Dynamic Visualization of Axial p—n
Junctions in Single Gallium Nitride
Nanorods under Electrical Bias

Yu-Jung Lu,"* Ming-Yen Lu,** Yu-Chen Yang," Hung-Ying Chen," Lih-Juann Chen,® and Shangjr Gwo"*

*Department of Physics, National Tsing-Hua University, Hsinchu 30013, Taiwan, *Graduate Institute of Opto-Mechatronics, National Chung-Cheng University,
Chiayi 62102, Taiwan, and *Department of Materials Science and Engineering, National Tsing-Hua University, Hsinchu 30013, Taiwan. ~Y.-J. Lu and M-Y. Lu
contributed equally to this work.

ABSTRACT We demonstrate a direct visualization method based on secondary

Forward Biased n

electron (SE) imaging in scanning electron microscopy for mapping electrostatic
potentials across axial semiconductor nanorod p—n junctions. It is found that the SE
doping contrast can be directly related to the spatial distribution of electrostatic

SE Intensity (a.u.)

potential across the axial nanorod p—n junction. In contrast to the conventional SE
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doping contrast achieved for planar p—n junctions, the quasi-one-dimensional
geometry of nanorods allows for high-resolution, versatile SE imaging under high
accelerating voltage, long working distance conditions. Furthermore, we are able to delineate the electric field profiles across the axial nanorod p—n junction
as well as depletion widths at different reverse biases. By using standard p—n junction theory and secondary ion mass spectroscopy, the carrier concentrations
of p- and n-regions can be further extracted from the depletion widths under reverse biasing conditions. This direct imaging method enables determination of

electrostatic potential variation of p—n junctions in semiconductor nanorod and nanowire devices with a spatial resolution better than 10 nm.
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emiconductor nanowires and nano-

rods have attracted much interest in

the past decade due to their unique
and tunable nature for nanophotonic and
nanoelectronic applications.' It is believed
that controlled synthesis, functionalization,
and integration of these one-dimensional
(1D) nanomaterials are likely to revolutionize
nanoscience and nanotechnology.” Espe-
cially, 1D semiconductor heterostructures
with well-defined geometries and modu-
lated compositions have become of particu-
lar interest to achieve unique functionalities
such as lasers,>*>® light-emitting diodes,®'°
solar cells,''™"® sensors," and field-effect
transistors.'>'® For most of these nanoscale
device applications, it is indispensible to in-
corporate n- and p-type dopants into semi-
conductor nanostructures for the purposes
of modulating their electrical properties and
forming p—n junctions. In the previous stud-
ies, the formation of nanowire p—n junc-
tions has been demonstrated by using the
cross-wire"'” and coaxial (core—shell) nano-
wire'>'®' techniques. In the case where

LU ET AL.

amphoteric doping for the same semicon-
ductor is not possible, the heterostructure
combinations of n-type (or p-type) nanowires
with p-type (or n-type) nanowires or substrates
have also been adopted to form p—n junction
devices®'” Recently, axially controlled modu-
lation of doping and compositions along in-
dividual nanorods®'® or nanowires®®? has
become a focused research area because of
the increased versatility in device functionality,
easy implementation of array-type devices,’
and ultrasmall device footprint.'® Here,
we focus on gallium nitride (GaN) nanorod
p—n junctions grown by plasma-assisted
molecular-beam epitaxy (PAMBE). Vertically
self-assembled GaN nanorod arrays have been
demonstrated to be dislocation-free single
crystals,”® which can be used as strain-free
growth templates due to their unique nano-
scale geometry.? In addition, the In,Ga;_,N
alloy is a direct band-gap semiconductor
whose emission wavelengths can be tuned
continuously with emission colors spanning
from ultraviolet to the near-infrared region.>**
Most significantly for practical applications,
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contrary to other wide-band-gap semiconductor ma-
terials, GaN nanorods can be doped as both n- and
p-type materials, which are a prerequisite for electri-
cally driven photonic devices.

