This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING

An SEM-Based Nanomanipulation System for
Multiphysical Characterization of Single
InGaN/GaN Nanowires

Juntian Qu*™', Member, IEEE, Renjie Wang, Peng Pan™', Member, IEEE, Linghao Du",

Zetian Mi"“, Fellow, IEEE, Yu Sun

Abstract— Nanomaterials possess superior mechanical, elec-
trical, and optical properties suitable for device applications
in different fields such as nanoelectronics, photonics, and sen-
sors. Characterizing the multiphysical properties of single nano-
materials and nanostructures provides experimental guidelines
for synthesis and device applications of functional nanoma-
terials. Nanomanipulation techniques under scanning electron
microscopy (SEM) have enabled the testing of mechanical and
electrical properties of various nanomaterials. However, the intro-
duction of micro-photoluminescence (u-PL) measurement into
an SEM setup for in-situ single nanomaterial characterization
is still experimentally challenging; in particular, the seamless
integration of the mechanical, electrical, and u-PL testing
techniques inside an SEM for multi-field-coupled characteriza-
tion of single nanostructures is still unexplored. In this work,
we report the first SEM-based nanomanipulation system for
multiphysical characterization of single nanomaterials. A custom-
made, optical-microfiber-based p-PL setup is integrated onto a
nanomanipulation system with four nanomanipulators inside an
SEM. The system is also equipped with a conductive nanoprobe
and a conductive atomic force microscopy (AFM) probe for
electrical nanoprobing and electroluminescence (EL) measure-
ment of single nanomaterials with contact force feedback. Using
the system, field-coupled characterization (i.e., optomechanical,
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optoelectronic, electromechanical, and mechano-optoelectronic
testing) of single InGaN/GaN nanowires (NWs) are conducted;
and, for the first time, the effect of mechanical compression
applied to individual InGaN/GaN NWs on its optoelectronic
property is revealed.

Note to Practitioners—With the rapid advances of nanopho-
tonics and nanoelectronics, the optical and optoelectronic char-
acterization of semiconductive nanomaterials becomes widely
used for guiding the material synthesis and improving the
nanodevice performance. However, few studies on optical-relevant
characterization were carried out in SEM, mainly due to the
limited space of an SEM chamber, making it challenging to
integrate optical components for effective optical excitation and
luminescence measurement. To address this issue, space-saving
optical microfibers were integrated into the SEM chamber for
in-situ optoelectronic characterization of semiconductor NWs,
along with the seamless integration of mechanical and electrical
nanoprobing tools for electromechanical characterization. The
developed nanomanipulation system will greatly facilitate the
multiphysical testing of semiconductor nanomaterials, and thus
expedite their synthesis optimization processes and broaden their
optoelectronic device applications.

Index Terms— Multiphysical characterization, nanomanipula-
tion, scanning electron microscopy, semiconductive nanomateri-
als, InGaN/GaN nanowires.

I. INTRODUCTION

HE last two decades have witnessed signifiant advances

in the field of nanomaterials. Due to their unique
nanoscale morphologies and superior physical/chemical prop-
erties, nanomaterials have been widely used for a variety of
applications such as next-generation electronics [1], nanocom-
posite synthesis [2], sustainable energy [3], biosensing [4] and
photonics [S]. The mechanical, electrical, optical, and field-
coupled (e.g., electromechanical, optoelectronic, and mechno-
optoelectronic) properties of these nanomaterials play critical
roles in their practical applications; thus, the experimental
characterization of these properties is of major concern from
perspectives of both nanomaterial synthesis and device appli-
cations.

Among various experimental techniques employed for
nanomaterial characterization, scanning electron microscopy
(SEM)-based nanomanipulation has been applied to testing the
mechanical, electrical, and electro-mechanical properties of
different types of nanomaterials and nanostructures [6]-[17].
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Fig. 1.  Photographs of the SEM-based nanomanipulation system. The

inset shows the zoomed-in view of one protruding AFM probe, one
conductive nanoprobe, and two optical microfibers mounted on the four
nanomanipulators.

Compared to the atomic force microscopy (AFM)-based
nanomanipulation techniques [18]-[24], SEM provides direct
visual feedback with a high frame rate and high resolution;
besides, the substantially larger field of view (several millime-
ters; AFM: maximum about 150 gm x 150 gm) and real-time
nanometer-level imaging resolution of SEM enable simultane-
ous nanomaterial imaging and manipulation [6], [25].

