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Advanced Characterization Methods for Electrical and Sensoric
Components and Devices at the Micro and Nano Scales

Evgeniya Sheremet, Peter Meszmer, Thomas Blaudeck, Susanne Hartmann,
Christian Wagner, Bing Ma, Sascha Hermann, Bernhard Wunderle, Stefan E. Schulz,
Michael Hietschold, Raul D. Rodriguez,* and Dietrich R. T. Zahn

The present study covers the nanoanalysis methods for four key material
characteristics: electrical and electronic properties, optical, stress and strain,
and chemical composition. With the downsizing of the geometrical dimen-
sions of the electronic, optoelectronic, and electromechanical devices from the
micro to the nanoscale and the simultaneous increase in the functionality
density, the previous generation of microanalysis methods is no longer suf-
ficient. Therefore, the metrology of materials’ properties with nanoscale res-
olution is a prerequisite in materials’ research and development. The article
reviews the standard analysis methods and focuses on the advanced methods
with a nanoscale spatial resolution based on atomic force microscopy (AFM):
current-sensing AFM (CS-AFM), Kelvin probe force microscopy (KPFM), and
hybrid optical techniques coupled with AFM including tip-enhanced Raman
spectroscopy (TERS), photothermal-induced resonance (PTIR) characteriza-
tion methods (nano-Vis, nano-IR), and photo-induced force microscopy
(PIFM). The simultaneous acquisition of multiple parameters (topography,
charge and conductivity, stress and strain, and chemical composition) at the
nanoscale is a key for exploring new research on structure—property rela-
tionships of nanostructured materials, such as carbon nanotubes (CNTs) and
nano/microelectromechanical systems (N/MEMS). Advanced nanocharacte-

1. Introduction

Material properties at the nanoscale
strongly define the overall system perfor-
mance of devices. This becomes even more
critical with the downsizing of the device
scales in our hunt for better, smaller,
faster, and more efficient technology. For
example, single defects in semiconducting
carbon nanotubes (CNTs) or local function-
alization can affect the thermal™ and elec-
trical conductivities”” as well as their
optical properties.’] Spatial confinement
defines the optical properties of the semi-
conductor quantum dots™* as well as the
electronic properties of nanowires® or
thin-layered materials such as graphene
nanoribbons.®! For sensing applications,
the nanoscale properties have important
implications for the sensor performance

rization techniques foster the design and development of new functional

materials for flexible hybrid and smart applications.

involving micro and nanosystems as out-
lined, e.g., by de Santiago et al.’) for harm-
ful gas detection. Ultimately, any device
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performance is largely defined by electrical and (opto)electronic
properties, mechanical, and chemical structure of the compo-
nents at the nanoscale.

We have opted to illustrate the nanoscale characterization
capabilities using CNT-based devices. From the classes of nano-
structured materials, CNTs have gained interest as the discovery
of this material Iijima et al. like the multi-walled CNTs (“helical
microtubuli of graphitic carbon”)” and single-walled CNTs
(SWCNTSs).®! In the following, usage of this material as nano-
scale conductor® and (even all-carbon) electronic and sensoric
devices!'”! was soon anticipated. In the present article, we will
highlight the developments in nanocharacterization for CNT
and CNT-based devices for 1) CNT-based vertical interconnects,
or vias (vertically aligned CNTs acting as nanostructured conduc-
tor); 2) CNT-based field-effect transistors (CNTFETs) with CNTs
as planar semiconducting transistor channel; and 3) monolithic
microelectromechanical systems (MEMS) with mechanical inter-
faces to integrate CNTs and other nanomaterials in hybrid
NEMS. The latter can even act as an entirely new class of test
platforms for the micro-nano interface.'*~*4