At present, the capability to delineate and quantita-
tively determine the electrostatic potentials and dop-
ing concentrations across the 1D semiconductor axial
p—n junctions on the nanoscale is crucial for under-
standing the fundamental properties and improving
nanorod and nanowire device performance. Besides
conventional techniques such as secondary ion mass
spectroscopy (SIMS) and capacitance—voltage mea-
surements, a number of high-spatial-resolution dopant
profiling techniques have been developed to fulfill
the needs for next-generation semiconductor devices,
which include electron holography,?2° secondary
electron (SE) imaging in scanning electron microscopy
(SEM),?’ 3% scanning probe microscopies (e.g., scan-
ning Kelvin probe microscopy® and light-modulated
scanning tunneling spectroscopy>®), and synchrotron-
radiation-based spectromicroscopy.>” However, these
techniques have not yet been demonstrated for study-
ing nanowire and nanorod p—n junctions.

Recently, Garnett et al. demonstrated dopant profil-
ing of single Si nanowires using the capacitance—
voltage technique.®® But the required high spatial
resolution and direct electrostatic potential mapping
for individual 1D nanostructures have not been dem-
onstrated yet. Herein, we report a technique to perform
dynamic visualization of electrostatic potential map-
ping for single semiconductor nanorod p—n junctions
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by in situ electrical measurements in SEM. It is found
that the SE contrast can be directly observed across the
axial nanorod p—n junction with sub-10 nm spatial re-
solution (which is governed by effective Debye length;
please see details in the Supporting Information).
Furthermore, the depletion widths and carrier concen-
trations of single GaN nanorod p—n junctions can be
quantitatively determined.

RESULTS AND DISCUSSION

The GaN nanorod p—n junctions used in this study
were grown by PAMBE.?® Figure 1a shows a field-
emission scanning electron microscopy (FESEM) image
of a vertically aligned GaN nanorod p—n junction array
with a visible SE doping contrast. The lengths of
p- and n-type segments of GaN nanorods are about
1 um, while the diameters of p- and n-GaN nanorod are
85 and 40 nm, respectively. The crystal structure of
individual GaN nanorods was investigated by transmission
electron microscopy (TEM) and scanning transmission
electron microscopy (STEM) using a spherical-aberration-
corrected 200 kV transmission electron microscope (JEOL
JEM ARM200F). A bright-field STEM image and the corre-
sponding diffraction pattern of single p—n GaN nanorod
are shown in Figure 1b and ¢, respectively. Figure 1d is the
high-resolution (HR) TEM image acquired from the inter-
face of p- and n-GaN (marked area in Figure 1b). The
separation of lattice fringes (0.52 nm) corresponds well to
the lattice constant of bulk GaN along the wurtzite c-axis
({0001) direction). These images reveal that PAMBE-grown
GaN nanorods are single crystals with smooth surfaces
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Figure 1. Morphological and structural characterization of GaN nanorods with axial p—n junctions. (a) Tilted FESEM image of
PAMBE-grown GaN nanorod arrays. The p- and n- segments of nanorods are clearly visible in the image with bright and dark
contrast, respectively. (b) Bright-field TEM image of a single GaN nanorod p—n junction. (c) Electron diffraction pattern of the
p—njunction region exhibiting the single crystalline nature of a GaN nanorod. (d) High-resolution TEM image obtained at the
p—n junction interface [marked area in (b)]. The measured lattice constant is about 5.2 A, in good agreement with the known
value of wurtzite GaN crystal along the (0001) direction. In addition, no defects are observed in the image, indicating that
as-grown GaN nanorods are typically perfect crystal structures. (e) High-resolution annular bright field (ABF) STEM image of
GaN nanorods showing the ABABAB stacking order of a wurtzite structure. (f) Magnified false-color ABF-STEM image
illustrates that N atoms are on the top ends of Ga—N dumbbells, confirming the N-polarity of PAMBE-grown GaN nanorod.
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Figure 2. FESEM images of a single axial GaN nanorod p—n junction under different imaging conditions. (a) Weak imaging
contrast acquired with the nanorod supported on unbiased Au electrodes at both sides. (b) In contrast, a significant imaging
contrast arises when the nanorod is lifted to the free space using an electrically grounded probe tip at the p-type segment.
(c) The imaging contrast of the freestanding GaN nanorod becomes weak by contacting the electrically grounded probe tip to
the n-type segment. All the scale bars correspond to 500 nm. At the bottom of the FESEM images, the schematics show the
variations of p—n junction band diagrams at different contact conditions. When the grounded tip contacts the p-type
segment, the effective built-in potential becomes larger because of local charging of electrons at the n-type segment.