With the rapid advances of nanophotonics and nanoelec-
tronics, the optical and optoelectronic characterization of semi-
conductive nanomaterials becomes widely used for guiding the
material synthesis and improving the nanodevice performance.
For optical characterization, only a few studies on cathodolu-
minescence (CL) characterization of nanomaterials [26]-[29]
were carried out in SEM. For optoelectronic characterization,
the SEM was only utilized for focused ion beam (FIB)-assisted
metal contact deposition [30]; the major characterization
processes were still performed in the ambient environment.
The lack of SEM-based optical characterization setup is
mainly due to the limited space of an SEM chamber, making
it challenging to integrate optical components for effective
optical excitation and luminescence measurement [31].

To perform optical characterization of single nanomaterials
(i.e., micro-photoluminescence or u-PL) inside an SEM, effi-
cient light collection and luminescence detection are necessary.
A sizeable paraboloidal mirror was employed in an SEM [31]
for light collection in CL testing; however, due to the limited
space of the SEM chamber, the mirror blocked most other
detectors and did not allow electrical nanoprobe integration,
thus hindering the simultaneous supply and measurement of
electrical and optical signals on the nanomaterial. To address
this issue, space-saving optical microfibers [29] were inte-
grated into an SEM chamber for in-situ optoelectronic char-
acterization of semiconductor nanowires (NWs). However, the
experimental setup does not possess force sensing capability to
quantify contact forces applied to a nanostructure for studying
the mechanical effect on the material’s optical, electrical
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and optoelectronic properties. Based on above discussions,
it is highly desired to develop an SEM-based system capa-
ble of characterizing the mechanical, electrical, optical, and
field-coupled properties of single nanomaterials.

In this paper, we report the first SEM-based nanomanip-
ulation system mechanical, electrical, and optical measure-
ment capabilities for multiphysical characterization of sin-
gle semiconductor NWs. Through seamless integration of
a custom-made, optical-microfiber-based u-PL setup with
mechanical and electrical nanoprobing tools inside an SEM,
we develop experimental strategies for performing in-situ char-
acterization of field-coupled properties on single InGaN/GaN
NWs. We demonstrate optomechanial, optoelectronic, electro-
mechanical, and mechano-optoelectronic characterization of
InGaN/GaN NWs, and investigate, for the first time, the effect
of mechanical compression on the electroluminescence (EL)
property of single InGaN/GaN NWs. The developed nanoma-
nipulation system will greatly facilitate the multiphysical test-
ing of semiconductor nanomaterials, thus expedite their syn-
thesis optimization processes and broaden their optoelectronic
device applications.

This paper is an extended version of a previous conference
paper that only reports the mechano-optoelectronic testing
results [32]. In this extended journal version, we performed
more calibration experiments of the optical (u-PL) testing
module, and carried out three additional field-coupled char-
acterization experiments (i.e., optomechanical, optoelectronic
and electromechanical testing) on single InGaN/GaN NWs to
fully demonstrate the system’s unique nanomaterial testing
capabilities. More technical details, experimental results, and
discussions are included.

II. NANOMANIPULATION SYSTEM DEVELOPMENT
A. System Overview

Fig. 1 shows the photograph of the nanomainpulation sys-
tem setup. Housed inside an SEM (SU3500, Hitachi; not
shown in Fig. 1), the setup is based on a piezoelectric nanoma-
nipulator with four closed-loop controlled nanopositioners
(LF-2000, Toronto Nanoinstrumentation Inc.). One Pt-coating
conductive tungsten nanoprobe (ST-20-0.5, GGB Industries),
one Pt-coating conductive AFM cantilever probe with a pro-
truding tip (ATEC-FM, NanoAndMore Corp.), and two optical
microfibers (Accu-Glass Products Inc.) are mounted on the
four nanopositioners, with the nanoprobe and AFM probe
arranged along one diagonal direction and the two optical
microfibers along the other diagonal direction. The system
also contains necessary components for operation in three
single-field testing modes: (i) the electrical testing mode, (ii)
the optical testing mode, and (iii) the mechanical testing mode.
With the seamless integration of all the testing components
and the development of corresponding techniques, the system
is capable of executing single-field and field-coupled charac-
terization tasks.

The Pt-coated tungsten nanoprobe and the AFM cantilever
probe can be used for in-situ electrical probing of nano-
materials such as the as-grown single NWs on its growth
substrate. Owing to its protruding tip visible from the SEM
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top view, the AFM cantilever probe can be guided by the
SEM vision to contact the top surface of a single NW, without
requiring the SEM sample stage to be tilted for observing the
side view of the probe and the NW sample. For applying
an electrical voltage/current to a NW sample, our system
employs two-point electrical nanoprobing rather than adopting
the conventional electron-beam lithography (EBL)-patterned
electrode contacts, which avoids chemical treatment of the NW
sample during EBL [33], [34]. Through SEM visual guidance,
the two optical microfibers can be precisely positioned to
the proximity of a single NW for optical excitation and
luminescence measurement (i.e., u-PL measurement). Besides,
the protruding AFM probe can also serve as a high-resolution
force sensor for contact force measurement during nanoprob-
ing, which, in combination with the SEM-based motion track-
ing, enables mechanical characterization and stimulation (by
applying strain/stress) of single NWs.