Similar to fabrication, technology develops to accommodate
the demands of the new devices, and the characterization meth-
ods evolve to keep up with measuring the nanoscale properties
that allow determining new applications as well as making tech-
nological improvements. In many cases, well-developed macro-
and microscale methods can give us insight into the physics and
chemistry of what is happening at the nanoscale, but there are
cases when it is crucial to obtain true nanoscale resolution to
make sound conclusions. The key methods for nanoscale imag-
ing include the following: 1) electron microscopy (transmission
and scanning approaches); 2) scanning probe microscopies
(scanning tunneling microscopy (STM)!**! and atomic force
microscopy (AFM),'®! scanning near-field optical microscopy
(SNOM));1*”! 3) super-resolution microscopies™™®'? such as stim-
ulated emission depletion (STED), stochastic optical reconstruc-
tion microscopy (STORM), and less common approaches, which
received well-deserved attention in cellular biology.

We expect that the basic principles of these methods to be
familiar to the readers. The focus of this work is extracting
properties beyond microscopy by AFM-based methods. They
are particularly suitable for the device characterization and
in recent decades have developed several modifications to
access a range of material properties. Figure 1 shows the meth-
ods considered in this article classified by the properties char-
acterized by them: electrical and (opto)electronic properties
crucial for electrical contacts, local stress and strain that deter-
mine the N/MEMS performance, and the chemical composi-
tion of the materials focusing on coupling AFM with optical
spectroscopy methods. The diagram shows that sometimes
the same method can be used to obtain information about sev-
eral characteristics; thus the basics of the methods are
described in the section with the highest relevance. In the
investigation of each material property, we will go from
describing the most conventional ways for material analysis
and proceed to the methods that enable the particular
nanocharacterization, i.e., measurements with a nanoscale
spatial resolution. Special attention will be given to the sys-
tems such as silicon nanosensors (N/MEMS) and CNTs stud-
ied by these advanced methods combining AFM with optical
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excitation and/or detection. These material systems will best
exemplify the benefits of such nanoscale characterization
approaches.

2. Electrical Properties

Advanced characterization techniques for electrical and elec-
tronic properties such as a local conductivity and capacitance
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Figure 1. The methods considered in this feature article classified by the accessed property. The top methods (with green background) are used for
macro- and microscale measurements, whereas those listed in the bottom (with orange background) are the nanoscale methods. 'CS-AFM—current-
sensing AFM. ’KPFM—Kelvin probe force microscopy. *STM—scanning tunneling microscopy. *“TERS—tip-enhanced Raman spectroscopy. *PTIR—

Photothermal induced resonance. ®PIFM—photo-induced force microscopy.

are a fundamental prerequisite for reliability monitoring of all
the electronic components and devices. Broadly taken, the topic
can be differentiated into the following applications: 1) character-
ization techniques for increasingly miniaturized electrical and
electronic devices following the trajectory of Moore’s law from
the micro- to the nanoscale using conventional current-voltage
measurement equipment for molecular and other bottom-up
devices,?” and top-down MOSFETs?! and 2) scanning-probe
techniques such as conductive AFM,?? current-sensing AFM
(CSAFM),?! and Kelvin probe force microscopy (KPFM)?**
for material characterization.

2.1. Conventional Electrical Characterization

For the first of these two research paths, appropriate microprobes
and approaches for the highest electrical as well as mechanical
precision had to be developed in line with the trajectory of
device miniaturization. Experiments for conventional electrical
characterization of the micro- and nanoelectronic components
are usually carried out on mechanical probe stations (hardware
examples: FormFactor, Inseto, and Micromanipulator), equipped
with a set of fast and high-precision source and measurement
units (hardware examples: Keithley and Agilent). Similar to con-
temporary measurement technology, conductivity and capaci-
tance are measured by applying an electric field to the sample
and measuring its response using the respective electrodes.
Wafer-scale elementary electronic nanocharacterization dates
back to the early 2000s when, e.g., Berliocchi et al.”>*®! reported
on scalable electrical characterization (static current—voltage
characteristics) of CNT aggregates (bundles, tablets, ribbons,
and films) between metal electrodes. They observed that the par-
ticular aggregation state of nanomaterials was decisive for the
static electrical performance of the assembled nanodevice. The
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sequence of the sample preparation, comprising 1) deposition
of the carbon nanomaterials in a microstructured multi-finger
structure from the liquid phase (e.g., droplet immersion);
2) dielectrophoretic alignment; and 3) various chemical treat-
ments proved to alter the device performance significantly. To
cope with occasional deviations and aging effects, experiments
for different structural modifications were carried out under
controlled environmental conditions (e.g., vacuum) and were
performed repeatedly on different time scales (minutes, days,
and weeks).1*%)

