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In this article, we present a comprehensive study utilizing atomic force microscopy (AFM) as a multime-
trological platform for the characterization of novel energy harvesting devices, with a particular focus on
optical nanomaterials — nanowires. Despite their challenging structure, AFM offers exceptional versatility
in probing the dimensional and functional properties of nanowires at the nanoscale. We demonstrate the
capabilities of AFM measurements to provide an extensive understanding of the structural, electrical, and
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spectroscopic properties of nanowires using different operational modes, including electrostatic force
microscopy (EFM), Kelvin probe force microscopy (KPFM), and conductive-AFM (C-AFM). Our findings
establish AFM as an invaluable metrological tool for the development of cutting-edge energy harvesting
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1. Introduction

Nanotechnology has revolutionized the field of materials
science, enabling the development of novel energy harvesting
devices and nanomaterials with unique properties at the nano-
scale. Owing to their one-dimensional structure, nanowires
have emerged as highly promising candidates for improved-
efficiency devices in solar and electro-mechanical energy appli-
cations. When vertically aligned in solar cells, semiconducting
nanowires expose a larger surface area for light collection than
their film-like counterparts. Similarly, in electro-mechanical
transducers vertical nanowires exhibit a favoured configuration
for mechanical bending, implying higher energy conversion
efficiency. Thus, these optical nanomaterials are excellent can-
didates for diverse biomedical and environmental
applications.

To fully utilize the scientific and commercial potential of
nanowires, a comprehensive understanding of their properties
is required. However, accurate characterization is complicated
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technologies and optical nanomaterials.

due to their nanoscale geometry, fragility, and complex behav-
iour. Atomic force microscopy (AFM) has emerged as a power-
ful metrological tool capable of probing surface properties and
obtaining dimensional information with high resolution, pre-
cision and accuracy using low, controllable forces." Its versati-
lity and ability to operate in various modes make it an ideal
platform for investigating nanowires and advancing their
associated technological applications.

AFM'’s scanning capabilities allow for precise imaging and
measurement of nanowires’ dimensions, providing crucial
insights into their morphology, roughness and aspect ratio.
For instance, AFM was employed to measure the diameter and
length of silicon nanowires (NWs), unveiling their growth kine-
tics in line with their mechanical and structural properties.>
Various AFM-based techniques were utilized to study the
surface roughness of nanowires, which plays a crucial role in
their electronic and mechanical properties.* Wang et al. inves-
tigated the surface roughness of zinc oxide nanowires, reveal-
ing the influence of growth conditions on their surface mor-
phology and potential for device applications.*

Despite the importance of nanowires’ surface mor-
phology, investigating their electrical properties plays a key
role in the development of their energy-conversion function-
alities. Conductive-AFM (C-AFM) and electrostatic force
microscopy (EFM) have been used to comprehend the electri-
cal properties of nanowires. On the one hand, C-AFM, using
a continuous contact approach, measures local variations in
conductivity and current distribution along nanowires,
aiding in the assessment of their local electronic transport
properties.>® EFM, on the other hand, uses a non-contact
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approach for measuring electrical properties related to
charge distributions and local oxidation effects.””® EFM was
utilized to study the charge distribution of copper nanowires,
highlighting the influence of surface charges on their electri-
cal behaviour.'"” Similar to EFM, Kelvin probe force
microscopy (KPFM) has been employed to investigate the
work function and surface potential of nanowires, enabling a
comprehensive understanding of their electronic properties.
Singh et al. characterized single-crystalline germanium nano-
wires using KPFM, revealing the influence of crystal orien-
tation on their surface potential.'!

Furthermore, AFM-based characterization in the radiofre-
quency (RF) range (not shown here) uses scanning microwave
microscopy (SMM) or scanning microwave impedance
microscopy (sMIM) methods to investigate the local electrical
and dielectric properties of NWs. SMM and sMIM use a con-
ductive AFM probe to transmit a microwave signal (in the giga-
hertz frequency range) to the sample of interest and to collect
the signal reflected by the sample. They enable impedance or
admittance measurements at the nanoscale, giving access to
the electrical permittivity (dielectric constant and loss angle
tangent) and dopant concentration of various materials (semi-
conductors, dielectrics, 2D materials, quantum materials,
etc.)."*® Li et al. investigated the dopant distribution profiles
of Si (n-type) and Zn (p-type) impurities within individual mul-
tijunction GaAs NWs using qualitative sMIM measurements
and correlated with infrared scattering-type near-field optical
microscopy.’