The major merit of this multiphysical characterization
system is the flexibility of combining different types of
end-effectors for different tasks. By combining both the
luminescence detection microfiber and the two conductive
probes, we can perform optoelectronic (i.e., EL) characteri-
zation of a single NW, where the injection current can be
applied to the NW using the two conductive probes and the
resulting optical emission can be simultaneously measured
by the optical microfiber. Moreover, this system can also
be extended to triple-field-coupled (mechano-optoelectronic)
characterization. For the triple-field-coupled characterization,
a single semiconductor NW is compressed by the AFM probe
from the top at a desired contact force level, and the effect of
the induced NW stress/strain on its EL property is quantified
by the two conductive probes and the luminescence detection
microfiber. In this operation, the conductive AFM probe serves
as both the electrical nanoprobe and the force-sensing end-
effector. In the following sections, we will introduce the
optical, mechanical and electrical characterization modules of
the nanomanipulation system.

B. Optical Testing Mode

1) Optical Setup Design: In the optical testing mode,
the system employs the space-saving optical microfibers for
laser excitation and luminescence measurement on the NW.
Fig. 2(a) shows the schematic diagram of the optical charac-
terization setup. A 405 nm collimated diode laser (LRD-0405-
PFR-00500-05, Laserglow Technologies) was chosen as the
optical excitation source, and the laser beam was guided into
the SEM chamber through two multimode optical microfibers:
one 100 xgm UV/VIS bare polished fiber (112550, Accu-Glass
Products Inc.) inside the SEM vacuum chamber (the vacuum
side) and another 100 xm UV/VIS PMMA-encapsulated fiber
(112552, Accu-Glass Products Inc.) outside the SEM cham-
ber (the air side). A custom-made vacuum feedthrough was
mounted on a port of the SEM chamber for connecting the
two microfibers and coupling the laser beam from outside
to inside of the chamber. To protect the fragile thin bare
microfiber in the SEM chamber, a soft tube of 150 xm inner
diameter (ID) was utilized to sheathe the vacuum-side bare
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Fig. 2. SEM-based optical characterization module. (a) Schematic and
(b) photograph of the optical characterization module with two integrated
optical fibers. (c) Schematic and photograph of the optical fiber adapter.

microfiber. Finally, to complete the excitation loop setup, a
405 nm bandpass filter (OD4, Edmund Optics) was set in the
path of air-side microfiber for selectively passing the 405 nm
excitation signal.

To detect the optical emission from a NW, two optical
microfibers of the same type (wavelength range: 200-800 nm)
were selected for mounting at both the air- and vacuum-sides
of the SEM. The selection of the visible wavelength range
meets the requirement of PL and EL measurements of the
InGaN/GaN NWs. Another custom-made vacuum feedthrough
was mounted on the same SEM chamber port for connecting
the microfibers and pass through the collected sample emission
signal to outside of the SEM chamber. The end of the
air-side luminescence detection microfiber was connected to a
high-precision spectrometer (Ocean Optics, QE Pro-FL) with
a back-thinned, thermoelectrically (TE)-cooled CCD detector
for luminescence measurement. To isolate the luminescence
signal from the 405 nm excitation signal, a 425 nm longpass
filter (OD4, Edmund Optics) was placed in the air-side detec-
tion path for filtering out any 405 nm signal.

A technical challenge for integration of the optical char-
acterization setup was how to mount the two thin flexible
bare microfiber tips onto the nanopositioners and achieve fixed
light excitation and detection angles. As shown in Fig. 2(c),
we designed an adapter to stably mount a bare microfiber
onto the nanopositioner. The flexible optical microfiber tip
was firstly inserted into a metal tube with a 45° bending
angle, and the metal tube was then inserted into a protection
tube with an inner diameter of 150 um. A 3D-printed tube
holder was fabricated to immobilize the protection tube, and a
custom-made pin clamp was integrated at the end of the tube
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holder for firmly clamping it onto the output pin shaft of the
nanopositioner. This adapter design provides stable mounting
of the two microfibers onto the two nanopositioners, and also
allows the microfiber position and bending angle to be readily
adjusted by changing the clamp position on the metal pin of
the nanopositioner and the bending angle of the metal tube,
respectively. Fig. 2(b) shows the laser excitation microfiber
and the luminescence detection microfiber stably mounted on
the nanomanipulator.