and the growth is along the c-axis. Also, excellent
crystallographic alignment and defect-free nature are
demonstrated in the HR-TEM image. As a consequence,
the photoluminescence measurement of as-grown GaN
nanorods exhibits only a sharp band-gap emission at
365 nm, and no significant defect emission peaks were
detected (see Supporting Information Figure S3).

The atomic arrangement of p—n GaN nanorods
was further investigated under aberration-corrected
conditions. This technique provides direct imaging
of both heavy and light elements at sub-angstrom
resolution® Figure 1e shows the annular bright-field
(ABF) HR-STEM image of a GaN nanorod, revealing the
ABABAB stacking order of wurtzite structure along the
(0001) direction. The Ga—N dumbbell pairs are clearly
visible in the magnified false-color image (Figure 1f),
showing that N atoms are on top of the dumbbells and
the PAMBE-grown GaN nanorods have nitrogen polarity.

The contrasts in the SEM vary with different doping
concentrations, also known as doping contrast, was
reported by Chang and Nixon as early as 1967.% In the
SEM images, the SE collection from the p-type region
is more than that from the n-type region; that is,
the p-type region appears brighter than the n-type
region in the SEM image. Later on, it was shown that
the observed SE intensity not only depends on the
doping type (n or p), but also varies quantitatively on
the carrier concentrations in n- and p-type regions.?®
A linear relationship exists between the observed
SE intensity and the logarithm of the carrier concentra-
tion of doped semiconductors in a wide range (over 4
orders of magnitude) of carrier concentrations.?® 32
This indicates that the escape barrier of SE in differently
doped regions is the origin of the observed doping
contrast. As a result, the SE intensity is proportional
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to the built-in electrostatic potential across the p—n
junction>*732 In this work, we demonstrate signifi-
cantly enhanced imaging contrast of single GaN nano-
rod p—n junctions under in situ electrical bias. All SE
images were obtained by using a field emission SEM
(Zeiss Ultra 55 FESEM) with an in-lens SE detector.
The SE imaging conditions in our experiments are as
follows: 15 kV accelerating voltage, 6 mm working
distance, and ~680 C/cm? electron dose, and the
achievable spatial resolution is limited by the Debye
length of GaN, which is <10 nm for the measured
carrier concentrations (see Supporting Information
for details). In order to understand the correlated SE
variation of a nanorod p—n junction under electric bias,
an in situ four-probe manipulation/measurement sys-
tem was utilized for electrical measurements. We pre-
pared the sharp tungsten probe tips by a wet chemical
etching method, similar to the typical tip preparation
method used for scanning tunneling microscopy. In
particular, the surface depletion effects* are insignif-
icant in this study by using a two-step surface treat-
ment prior to the electrical measurements in SEM (see
details in the Supporting Information). The SE doping
contrast of planar semiconductor p—n junctions usual-
ly emerges under a low accelerating voltage of SEM
(~0.5—2 kV).?" In comparison, the imaging contrast of
GaN nanorod p—n junctions is significantly high, while
the accelerating voltage in excess of 10 kV and a long
working distance are used in in this work. These
experimental conditions represent an important ad-
vantage of the SE imaging technique for electrostatic
potential mapping of semiconductor nanostructure. It
disclosed the high spatial resolution and the capability
of biasing individual nanostucture p—n junctions by
using an in situ nanoprobing stage.
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To understand the contrast mechanism for individual
GaN nanorods, we conduct a local charging experiment
using an in situ nanomanipulation technique. Figure 2a
shows the imaging contrast of a single GaN nanorod
p—n junction supported on two unbiased electrodes at
both ends, while Figure 2b and c show the free-standing
cases with the ground probe tip holding p- and n-type
nanorod segments, respectively. The corresponding
p—n junction band diagrams show the electrostatic
potential variations across the nanorod p—n junction,
where E,; and E;,4 denote the built-in electric field and
the local-charging-induced electric field, respectively.
When a single GaN nanorod p—n junction is lifted to
the free space from the p-GaN end using an electrically
grounded tungsten tip (Figure 2b), the local charging at
the n-GaN region occurs due to the built-in potential,
and the trapped charge induces an opposite charge at
the p-GaN region. In this situation, an internal electric
field (Ej,g) is generated. As a result, the electrostatic
potential difference between p- and n-GaN regions is
significantly increased and a stronger SE image contrast
across the junction can be observed. In comparison,
Figure 2c indicates that no significant change in electro-
static potential occurs when the GaN nanorod is lifted to
the free space by the grounded tip holding at the n-GaN
end. The image contrast Cy, (i.e, the SE doping contrast
between p- and n-type regions) is defined by