In this paper, we demonstrate that AFM can serve as a ver-
satile and indispensable tool for the multimetrological
characterization of nanowires and novel energy harvesting
devices. We show results obtained on semiconducting NWs
using various operational modes and complementary tech-
niques, demonstrating precise dimensional measurements,
electrical property mapping, and spectroscopic analysis
under various environmental conditions. This thorough
understanding of nanowire properties paves the way for the
development and optimization of nanoscale energy harvest-
ing devices, contributing to advancements in the field of
nanotechnology.

2. Materials and methods

2.1. AFM metrology

Dimensional characterization at the micro- and nanoscale is
routinely conducted using calibrated AFMs traceable to certi-
fied length standards. Once calibrated in the x, y, and z direc-
tions (see Fig. 1), the AFM can be used for metrological pur-
poses. AFMs comprise a head unit and a sample stage, which
can move independently from each other. They can be used
either in tip-scanning or sample-scanning configurations.
Moreover, AFM operations can be conducted through various
approaches based on the feedback mechanism. Typically,
three different methods are used for imaging, namely, contact
mode with deflection-based feedback, intermittent contact
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Fig. 1 Schematic of the AFM with its calibrated x, y, z scanner head and
its x, y moving sample stage, as a multi-metrological platform with both
tip-scan and sample-scan configurations as well as many modes for
nanoelectrical and mechanical characterization.

mode with amplitude modulation and deflection feedback,
and non-contact mode with either amplitude or frequency
modulation feedback. Furthermore, force-distance or force-
time feedback methods can be used for dynamic nanomecha-
nical microscopy (DNM), while current or contact potential
feedback can be used for conductive-AFM measurements.
Lastly, AC and DC bias feedback methods can be used for
nanoelectrical measurements such as EFM and KPFM. When
using AFM beyond imaging, two or more feedback mecha-
nisms are employed simultaneously, for example in C-AFM,
while deflection feedback helps measure the surface topogra-
phy and ensures reliable contact for charge transport, the
current feedback is used to measure the resistance/conduc-
tivity of the surface. Often each method has distinct advan-
tages and disadvantages, for example, the contact mode is an
excellent choice for hard, flat surfaces and is essential for any
current and thermal measurements, but on soft samples this
method likely will damage the sample and the tip. AFM, as a
multi-metrological platform, enables swift changes between
modes and various feedback methods to capitalize on the
advantages of each mode while overcoming or compensating
for their inherent limitations.

2.2. Semiconducting nanowires

The fabrication of novel photovoltaic semiconductor-based
energy harvesting devices aims at maximizing the effective
surface area of light-exposed tuneable nanostructures while
ensuring that they preserve their delicate form. Here, we fabri-
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cate III-V nanowires tailored for integration in solar cells,
using different configurations as follows.

2.2.1. Pure and doped GaAs nanowires. Arrays of pure and
doped GaAs nanowires (NWs) were fabricated by molecular
beam epitaxy (MBE) on silicon (111) substrates using the
Vapor-Liquid-Solid (VLS) growth method.?>*' The first step
consisted of gently cleaning the substrate in acetone and
ethanol, followed by a 200 °C outgassing for a few minutes to
remove contaminants. Subsequently, the substrate was intro-
duced into the main chamber for further growth, where its
temperature was increased to 450 °C to deposit Ga liquid dro-
plets on the surface for etching the silica native layer. Then,
the substrate temperature was increased to ~600 °C to initiate
the VLS growth by simultaneously opening the Ga and As shut-
ters. The crystal structure can be finally tuned by adjusting the
V/III ratio, which was set close to 2.4 in our case, resulting in a
cubic crystalline structure. By tuning the growth time, we were
able to control the length of the nanowires, and their dia-
meters were modified by stopping the VLS growth to switch to
a radial growth mode (Fig. 2).