2) Optical Module Calibration: To quantify the output illu-
mination power at the excitation microfiber tip, we calibrated
the entire excitation loop and obtained the data of total output
power at the microfiber tip vs. driving current of the laser
source. A digital optical power meter (PM100D, Thorlabs)
with a 200-1000 nm photodiode power sensor (S120VC,
Thorlabs) was utilized for this task, with the sensing probe of
the meter covering the whole excitation fiber tip to minimize
the energy loss during measurement. The calibration curve
is shown in Fig. 3(a). One can observe a dead zone in the
driving current range of less than 0.024 A, beyond which the
laser power and driving current have a nonlinear correlation
until 0.03 A [inset of Fig. 3(a)]. For any driving current over
0.03 A, the corresponding output laser power at the microfiber
tip is linearly proportional to the driving current of the laser
source. The maximum output laser power from the microfiber
tip was 43.7 mW at the driving current of 0.37 A [Fig. 3(a)].

In the luminescence detection loop, there is transmission
loss existing in the optical coupling between air-side/vacuum-
side optical fibers and the vacuum feedthrough. To derive
the original luminescence intensity at the detection fiber tip
inside the SEM chamber, we performed a calibration of the
detection loop transmission rate using a broad range tungsten
halogen source (HL-2000, Ocean Optics) and the QE-Pro spec-
trometer, where light was coupled into the detection optical
fiber (inside SEM chamber) and the transmitted remaining
light was detected at the other end outside chamber. The
transmission rate in the wavelength range of 400-900 nm is
plotted in Fig. 3(b). One can see the rate is over 50% in the
wavelength range of 450-900 nm. Considering light coupling
among multiple components and the additional loss caused
by microfiber bending, the measured transmission rate of the
luminescence detection loop is acceptable.

As environmental temperature is a crucial factor that affects
the optoelectronic properties of semiconductor nanomateri-
als, we also calibrated the environmental temperature change
induced by the e-beam and laser illumination in the enclosed
SEM vacuum chamber (vacuum level: ~3.33 x 10~* Pa).
A digital temperature sensor (TMP 102, Sparkfun Electronics)
was mounted onto the sample holder of the nanomanipulation
system to measure the environmental temperature rise after
two minutes of e-beam and laser illumination, which was the
maximum illumination period in our experiments. As shown
in the Fig. 3(c), it was verified that the e-beam irradiation has
no obvious impact on the environmental temperature for 2 min
continuous irradiation. Fig. 3(d) shows the environmental tem-
perature rise curve during 2 min continuous laser illumination
at the power of 21.5 mW (which will be used for InGaN/GaN
NW testing). Due to the slow thermal convection rate in the
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Fig. 3. Calibration data of the optical characterization module. (a) Illumi-
nation power vs. driving current of the laser source. (b) Optical transmission
rate of the luminescence detection loop vs. wavelength. (¢) Environmental
temperature vs. the e-beam irradiation time. (d) Environmental temperature
vs. laser illumination time.

enclosed vacuum chamber, we observed a ~0.5°C temperature
rise after 2 min continuous laser illumination. To mitigate
the environmental temperature effect on the optoelectronic
property of the sample, the luminescence measurement was
completed within 1 min, during which the corresponding
temperature rise was less than 0.3°C [Fig. 3(d)].

C. Mechanical Testing Mode

In the mechanical testing mode, the system employs the
protruding AFM probe tip to contact the top surface of a single
NW at different desired contact force levels for examining the
mechanical impact on the optical and optoelectronic properties
of the NW. Due to its protruding shape (right of Fig. 4), the
AFM probe tip is visible from the SEM top view, making it
easy to visualize the contact between the protruding tip and the
NW top surface (left of Fig. 6). Thus, we can readily establish
stable contact between the AFM probe tip and the NW top
surface. In this type of manipulation, the protruding AFM tip
serves both a force sensor for contact force measurement and
an electrical probe for optoelectronic characterization of the
NW.

The protruding AFM probe was mounted onto the nanoposi-
tioner with three translational degrees of freedom (DOF) with
a positioning resolution of 0.1 nm along each axis. To quantify
the force applied to a NW by the AFM tip, the AFM cantilever
beam deflection needs to be measured. However, from the
SEM top view, the cantilever beam deflection cannot be
visualized. In order to visually measure the cantilever beam
deflection, we mounted the NW sample onto a 90° tilting
holder. For better visualizing the probe tip-NW contact, the
SEM stage was tilted at 10°. Equivalently, the NWs sample
was tilted at 80° relative to the original horizontal plane
[see SEM photographs in Fig. 5(b)]. With the NW-tilting
setup, an experimental protocol was developed to calculate
the AFM contact force on the top surface of a single NW,
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Fig. 4. Two types of AFM cantilever tip geometry: the standard AFM tip
and the protruding AFM tip.

which includes three steps: (i) vision-based measurement of
the cantilever beam deflection, (ii) AFM cantilever stiffness
correction, and (iii) longitudinal torque correction.