o —1
Con = 27
Io+

M

where I, and I, are the gray level intensities extracted
from the SEM images of the p- and n-regions of
GaN nanorod, respectively. The range of the gray level
intensity value varies between 0 (black) and 255 (white).
The image contrast is strongly dependent on the work-
ing distance at specific accelerating voltages.>* Taking
Figure 2b as an example, Gy, is found to be 36%, which is
higher than that of previous studies for a planar p—n
junction.>"* The present result indicates that enhanced
imaging contrast from 1D semiconductor nanostruc-
tures arises from strong localized charging effects in
low-dimensional nanostructures.

It is known that GaN p—n junctions with high
crystalline qualities are expected to possess excellent
electrical rectifier properties.*’ ~** To measure the
electrical properties of single GaN p—n junctions, we
fabricated single GaN nanorod diode devices by using
a photolithography process. An FESEM image of the
fabricated device is shown in Figure 3a. In situ electrical
measurements and imaging of single GaN nanorod p—n
junction devices were carried out by contacting probes
to metal electrodes in the FESEM, and the external
biasing was performed by using a low-noise dc source
(Keithley 2400). The electrical characteristic of a single
GaN nanorod p—n junction is depicted in Figure 3b, and
the inset is the schematic illustration of a single GaN
nanorod diode device with Ti/Au electrodes. The Ti/Au
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Figure 3. Electrical measurements were carried out in an
FESEM equipped with a multiple-probe manipulation/mea-
surement system. (a) FESEM image and schematics of the in situ
measurement configuration. The yellow dashed lines in the
image highlight the measuring electrodes with a single p—n
GaN nanorod placed in between. (b) Electrical measurement for
a single GaN nanorod p—n junction. The single GaN nanorod
p—n junction exhibits rectifying characteristics in current—
voltage measurement at room temperature. The inset shows
a log-scale current—voltage plot showing that the reverse cur-
rent is on the order of a picoampere at —10 V. (c) FESEM images
of a single GaN nanorod p—n junction measured with a reverse
and forward bias, respectively. The nanorod image shows a
strong imaging contrast under reverse biasing conditions.

electrodes were used to form ohmic contacts on both
the p- and n-side of the GaN nanorod.** The current—
voltage plot is shown in log scale (as the inset of
Figure 3b). It exhibits the typical rectifying behavior of
a p—n junction with a clear turn-on voltage of 2.5 V.
The ideality factor of a single GaN nanorod p—n junction
is determined to be 12 at room temperature for
the specific nanorod (see details in the Supporting
Information), which has a similar value in comparison
with the previous results (~6.5).*? For the planar thin film
p—n junction, the ideality factor is ~20.** The lower
ideality factor of a single nanorod is attributed to being
extended-defect-free in GaN nanorod p—n junctions. In
particular, the reversed leakage current of a single GaN
nanorod p—n junction remains very low (<10 pA) at
—10V, which is comparable to that measured from a
dislocation-free GaN diode structure.*® Interestingly, the
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Figure 4. (a) Schematic illustration of the in situ measurement geometry. (b) Dynamic visualization of imaging contrast
variation for a single GaN nanorod p—n junction. A sequence of FESEM images shows the electrostatic potential mapping
variation for a single GaN nanorod p—n junction at different reverse biases (from —1 to —10 V). The dark and bright contrasts
correspond to the n-GaN and p-GaN region, respectively. (c) Corresponding SE intensity line profiles along the nanorod
derived from (b). (d) Plot of the SE intensity contrast between the p- and n-nanorod regions versus the applied reverse bias.