The NW doping was controlled by evaporating a foreign
element during the growth, i.e., Be for p-type doping and Te for
n-type doping. Generally, the dopant concentration is expected to
be somehow linearly dependent on the dopant molecular beam
flux during the VLS growth. However, the dopant incorporation
process is rather complex since it induces a pathway related to
the dopant’s incorporation in the liquid catalyst droplet, followed
by diffusion and nucleation at the liquid-solid interface.

A series of vertical, p-doped and n-doped NWs were grown
and then encapsulated in a benzocyclobutene (BCB) polymer
matrix for ensuring their mechanical stability. The BCB matrix
was etched by reactive ion etching and chemical HCI etching to
expose the top surface of the NWs for further accessibility to elec-
trically contact them during AFM conductivity measurements.

2.2.2. GaAs NW PIN junction nanowires. Axial GaAs PIN
junctions were fabricated on Si N+ substrates by opening and
closing the shutter appropriately during the growth. A 200 nm
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long section was incorporated between the p- and n-doped
regions to favour carrier separation. Fig. 3 illustrates the
design of two samples fabricated with PIN structures, and a
typical SEM picture. The first sample was fabricated without
passivation while the second was passivated using a 10 nm
AlGaAs layer, as illustrated in the schematic representation in
Fig. 3a. Both samples were grown on Si(111) N+ substrates,
starting with the N segment including GaAs and a vapor of Te
(the GaTe cell temperature was 450 °C), for 12 minutes. Then,
the Te shutter was closed, and the GaAs continued growing for
2.5 minutes resulting in an intrinsic segment. Subsequently,
the Be shutter was opened for 4.5 minutes to form the
P-doped segment (the Be cell temperature was 850 °C). Finally,
the Ga droplet catalyst was consumed, and then radial growth
was performed to protect the III-V nanowire facets and avoid
surface recombination, and this was achieved by growing an
AlGaAs shell at 400 °C for 4 minutes on one of the two
samples.

3. Results and discussion

3.1. Morphological investigation of embedded PIN GaAs
nanowires

The NW surface morphology was measured using a metrologi-
cal AFM (NX20, Park Systems, Republic of Korea) in intermit-
tent contact mode using an aluminium coated, high resonance
frequency silicon probe with nominal fiesonance = 330 kHz, k =
42 N m™", guaranteed AFM tip radius of curvature <10 nm and
a scan rate set to 0.2 Hz (PPP-NC-HR, Nanosensors,
Switzerland) to help unveil the sample’s structure. This type of
experiment was previously conducted to assess various nano-
wire characteristics including, but not limited to, dimensions,
side-wall roughness, periodicity, and defects.” In this study,
we have selected a challenging sample to test the power and
flaws of diverse probing methods. The sample is composed of
vertically aligned p-type GaAs nanowires which were embedded

Fig. 2 SEM images of p-type GaAs NWs after the VLS growth (a) and after the BCB encapsulation and reactive ion etching revealing their upper part

(b).
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in a benzocyclobutane (BCB) polymer matrix after growth for
structural support and then etched to expose the nanowires.

Due to the oxidizing nature of the GaAs surface, the sample
was thoroughly cleaned prior to scanning. This enables the
selection of appropriate areas on the sample surface to
measure further in AFM electrical modes (e.g., C-AFM
measurements). Non-periodic nanowires with differing heights
are observed in Fig. 4a which is a 20 x 20 pm?, 512 x 512 pixel
image, providing essential information about the nanowires’
alignment, exposure, and mechanical stability post-etching.
Three different groups of nanowires are observed contributing
to the topography: (1) fully exposed nanowires sticking out of
the polymer matrix, (2) partially exposed or just below the
surface nanowires, and (3) deeply embedded nanowires. This
is illustrated by a cartoon in Fig. 4b. A detailed look at a 5 x
5 um?, 512 x 512 pixel image, rendered in 3D (Fig. 4c), helps
identify individual nanowires sticking out of the polymer
matrix, and others exhibiting various degrees of closeness to
the surface. The variation in NW height and nearest-neighbour
distancing result in different degrees of exposure, directly
impacting the electrical measurements. Some NWs may not be
sufficiently exposed to conduct electric current, while some
NWs may be too tightly packed for single-entity spectroscopy,
affecting device performance and reproducibility.

