
sectional area. For the same cross-sectional area, the NW
breakdown power increases with the doping concentration.

Fitting R=1/(c - A) and the power equation P =U?/R
into Eq. (1) yields

P
Tmax = TO exp (Oé_Al> . (2)

From Eq. (2), we can find that the breakdown power (the P
value required to drive T,,,, on the NW to reach its melting
temperature) is linearly proportional to the NW cross-
sectional area (A).

With the same NW cross-sectional area, the higher the
Si-doping concentration (thus «) becomes the higher the
breakdown power is. Based on Fig. 4(b), the maximum DC
power in a single GaN NW (diameter: 840nm; Si-doping
temperature: 1350 °C) is 96.84 mW, which is comparable to
the result reported in Ref. 4.

In addition, the dependence of NW breakdown current
density on the NW diameter is presented in Fig. S1, showing
a slight increase in the value of breakdown current density
with a decreased NW diameter at certain Si-doping tempera-
ture; as further interpretation, as shown in Fig. 4(c), the NW
breakdown current density increases exponentially with the
Si-doping temperature. This is primarily due to the fact that
the contact resistance between the top electrode and the n"-
GaN segment decreases with the Si-doping concentration,*’
and that the Si-doping concentration is in an exponential
relationship with the Si-doping temperature.”’** The maxi-
mum current density we have achieved was 4.65 MA/cm?
(current: 11.3mA, NW diameter: 612nm, and Si-doping
temperature: 1350°C), which is over 76 times higher than
that (0.06 MA/cmz) of GaN NWs (current: 244 yA and diam-
eter: 800 nm) reported in Ref. 4. Due to the relatively con-
stant breakdown voltages shown in Fig. 4(a) for the same n™
Si-doping concentration, the corresponding NW breakdown
power density (red line) also increases exponentially with
the Si-doping temperature, and the maximum power density
we have achieved was 327.84 mW/um>. As shown in Fig.
4(d), the NW breakdown power density is linearly propor-
tional to the breakdown current density.

The attained ultrahigh NW breakdown power and cur-
rent density data demonstrate the merits of the unique n-i-n-
n" heterostructure of the GaN NW and the effectiveness of
Si-doping approach (for the top n™ segment) to reduce the
contact resistance of the NW top surface. One can dramati-
cally increase the breakdown current density and the break-
down power of an n-i-n-n" GaN NW by increasing the Si-
doping level of the n™ segment. This illustrates an easy
experimental approach for tuning these important electrical
parameters of GaN NWs, to improve the performance of
GaN-NW-based electronic devices. Note that heat sinks at
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the top and bottom of a GaN NW also significantly affect its
electrical breakdown properties. In a practical (opto)elec-
tronic device involving vertically grown GaN NWs, the heat
transfer efficiency at the top and bottom of a NW can be sig-
nificantly improved by adopting a bottom substrate and a top
packaging material both with high thermal conductivity,
which will further extend the electrical breakdown limit of
the GaN NWs. Moreover, for wire interconnects in modern
integrated circuit (ICs), the contact resistance problem also
exists,”’30 and the high contact resistance can cause substan-
tial heating in a high-current IC device. The n*-segment
doping method we demonstrated could potentially mitigate
the contact resistance issue in wire interconnects of modern
ICs, improving device performance in high-current-density
operations.>'

In conclusion, the electrical properties of single n-i-n-n
GaN NWs grown on Si substrates were investigated through
in-situ two-point nanoprobing inside an SEM. The NW'’s
electrical breakdown parameters (i.e., the breakdown volt-
age, power, and current density) were quantified, and their
dependence on the NW diameter and the nanoprobing con-
tact resistance (determined by the Si-doping level of the top
n*-GaN segment) was examined. By tuning the Si-doping
concentration of the n"-GaN segment, we achieved a NW
breakdown current density of 4.65 MA/cm? and a breakdown
power of 96.84 mW, both the highest among the previously
reported results from GaN NWs. The results provide an
experimental guideline on how to improve the electrical
properties of GaN NWs grown on Si substrates for construct-
ing high-performance electronics.

+

See supplementary material for details of the epitaxial
growth of n-i-n-n* GaN NWs, e-beam deposition of Ti/Au
electrodes, and doping-dependent curve of NW breakdown
current density on the NW diameter.
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