1) Vision-Based Tracking of Cantilever Beam Deflection:
During nanoprobing of a NW, the AFM -cantilever beam
deflection can be calculated as the displacement difference
between the root of cantilever beam and the AFM tip. As the
cantilever root was firmly connected with the nanopositioner,
its displacement was read as the nanopositioner displacement,
Z. In the 80°-tilting SEM view, we tracked the AFM tip
displacement through a simple corner detection algorithm
[Fig. 5(b)] and obtained the AFM tip displacement, zo. Denote
the tip displacement normal to the cantilever beam axis as
z9» and we calculated z, = zo/sin80°. Then the cantilever
beam deflection Az can be calculated as Az = Z — z,. The
whole flow of measuring the AFM cantilever beam deflection
is shown in Fig. 5(a).

2) AFM Cantilever Stiffness Correction: After obtaining the
AFM cantilever beam deflection, it is necessary to calibrate
the cantilever stiffness so that the contact force could be
accurately calculated. During NW probing, the AFM cantilever
was inclined at 13° (left of Fig 6) to allow its tip to access the
sample top surface without interference between the cantilever
holder (at its root) and the sample substrate. Since the can-
tilever tilting angle affects the effective stiffness of the AFM
cantilever, the cantilever stiffness in the tilting setup should be
corrected based on the tilting angle [35].

The relationship between the cantilever effective stiffness
and the tilting angle 6 has been experimentally verified in a
previous study using a microfabricated AFM cantilever [35].
The effective stiffness was determined to be k., = k./cos’ 0,
where k. is the intrinsic stiffness perpendicular to the long
axis of the cantilever. Detailed schematic illustration of the
tilting setup and effective stiffness correction is shown in
Fig. 6 (left). To calibrate the intrinsic stiffness k., the ther-
mal tune method [36], based on thermal noise measurement,
provides an automated and quick determination of cantilever
spring constant. The cantilever deflection sensitivity was first
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Track AFM tip motion in 80° tilt view
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l Convert to displacement normal to cantilever beam axis
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Fig. 5.
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Vision-based tracking of cantilever beam deflection. (a) Flow chart.

(b) Vision tracking of AFM tip motion at an 80° tilting angle.
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Fig. 6. Calculations for cantilever stiffness correction (left) and longitudinal
torque correction (right).

calibrated as 41.67 nm/V using a commercial AFM (Bioscope
Resolve, Bruker). The power spectral density (PSD) data
were fitted using the Lorentzian (Air) model to derive the
intrinsic stiffness of the AFM cantilever to be 2.4178 N/m.
The effective stiffness of the protruding AFM cantilever in
the 13° tilting setup was finally calculated to be 2.546 N/m.

3) Torque Correction: According to a general theoretical
model [37], we can derive the applied AFM tip force (F., in
the left of Fig. 6) normal to the sample surface to be F, =
k. AzT,, where k, is the effective cantilever stiffness normal to
the sample surface, Az the obtained cantilever deflection, T,
the induced AFM tip torque correction factor in the presence
of cantilever tilt [37]. Detailed derivation and calculation of
T can be found in Fig. 6 (right). For our 13°-tilted protruding
AFM tip, the torque correction factor 7, was calculated to be
1.027.

D. Electrical Testing Mode

In the electrical testing mode, the system functions as a
two-point electrical nanoprobing setup. The Pt-coated tungsten
nanoprobe and the conductive protruding AFM cantilever
probe can be used for in-sifu electrical nanoprobing. In a
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previous work [38], we have performed a systematic inves-
tigation of the experimental strategies for reducing the contact
resistance between the conductive nanoprobe and the sam-
ple for in-situ nanomaterial probing without requiring metal
electrode patterning. In this research, we followed the same
two-point nanoprobing protocol reported in [38] to reduce the
e-beam-induced contaminant deposition and thus minimize the
probe-sample contact resistance.

III. FIELD-COUPLED CHARACTERIZATION EXPERIMENTS

To demonstrate the field-coupled nanomaterial character-
ization using the nanomanipulation system, we conducted
four types of field-coupled characterization experiments
including optomechanical, optoelectronic, electrochemical,
and mechano-optoelectronic testing. Single InGaN/GaN NWs
were chosen for the demonstrations because of its intrinsic
piezoelectric property, excellent light emission characteris-
tics, and crucial role in optoelectronic applications such as
high-efficiency white light-emitting diodes (LEDs) [39] and
deep-UV laser sources [40].