2.2. Nanoscale Mapping of Electronic Properties

As one of the many applications, we can take a closer look at CNT
devices. Special cases of such are interconnects formed by verti-
cally aligned CNT's grown by means of chemical vapor deposition
(CVD),#*2773% mechanically bendable conductive lines made
from conductive CNTs,?"! and horizontally aligned conductive
tracks using multi-walled CNTs (MWCNTs) as well as
CNTFETs using semiconducting SWCNTs.2?2%! For the first
case of CNT vias, local electrical probing allowed a resistivity
mapping of grown CNTs or mapping down to the individual
CNT.™** For the second case of assemblies of MWCNTS, conduc-
tivity measurements using CS-AFM allow insight into the role of
the local morphology represented by the preferential orientation
on the nanoscale of the inkjet-printed lines on the microscopic
conductivity.?"] For the third case of CNTFETs, the initial
degree of positioning,** CNT assembly and alignment,
contact formation®? as well as the doping statel®” of the
channel-building nanomaterial turned out to be important
parameters. Particular challenges of hyperlocal electrical charac-
terization are the variations of the environmental charge distri-
bution both locally as well as temporally. They may be imposed
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for instance by trap states in the gate dielectric varying the
screening of the local electric field. The timescales range from
microseconds to seconds. An evaluation of small signal data,
noise characterization, fast data acquisition, and high-impedance
sampling for single-nanotube devices (incompatible with stan-
dard 50 Q measurement equipment) proved to be a particular
technical challenge for the electronic characterization. Further-
more, a particular consideration of dynamic probing based on
pulsed voltage actuation turned out to be inevitable for proper
nanoelectronic device characterization.** Besides manual and
automated microprobe stages, latest hardware developments
for advanced nanoelectronic characterization include electrical
contacts with high-precision microrobots or nanomanipulators
(hardware examples: Imina, Kammrath & Weiss), enabling elec-
trical measurements inside vacuum vessels for scanning electron
microscopy (SEM) and other advanced characterization equip-
ment (e.g., AFM and Raman setups) during the electrical device
operation.

2.3. Scanning Probe Techniques I: STM and AFM

For the second path of scanning probe techniques, the nano-
probes required the development of unprecedented mechanical
precision at maintained electrical precision. The main scanning
probe techniques are AFM™® as well as the STM,™! while there
are plenty of advanced modes, particularly those recently devel-
oped for mechanical property testing*®*”! and for soft-matter
and biomaterials.’®® Nanoscale conductance measurements
based on STM serve as an ideal tool to study the relationships
between structure and property on the atomic and molecular
levels. STM and scanning tunneling spectroscopy were used
to study the morphology of both SWCNT solids®**% as well
as the interaction SWCNT solids functionalized with molecular
moieties.*") An STM imaging with atomic resolution was used
to resolve the noncovalent interaction between SWCNTs and
pyrene as well as anthracene moieties by appropriate assignment
of the molecular orbitals.*?) For two decades up to date,
differential conductance imaging has been used to perform
nanoscopic imaging of interfaces of organic and molecular elec-
tronic materials,**** topological insulators,**! or, in particular,
in nanomaterial heterojunctions,*®*”! even though this tech-
nique is primarily applicable only to conductive samples.
While STM allows a higher vertical resolution of the topogra-
phy (picometer scale) when compared with AFM, it additionally
shows the local density of states of the material surface probed.
Furthermore, STM is limited to conductive samples.
Nevertheless, it is a powerful technique in different fields like
surface science allowing the electrical transport to be studied
in different configurations as explained elsewhere.**! In contrast,
in AFM, the typical vertical resolution is on the order of 0.1 nm
and the lateral resolution is mainly dependent on the tip diame-
ter. Moreover, the high force sensitivity of AFM allows its appli-
cation in the determination of other material properties beyond
topography. For example, the reviews by Butt et al.*! and by
Garcia and Perez® provide a comprehensive discussion of force
spectroscopy in contact and dynamic AFM, respectively. For
electrical measurements, silicon-based AFM probes are coated
with a thin metal layer, typically a few nanometers to tens of