doping contrast of a single GaN nanorod p—n junction
device varies significantly under different reverse biases,
which are applied to enhance the effective built-in
voltage.®' The left and right SEM images in Figure 3c
show doping contrast variation of a single GaN nanorod
p—n junction under reverse and forward bias, respec-
tively. This behavior can be well explained by the SE
imaging contrast mechanism;**~32 that is, forward bias-
ing reduces the potential barrier across the p—n junction
and reverse biasing increases the potential barrier.
Furthermore, the variation of imaging contrast
across the in situ biased p—n junction can also be
observed in real time by high-resolution SE imaging,
which opens an interesting way to visualize the elec-
trostatic potential variation of nanostructure p—n junc-
tions at different biasing voltages. In this study, we
find that the potential change for a single nanorod
p—n junction can be clearly monitored and identified
by the imaging contrast of a p—n junction in SEM
images. Figure 4a shows the schematic diagram of the
specimen geometry used for in situ electrical measure-
ments, where V,,; is the built-in voltage, Ey,; is the built-
in electric field, W is the depletion width, and Vi and Eg
are the reverse bias and the electric field induced by
reverse bias, respectively. We performed in situ, real-
time quantitative measurements of a single p—n GaN
nanorod device under reverse biasing conditions. A
sequence of high-resolution SE images acquired with
reverse bias from 0 to —10 V is shown in Figure 4b,
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where the contrast variation results from different
reverse bias conditions during the measurements.
The corresponding intensity line profiles of the same
nanorod at different reverse biases (extracted from
Figure 4b) are plotted in Figure 4c. This plot clearly
indicates that the change of SE contrast is due to
the increase of effective built-in potential barrier
at the p—n junction. Figure 4d shows the plot of the
SE intensity variation between the p- and n-regions of
the nanorod as a function of the applied reverse bias,
illustrating that the electrostatic potential across the
p—n junction increases with increasing reverse bias.
The SE doping contrast can be extrapolated to zero at a
forward bias of ~3V, in line with the threshold voltage
(2.5 V) exhibited in I—V measurements.

The SE intensity from a semiconductor p—n junction
has been known to correlate with the built-in electro-
static potential 32 Therefore, the spatial distributions of
electric field can be obtained by the first derivative of the
SE intensity plot by using the following relationship:

Ex) = —d¢(x)/dx (2)

where ¢ and E represent the electrostatic potential
and the electric field, respectively. The depletion widths
at the space-charge regions can then be extracted by
curve fitting of the experimental electric field profile (see
details in the Supporting Information, Figure S4). Herein,
the experimental results of the electric field plots under
different reverse biases (from —6 to —10V) are shown in
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Figure 5. (a) Determination of depletion widths for a single
GaN nanorod p—n junction. Electric field profiles derived
from the measured SE intensity profiles under reverse bias
(—6 to —10 V). The ratio of d,/d,, remains the same at 2,
where d,, and d,, correspond to the space charge width in
the p-type and n-type GaN region, respectively. (b) Compar-
ison of measured depletion widths (blue dots) and the
standard p—n junction model. The solid curve shows the
best fit of the standard p—n junction model.

Figure 5a. According to these results, the ratio of space
charge width d,/d, remains about 2 for all biasing
conditions, where d,, and dy, are the space charge widths
at the n- and p-regions. This is reasonable since the
depletion widths are fixed by the carrier concentrations
and the charge neutrality condition. Figure 5b shows the
plot of the depletion widths as a function of reverse bias,
where the depletion widths range from 160 to 320 nm
when the reverse bias is changed from 0 to —10 V. The
depletion widths increase with increasing reverse bias
across the junction. Using egs 3 and 4, the curve shown
in Figure 5b is the best fit using the standard p—n
junction model, which has a good agreement with the
experimental results.