Height Sensor
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(a) Drawings and (b and c) SEM images of non-passivated and passivated GaAs NWs with PIN axial junctions.

3.2. EFM investigation of embedded PIN GaAs nanowires

Electrostatic force microscopy (EFM) measurements were
performed using a platinum/iridium-coated silicon probe with
fresonance = 140 kHz, k = 7.4 N m™~' (PPP-NCSTPt, Nanosensors,
Switzerland). Conductive AFM probes enable the measurement
of electrostatic force variations resulting from the charged
nature of sample’s nanostructures. Fig. 5a shows a 20 x
20 um®, 512 x 512 pixel image of non-passivated GaAs nano-
wires imaged in double-pass EFM mode at a scan rate set to
0.2 Hz, an amplitude set point of 47 nm, and a lift height of
10 nm. Owing to the extreme surface sensitivity of this mode,
the bright spots on the EFM amplitude map (Fig. 5b) reveal
the signature of the nanowires sticking out of the BCB matrix
as charges accumulate on them. Although the remaining nano-
wires show contrast variation on the surface topography map
(Fig. 5a and c), only some of the fully exposed and partially
protruding ones contribute to direct changes in the electro-
static force measurements with differences in individual NW
charge contributions (Fig. 5b and c). In addition to probing
the electrically charged nature of the nanowires, fast, intermit-
tent contact EFM measurements provide means to investigate
the surface distribution of exposed nanowires and their quali-
tative contribution to surface potential, which is crucial for
further spectroscopic measurements requiring direct contact

Fig. 4 (a) A 20 x 20 pm? AFM topography image of p-type GaAs nanowires embedded in a BCB polymer matrix and then etched. (b) Schematic
illustration of the embedded nanowires highlighting the exposure of some nanowires while the remaining ones exhibit different degrees of closeness
to the matrix’s top surface. (c) 3D rendering of the surface topography from a 5 x 5 pm? scan (dashed white square), showing various nanowires
sticking out of the polymer matrix, with others still fully embedded under the surface.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 EFM measurements of non-passivated GaAs nanowires embedded in a BCB polymer matrix, (a) showing the sample’s topography and (b) the
variations in the EFM amplitude of the electrostatically driven oscillating cantilever. The difference in individual NW contributions to surface charge

is highlighted in (c).

between the AFM tip and the top surface of individual
nanowires.

3.3. KPFM investigation of embedded PIN GaAs nanowires

Kelvin probe force microscopy (KPFM) extends over EFM
measurements by quantifying the surface potential through
the measurement of the contact potential difference (CPD)
using an additional feedback loop to minimize the electro-
static forces stemming from work function differences
between the tip and the sample. The KPFM method features
numerous operating variations enabling surface topography
measurements either in intermittent contact or peak force (PF)

-15.0 nm

Ak

Height Sensor Potential

Fig. 6

ILLUMINATION

tapping™ modes, and surface potential measurements either
in amplitude modulation (AM) or frequency modulation (FM)
schemes.”*** Here, we conducted KPFM measurements on
arrays of non-passivated GaAs PIN junction NWs by the PF
KPFM approach (Fig. 6) on a Dimension Icon system (Bruker,
USA) using a conductive platinum/iridium-coated silicon
probe (SCM PIT-V2, Bruker, USA), with k = 2.93 N m™", deter-
mined using the thermal tune method, a 75 kHz fundamental
resonance frequency, a 25 nm nominal tip radius, and a lift
height of 50 nm. This operating mode consists of measuring
the surface topography and mechanical properties in the peak
force quantitative nanomechanical mapping (PF QNM™)

ILLUMINATION

23nN

-3.7nN

23nN

-3.7nN

40um

(a—c) Topography, surface potential, and adhesion maps, respectively, measured in PF KPFM under illumination conditions on the sample of

non-passivated vertical nanowire array (non-passivated). (d—f) Same measurements performed under dark conditions.
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mode and the surface potential in FM mode.>> Experiments
were performed in the dark and under illumination environ-
mental conditions to investigate possible changes in the
photovoltaic properties of the nanowires. The difference in
CPD measured under illumination and in the dark corres-
ponds to the surface photovoltage, which can be correlated to
the open-circuit voltage, V..