Phys. Status Solidi A 2019, 216, 1900106

1900106 (4 of 21)

Www.pss-a.com

nanometers, thus diminishing the spatial resolution at an
increased tip diameter of around 50 nm. Alternatively, a conduc-
tive carbon/diamond layer can be applied to the tips, which may
lead to local tip diameters of <20 nm due to the polycrystalline
structure of diamond.®'*% Compared with the metal layer, the
diamond layer has superior properties: it is much harder and has
lower wear-off.

While there are many different types of measurement meth-
ods in AFM/STM and similar systems,®* here we can focus on
CS-AFM and KPFM. In general, it can be distinguished between
current sensing and force sensing techniques; thus, CS-AFM
belongs to the former and KPFM to the latter.

2.4. Scanning Probe Techniques II: Local Measurements of
Electrical Current

In CS-AFM, the AFM is operated in contact mode. While
simultaneously applying a constant voltage between the tip
and the sample, the currents flowing between tip and sample
are measured with a nanoscale spatial resolution. The lateral res-
olution is limited by the tip apex diameter, which is typically in
the order of a few tens of nanometers. The electrical resolution is
determined by the precision of the current-to-voltage amplifier.
The latter is given by the thermal noise of the feedback resistor of
the system and can be minimized by choosing a resistor value as
large as possible.’! A typical system on the market may have
current sensitivities depending on the resistor values of the
cantilever heads (also known as “nose cones”): 0.1nAV ™!
(for a nose cone with a 10 GQ resistor), 1nAV~" (1GQ), or
10nA V! (0.1GQ).>!

The nature of the challenges remains the same as in the mac-
roscopic measurement techniques: controlling the current path,
identifying parasitic resistances, and ensuring contact reproduc-
ibility. The tip apex shape, any contamination, or the wear-off of
the metal coating due to the high strength of the electric field or
mechanical damage can affect the measurement result. Due to
the high pressure applied to both tip and sample in contact mode,
this method can alter soft samples. A slightly modified version,
though not implemented in all AFM systems on the market, is
the jumping mode, where the tip is retracted to a certain height,
while going from point to point, reducing the lateral forces. At
each new measurement point, the tip is approached up to a cer-
tain force/setpoint in order to measure the current.>*