A. InGaN/GaN NW Synthesis

We fabricated single InGaN/GaN quantum-dot (QD) NWs
with diameters of 200-600 nm on a Si substrate by selective
area epitaxy (SAE) using a radio frequency plasma-assisted
molecular beam epitaxy system (PA-MBE; GENxplor, Veeco).
The epitaxy took place on an arsenic doped n-type Si substrate
with a 10 nm Ti layer as the growth mask [41], [42]. Opening
sizes in the range of 200-600 nm were created on the Ti
mask using EBL and reactive ion etching, and the opening
size precisely controlled the NW diameter.

As schematically shown in Fig. 7(a), each NW consists
of a ~450 nm-long n-type Si-doped GaN segment, six ver-
tically aligned InGaN/GaN (4 nm/4 nm) quantum dots and a
~150 nm-long p-type Mg-doped GaN segment. The average
height of the NWs was ~650 nm. Fig. 7(b) shows the SEM
photograph (45°-tilting view) of a single NW grown on a
Si substrate. The NW exhibits hexagonal morphology and
possesses Ga-polarity based on the terminating facets.

B. Optomechanical Characterization

PL characterization is a contactless and nondestructive
method for probing the electronic structure of semiconductor
nanomaterials. With the x-PL setup integrated into the SEM,
we were able to study the optomechanical testing of single
InGaN/GaN NWs and examine the PL spectrum change of the
NW under different contact/compression force levels applied
by the protruding AFM cantilever tip. The diameter of the
NWs used for PL testing was in the range of 220-280 nm.

In the optomechanical characterization experiment, we mea-
sured the PL spectra of single InGaN/GaN NWs under differ-
ent contact/compression force levels. Fig. 7(c) shows the SEM
photograph of an AFM probe tip contacting the top surface
of an InGaN/GaN NW. The AFM probe was employed for
applying a compression force in the range of 0-5 uN along
the vertical direction to the NW. The 0 4N contact force refers
to a gentle contact between the AFM tip and the NW sample
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with a force level not measurable by the AFM beam deflection.
Fig. 7(e) presents the schematics of the optomechanical testing
setup and the characterization flow, and Fig. 7(f) shows the
SEM photograph of the experimental implementation. The
PL emission from the InGaN/GaN NW was measured by
the optical testing module at room temperature. The two
microfibers were firstly positioned to the proximity of a single
NW and covered the entire external surface of the NW.
As shown in the inset of Fig. 7(f), a single InGaN/GaN NW
with diameter of 251 nm grown between two straight-slot-
shape markers on Si substrate was tested for PL. measurement.
Two adjacent NWs have a pitch of 1 mm to avoid any optical
crosstalk between them during PL testing. Laser (wavelength:
405 nm) was then used for NW excitation via the illumination
fiber. Once a contact/compression force was applied to the NW
top surface by the protruding AFM probe, the PL spectrum
was collected through the detection fiber and measured by the
coupled spectrometer.

Prior to performing the PL measurement on a particular
NW, we calibrated the relationship of the applied force vs.
the nanomanipulator displacement. The contact force was
quantified through the measurement method described in
Section II-C. The measured force-displacement curve for the
NW in Fig. 7(f) is shown Fig. 7(d). Once the probe-NW
contact was established, we controlled the nanomanipula-
tor displacement to compress the NW to a desired con-
tact/compression force level.

Fig. 7(g) presents the PL spectra of the NW in Fig. 7(f)
as a function of the applied compression force. Under all the
force levels, the PL spetrum peaks remained nearly constant
at ~612 nm (orange light emission; 611.819 nm at 0 N,
612.019 nm at 3 uN, 612.322 nm at 4 uN, 612.591 nm
at 5 uN), and consistent full width at half maximum (FWHM)
(163.951 nm for 0 N, 163.899 nm for 3 uN, 164.122 nm
for 4 uN, 163.899 nm for 5 ¢ N) could be observed. However,
we observed slightly reduced PL intensities with the compres-
sion force increased. The PL spectrum peak intensity reduced
by 4%, 9.25%, and 13.9% from that of the non-compressed
condition at force levels of 3 uN, 4 uN, and 5 uN, respec-
tively. This compression-induced PL peak reduction can be
attributed to the increased piezoelectric polarization [43].

C. Optoelectronic Characterization

We then performed the EL testing of single InGaN/GaN
NWs under different levels of injected electrical current
through electrical nanoprobing. As schematically shown in
Fig. 8(a), our InGaN/GaN NW samples were vertically grown
on a Si substrate. Under the optimal growth condition, the
NW’s emission wavelength can be adjusted by tuning the NW
diameter in the range of 200-600 nm [44]. Thus, each NW
can serve as a single-pixel light-emitting diode (LED). The
NWs have a near-perfect hexagonal morphology and smooth
lateral surface, which contribute to the enhanced light emission
performance from the NW top surface.