Fig. 6 shows the surface topography (a and d) of the sample
correlated to surface potential (b and e) and adhesion (c and f)
maps under illumination (top row) and dark (bottom row) con-
ditions. The surface potential maps (b and e) show a dark con-
trast corresponding to the surface potential of the nanowires
measured in KPFM. Remarkably, not all nanowires observed
on the surface topography maps (a and d) show a surface
potential contrast (b and e). Moreover, the measured nano-
wires exhibit different contrast levels on the surface potential
maps. This observation aligns well with the observations in
EFM measurements (Fig. 5), indicating the dependence of the
nanowires’ electrostatic signature on their vertical level inside
the polymer matrix (i.e., protruding or embedded - Fig. 4).
More importantly, the simultaneous measurement of the
mechanical properties in the PF KPFM mode enables the
mapping of the tip-sample adhesion, as shown in Fig. 6(c and
f). Owing to the extreme surface sensitivity of the measured
adhesion between the tip apex and the top surface of the
sample, only the exposed (sticking out from the matrix) nano-
wires appear as dark dots in Fig. 6(c and f). Therefore, PF
KPFM offers a valuable means to unveil correlated information
on the structural and electrical properties of the nanowires in
the polymer-embedded array.

Fig. 7 summarizes the CPD measurements performed on
individual non-passivated PIN devices (with mapping shown
in Fig. 6) and passivated PIN devices (mapping not shown)
under both dark and illumination conditions (Fig. 7a and c). It
also presents the CPD differences between these two con-
ditions (Fig. 7b and d). The results show that the nanowires
exhibit APD = 93.3 mV and ACPD = 126.1 mV for non-passi-
vated and passivated samples, respectively. These values indi-
cate small Vo values in both cases under white LED illumina-
tion from the AFM microscope, with the passivated nanowires
exhibiting an ~ 30 mV higher ACPD value than the non-passi-
vated ones. It is worth noting that the absence of passivation
exposes the top surface of the nanowires sticking out of the
matrix to air, which induces GaAs oxidation effects.

3.4. C-AFM investigation of embedded PIN GaAs nanowires

The top surface oxidation of the non-passivated nanowires is
directly probed in conductive-AFM (C-AFM) measurements
using a conductive doped diamond probe (AD2.8AS, Adama
Innovations, Ireland) in contact with the sample surface. By
applying a bias voltage (Vyi,s) between the tip and the sample,
the current flowing through the nanowires is measured.
Current maps and current versus voltage (I-V) curves could be
obtained in C-AFM scanning and spectroscopic modes,

respectively.®>°

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Contact potential difference (CPD) values measured on individ-
ual non-passivated (a) and passivated (c) nanowires under illumination
and dark conditions. The differences in CPD (b and d) are determined
for each nanowire between the measurements under these two
conditions.

Initial measurements on the non-passivated GaAs nano-
wires revealed a lack of conductivity (i.e., zero current) due to
the oxidation of the nanowires’ top surface. Consequently, a
surface treatment protocol was devised for oxide removal, con-
sisting of the following steps. First, the nanowire sample is
immersed in boiling acetone (65 °C for 5 minutes) and then in
boiling methanol (65 °C for 5 minutes). Finally, the sample is
immersed in concentrated HCl for 30 seconds. Deionized
water is used for rinsing the sample after each step.

Subsequently, C-AFM imaging measurements were carried
out, enabling the correlation between the surface topography
and electrical conductivity maps at various locations, as shown
in Fig. 8. The C-AFM imaging results reveal a series of impor-
tant information, as follows. First, all current maps (Fig. 8(b, c,
e and f)) demonstrate that only a small number of nanowires
in the array (ie., compared to the number of nanowires
observed on the topography map) are conductive. This pro-
vides highly valuable insights into the conductivity distri-
bution across the nanowire arrays, which is key to dictating
their functional performance when integrated in full devices.
Access to this information unlocks direct means to assess the
effectiveness of nanowire fabrication procedures and growth
conditions. Second, the current maps show some nanowires
(highlighted with blue dashed squares) that yield high current
values independently of the bias or illumination conditions.
This points toward failed nanowires, which do not exhibit any
semiconducting properties.