W {ZSGaN(Vbi + VRr) {n +P] }1/2 3)
e nxp
MATERIALS AND METHODS

GaN Nanorod Growth Device Fabrication Procedure. The p—n GaN
nanorods used in this study were grown on a 3in., n-type Si(111)
wafer by PAMBE. First, a 1 um, n-type self-vertically aligned GaN
nanorod array was grown on Si(111), and then a 1 um, p-type
GaN nanorod was grown on top of the n-type GaN nanorod.
In order to fabricate the single nanorod device, the sample was
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where W represents the depletion width, e is electron
charge, Vi is the reverse bias voltage, V,; is the built-in
voltage, egan is the dielectric constant of GaN, k is
the Boltzmann constant, T is the temperature, n; is the
intrinsic carrier concentration (1.9 x 107'° cm™ for GaN
at room temperature), and n and p are the carrier
concentrations of n- and p-type GaN region, respec-
tively. From the curve fitting, the carrier concentrations
can be estimated as p ~ 4 x 10'7 cm™> for the p-GaN
region and the built-in potential is 3.3 V. Since the ratio of
space charge widths between n- and p-GaN is about 2,
we can determine n 2 2 x 10" cm™2 for the n-GaN
region. In order to confirm the carrier concentrations
acquired from in situ electrical measurements, SIMS
analysis was used to find that the concentration of
magnesium (Mg) dopant in the p-type GaN nanorod
region is about 2 x 10?° cm ™. Mg has a large ionization
energy (~180 meV), and typically less than 1% of Mg
dopants are ionized.*® According to our previous study,
when the doping concentration of Mg in the nitrogen-
polar GaN epitaxial layer was measured by SIMS to be
~7 x 10" cm™3, the carrier concentration of p-GaN
was determined to be ~1 x 10" cm™> by Hall effect
measurement.®” It revealed that only 0.14% of Mg
acceptors can be ionized. Thus, the carrier concentration
of the p-GaN nanorod region can be estimated to be
p ~ 3 x 10" cm ™ by using the same activation ratio of
Mg dopant. This is very close to the value measured by
using the SE imaging technique.

CONCLUSIONS

In summary, we have demonstrated a high-resolu-
tion, direct electrostatic potential mapping method
based on secondary electron imaging contrast in
single semiconductor nanostructures. It is established
that this imaging contrast can be directly related to
the spatial distribution of electrostatic potential across
the axial nanorod p—n junction. The key advantage for
nanostructure characterization is that the electrostatic
potential variation can be observed in real time under
high-resolution imaging and in situ biasing conditions.
Furthermore, the depletion widths and carrier concen-
trations can be quantitatively determined from sec-
ondary electron images. This technique is very useful to
provide quantitative doping information for semicon-
ductor nanostructure devices at the nanoscale.

dipped in 1% hydrogen fluoride (HF) solution for 30 s to remove
the native oxide on the nanorods. We suspended nanorods
in a 2-propanol solution using a sonic bath, and individual
GaN nanorods were dispersed onto an oxidized (~500 nm in
thickness) silicon substrate. The electrodes were patterned by a
standard photolithography and lift-off technique. Both of the
ohmic contacts to n- and p-type GaN were prepared by using

VOL.7 = NO.9 = 7640-7647 = 2013 A@i@

J

WL

N

Na

WWwWW.acsnano.org

7645



evaporated Ti/Au (20 nm/35 nm). Contact metals were prepared
by electron-beam evaporation in a vacuum chamber, and the
base pressure was in the 1077 Torr range. After the contact
fabrication process, nanorod devices were annealed under high
vacuum at 600 °C for 20 s at a base pressure in the 10~° Torr
range.

In Situ IV Measurements. A Keithley 2400 souce-meter unit
and a Zyvex S100 nanoprobing system were used for electrical
measurements. The nanoprobing stage is installed in a field-
emission scanning microscope (Zeiss Ultra 55), and the -V
measurements were performed at room temperature.
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