To passivate the vertical side wall of the NW and avoid
short circuit risk during two-point electrical probing (due to the
coating of Ni/Au electrodes on NW top surface), a polyimide
resist layer was spin-coated onto the NW growth substrate
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to fully cover the NWs and then oxygen-plasma-etched to
expose the NW top surface [Fig. 8(b)]. To minimize the contact
resistance between the conductive probes and the NW sample,
a Ti/Au (20 nm/ 100 nm) electrode was deposited at the

backside of the Si substrate and a Ni/Au (10 nm/10 nm)
electrode was deposited on the NW top surface using e-beam
evaporation, and then annealed at ~500 °C for 1 min in
nitrogen environment. Fig. 8(b) shows the SEM photograph
of a NW top surface coated with the Ni/Au electrode.

Fig. 8(c) shows the schematics of the optoelectronic testing
setup and the characterization flow, and Fig. 8(d) shows
the SEM photograph of the implemented EL characterization
setup. The conductive protruding AFM probe and the tungsten
conductive nanoprobe [not shown in Fig. 8(d)] were employed
for injecting a current into a NW of 461 nm in diameter.
In the meanwhile, the EL emission was collected by the
luminescence detection microfiber.

Fig. 8(e) illustrates the EL emission spectrum as a function
of the injection current density. The measured EL spectra
exhibit a peak emission wavelength of ~536 nm (green
light emission; 535.891 nm for 1.5 kA/cm?, 535.789 nm for
3 kA/cm?, 535.854 nm for 4.5 kA/cm?, and 535.765 nm for
6 kA/cm?), and the EL peak intensity increased proportionally
with the injection current density. The inset of Fig. 8(e)
indicates no significant shift in the EL emission peak position
with the injection current density increased, suggesting a low
level of quantum-confined Stark effect (QCSE). This is due to
the highly efficient strain relaxation of the NW structure [44].

D. Electromechanical Characterization

In this section, we demonstrated the system’s capabil-
ity of electromechanical characterization of single NWs.
We measured the current-voltage (I-V) characteristics of single
InGaN/GaN NWs at different contact/compression force lev-
els. Fig. 9(a) shows the SEM photograph of an AFM probe tip
applying a vertical force to the top surface of an InGaN/GaN
NW. Fig. 9(b) shows the force-displacement calibration curve
for compressing a NW of 223 nm in diameter, which was
used for applying desired contact force level to the same
InGaN/GaN NW during I-V characterization.
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Fig. 9(c) illustrates the schematics of the electromechanical
testing setup and the characterization flow, and Fig. 9(d)
displays the SEM photograph of the implemented electro-
mechanical characterization setup. The conductive protruding
AFM probe and the tungsten conductive nanoprobe [not shown
in Fig. 9(d)] were firstly employed for injecting a current
into the NW of 223 nm [see inset of Fig. 9(d)] for I-V
measurement of the NW at room temperature, with a sweeping
voltage from —3V to 3V, a step increment of 0.06 V, and
a ramp rate of 100 V/s. For electrical probing of the NW,
a contact/compression force (0-5 uN) was applied to the
NW top surface by the protruding AFM probe. During the
I-V 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 protruding AFM probe connecting the top
surface of InGaN/GaN NWs was first grounded to eliminate
any charge buildup on the sample due to SEM imaging.

Fig. 9(e) presents the I-V curves of the InGaN/GaN
NW (223 nm) measured under the compression force levels
of 0-5 uN. The NW have a turn-on voltage of ~2.5 V,
which is better than previously reported values (3-3.5 V)
in ensemble nanowire LEDs [45] and GaN-based pla-
nar devices [46]. In addition, consistent I-V characteristics
with current densities in the range of 12.71-13.02 kA/cm?
at 3 'V (1299 kA/em? at 0 N, 13.02 kA/cm? at 3 uN,
12.76 kA/cm? at 4 uN, 12.71 kA/cm? at 5 uN) were observed
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from the same NW under different compression force levels,
confirming that the InGaN/GaN NW had stable electronic
properties under external mechanical compression.

E. Mechano-Optoelectronic Characterization

For packaging vertically-grown InGaN/GaN NWs into an
LED, a transparent indium tin oxide (ITO) electrode needs to
be applied on top surfaces of the NWs to form a top-bottom
electrode pair for current injection [46]. This packaging
process imposes a mechanical strain/stress on the NWs, which
may affect the optoelectronic properties of the NWs and thus
the performance of the fabricated LEDs. To date, there is
no experimental study on how the mechanical effect of the
NW packaging condition affects the optoelectronic properties
of the NWs. Leveraging the unique capability of our system
for field-coupled testing of single NWs, we performed, for
the first time, the mechano-optoelectronic characterization of
single InGaN/GaN NWs.