Third, the comparison between the current maps in Fig. 8
(b and e) reveals the effect of illumination on the potential
photovoltaic behaviour of the nanowires. When a V.5 =2 V is
applied between the tip and the sample, several nanowires are
consistently observed conducting current under dark and illu-
mination conditions, which indicates a non-photovoltaic

Nanoscale, 2025,17, 8642-8650 | 8647
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Fig. 8 C-AFM measurements of non-passivated GaAs NWs under dark and under illumination conditions showing (a and d) the surface topography
maps and current maps measured with an applied Vpios = 2 V (b and ) and Vj,;os = -2 V (c and f).

behaviour. Nevertheless, these same nanowires disappear from
the current maps acquired at a Vpis = —2 V, which points
towards a diode-like behaviour of these
Interestingly, additional nanowires (highlighted with yellow
dashed circles in Fig. 8e) only appear on the current map
under illumination at Vy,s = 2 V, which is a signature of their
photovoltaic behaviour. All of the above results put forward the
non-homogeneity of the nanowires’ behaviour across the array,
which promotes the importance of their nanoscale characteriz-
ation in correlative AFM modes to deepen the insight into indi-
vidual nanowires’ properties affecting the overall photovoltaic
devices.

nanowires.

The aforementioned observations are further confirmed via
I-V measurements performed by contacting individual nano-
wires within the array with the conductive AFM tip. Fig. 9a
shows an example of a non-responsive wire with a flat I-V
curve, while the I-V curves of electrically responsive nanowires
are shown in Fig. 9(b-d). Black curves are recorded during the
forward sweep (i.e., rising bias voltage), whereas red curves
correspond to the backward sweep (i.e., dropping bias voltage).
Surprisingly, the black and red curves do not overlap, which
raises several questions, in particular whether the first voltage
sweep induces a change in the mechanical/electrical properties
of the nanowire. Nevertheless, we can still observe a diode
behaviour (black curve) and a pseudo-photovoltaic effect (red
curve). Indeed, the pseudo photovoltaic effect points out a V¢
with no short-circuit current Isc. However, the loss of mechani-
cal/electrical contact between the AFM tip and the device
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Fig. 9 Current versus voltage (/I-V) curves measured by contacting indi-
vidual nanowires across the array. (a) Example of a non-responsive
nanowire. (b—d) Electrically responsive nanowires showing diode-like
and pseudo-photovoltaic behaviours. Black lines correspond to the
forward sweep of the bias (increasing voltage) and red lines correspond
to the reverse sweep.

could be wrongly interpreted as an open-circuit device.
Furthermore, it should be noted that there is likely an AFM tip
shadowing effect, which could influence the I~V measurement
procedure. In general, the illumination reaching the nanowire
device is not well-defined, as it primarily comes from multiple
possible sources, including the LED microscope light and the

This journal is © The Royal Society of Chemistry 2025
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alignment laser. Additionally, the size of the AFM tip may
impact the illumination perceived by the nanodevice.***!

Although the I-V curve measurements correlate well with
the C-AFM and KPFM imaging results, they highlight the chal-
lenges associated with single-entity I-V spectroscopy of nano-
scale structures under varying environmental conditions.
Identifying the reasons for the disparity between I-V curves
calls for a significantly large number of experimental data col-
lected over a large number of single entities.

4. Conclusions

This study highlights the exceptional versatility and efficacy of
the AFM as a multimetrological platform for the comprehen-
sive morphological, electrical, and spectroscopic characteriz-
ation of optical nanomaterials under different environmental
conditions at the nanoscale. Through the synergistic appli-
cation of EFM, KPFM, and C-AFM modes on nanowires, we
have demonstrated the capability to probe diverse nanoelectri-
cal properties with precision and high resolution.

The ability to easily switch between various modes of
characterization positions the AFM as a cornerstone in metro-
logical applications for a comprehensive understanding of
novel energy harvesting devices and nanomaterials.

Future research in this field can further explore the potential
of AFM as a multimetrological platform by integrating emerging
technologies such as AFM-IR.*>?* This combination allows
nanoscale chemical characterization by coupling infrared spec-
troscopy with AFM’s spatial, electrical, and mechanical modes.
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