In the mechano-optoelectronic testing experiments, we mea-
sured the EL spectra of a single InGaN/GaN NW under
different contact/compression force levels. Fig. 10(a) illustrates
the schematics of the mechano-optoelectronic testing setup
and the characterization flow, and Fig. 10(b) displays the
SEM photograph of the implemented mechano-optoelectronic
characterization setup. The conductive AFM probe and the
tungsten conductive nanoprobe [not shown in Fig. 10(b)] were
employed for injecting a current of 4.2 u A into the NW; in the
meanwhile, a compression force in the range of 0-5 uN was
applied along the vertical direction to the NW by the AFM
tip. Finally, the EL emission spectrum was collected using the
luminescence detection microfiber [Fig. 10(a)] coupled to the
high-precision spectrometer.

Fig. 10(c) shows the EL emission spectra of the InGaN/GaN
NW (diameter: 223 nm) under compression forces of 0 uN,
3 uN, 4 uN, and 5 uN. At 0 uN, the measured EL spectrum
exhibits a peak emission wavelength of 686 nm (red light),
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and the corresponding FWHM of the EL spectrum is 74 nm.
Once a compression force was applied to the NW top surface,
the EL spectrum peak intensity increased by 9.7% at 3 uN,
13.4% at 4 uN, and 16.5% at 5 uN. This compression-induced
EL enhancement of the NW could be explained by the QCSE.
The compression force was applied along the growth direction
of the Ga-polar single NW, and thus induced a compression
strain (0.5389%, derived from strain simulation) along the
c-direction and the basal plane of the InGaN/GaN wurtzite
crystal structure. Combining the compressive strain with the
polarization-related constants reported in the literature [47]—
[49], the reduction of piezoelectric polarization [43] of the
tested NW (223 nm) was estimated to be 0.00505 C/m? with
the 5 4N compression. The derived reduction of piezoelectric
polarization has weakened the QCSE accordingly, which could
explain the slight enhancement of EL peak intensity [50].

IV. DISCUSSION

The presented field-coupled characterization experiments on
single InGaN/GaN NWs have fully demonstrated the unique
merits of the developed SEM-based nanomanipulation system.
Firstly, in the design of SEM-based optical characterization
module, we employed the space-saving optical microfibers
instead of the conventional sizeable paraboloidal mirrors,
which created enough space for integration of multiphysical
end-effectors in the SEM vacuum chamber. Besides, in the
design of SEM-based mechanical characterization module,
the protruding AFM probe tip was selected instead of the
standard AFM probe, which allowed the direct visualization
of tip-sample contact and the dual function of the AFM
probe as an mechanical and electrical end-effector. Secondly,
the high positioning resolution (0.1 nm) of the developed
nanomanipulation system has enabled multiple challenging
manipulation and characterization tasks on single InGaN/GaN
NWs, including the establishment of stable AFM probe-NW
contact, the application of micronewton-level compression
force on the NW top surface, and the high-efficiency collection
of EL/PL luminescence. Furthermore, another major merit of
the developed system is its high flexibility for conducting
different field-coupled characterization tasks, which has been
demonstrated in the presented characterization experiments of
single InGaN/GaN NWs.

In future work, we will automate some key steps of the
SEM-based multiphysical nanomaterial manipulation tech-
nique, to realize additional functionalities such as automatic
electrical nanoprobing, closed-loop contact force control, and
vision-based automatic alignment of the optical microfibers
and the nano-sample. In addition, we also aim to apply the
developed system to other types of one-dimensional (e.g.,
nanorods, nanotubes, and nanobelts) and two-dimensional
(e.g., nano-films and mono/few-layer 2D materials) nanos-
tructures, making it a versatile platform for multiphysical
nanomaterial characterization.

V. CONCLUSION

This paper reported the development of the first SEM-based
nanomanipulation system for multiphysical characterization of

single nanomaterials. With seamless integration of multiphys-
ical testing modules, the system is capable of executing in-
situ field-coupled nanomaterial characterization tasks on single
InGaN/GaN NWs, including optomechanical, optoelectronic,
electromechanical, and mechano-optoelectronic characteriza-
tion. Using the developed system, we have carried out the first
investigation of the mechanical impact on the EL property
of single InGaN/GaN NWs. The system will serve as a
versatile platform for nanomaterial characterization, which
could provide useful guidance for nanomaterial synthesis and
nanodevice applications.
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