Initially, current-voltage mapping by CS-AFM?® was per-
formed on CNT interconnect samples, for which resistivity
changes can be governed by interface effects between the
CNT and the metallization. An important nanostructured com-
ponent in microelectronics is vertical interconnects made from
carbon nanotubes (abbreviated CNT vias). They consist of verti-
cally aligned conductive CNTs (mostly vertically aligned
MWCNTSs), obtained by CVD. CS-AFM applied to CNT vias
allowed us to distinguish the effects of the single CNT quality
and the contact quality. CNT vias connecting different metal
levels of an integrated circuit are potential candidates to replace
copper ones. With tip radii of the order of 20 nm,”® the size
ranges of the probe (metallized AFM tip) and sample
(individual MWCNT) are comparable, the wafer-level fabrication
process yields an appropriate mechanical stability and
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contaminations directly relate to the variation of the local conduc-
tivity properties (see below), therefore CNT vias appeared as ideal
sample to verify the opportunities of CS-AFM as an advanced
nanoscale characterization technique. The analysis of CNT via
samples with CS-AFM reveals that different CNT vias yield a
map of locally different conductivity as shown in Figure 2
(left).?®! The spatial resolution of about 40nm suggests that
the conductivity of a single MWCNT is accessible. Thus, the con-
ductivity variations observed are those of individual MWCNTSs.
For the variation of the conductivity of each MWCNT, there are
two possible reasons: first, the CNT quality can scatter due to the
on-chip growth—such that the intrinsic CNT conductance alters.
In an earlier study, Teichert et al.P”% could demonstrate the
strong impact of the number of defects on the CNT conductance.
Second, it is likely that the conductance of the CNT-metal contact
can vary—as a function of contact materiall®>*" and processing.**!
Thus, another method that discriminates these two contributions
to the scattering of charge carriers, the first one intrinsic to the
channel and the second one as a contact effect, is required.
Thus, to disentangle the difference between intrinsic conduc-
tance and contact effects, characterization techniques are able to
answer the question of whether the CNT quality is homoge-
neous. Raman spectroscopy is the tool of choice for this task
as it grants access to the defect density from the so-called
D/G-intensity ratio:[**=*! the intensity ratio of the Raman D-line
at 1351 cm ™" (defect-activated Raman response of the imperfect
sp*lattice) and the Raman G-line at 1582 cm ™" (Raman response
of the sp?lattice). This ratio is a qualitative measure of the defect
density and thus a measure of the CNT quality and even of the
nature of the defect.[®>*% For the present study, a comparative
Raman study of the different vias is required to discriminate the
two degradation mechanisms: it becomes visible that the defect
density within the CNTs is about the same, which results in the
same intrinsic conductance.”?! Thus, the bottom contact of the
CNT vias is expected to determine the performance. It is com-
posed of the following layer system: Cu (substrate for electrical

Www.pss-a.com

contact), TaN (20nm, barrier against Cu diffusion), and Ta
(10 nm, CNT-contact material; forms carbides at the CNT con-
tacts). The diffusion of Cu is detrimental for CNT quality and
must, therefore, be restricted.!®”) After the CNT growth, the
CNTs are embedded into SiO, using tetraethylorthosilicate
(TEOS, Si(O-C,Hs)4) CVD, which has oxidizing properties. It
is assumed that this procedure also oxidizes the tantalum, which
degrades the contact. To characterize the atomic composition,
transmission electron microscopy (TEM) investigations are
required; the composition of the bottom material indeed shows
the partial oxidation of the tantalum.™*!

As the TEOS CVD is required to embed and to protect the
CNTs in SiO,; the contact material must become more robust
against oxidation. In a further study, it was shown that exchang-
ing Ta with TiN, the conductance of the CNT vias became almost
perfectly homogeneous while maintaining the CNT quality and
homogeneity after the growth.’® This basically shows how
CS-AFM, Raman investigations, and TEM can work together
to optimize CNT growth in CNT vias or interconnect structures
and to obtain a yield of 95%.% An overall summary of the results
of the consecutive process steps, which help to improve the con-
tact resistance, is shown in Figure 2 (right).[23’56]

Based on the previous success with the TiN bottom layer, a
more systematic study of the influence of the contact materials
(bottom: Ta, TaN, and TiN, top: Ta, Ti, TiN) was performed. The
best CNT vias are obtained using TiN for the bottom contact and
Ta or Ti for the top contact while maintaining the yield.[*®!

2.5. Scanning Probe Techniques Ill: KPFM

While CS-AFM determines the flowing current and STM uses
the tunneling current to image surface atomic structure,
KPFM detects an additional electric force that allows analyzing
the surface potential of surfaces,®”% charge distribution, and
diffusion in devices.”" For metallic samples, the measured con-
tact potential difference (CPD) between tip and sample allows

10
10,0 nA 1077
90 10° 4
80 10°
70 107‘ l ™
6,0 (%) 10° 1
50 c 10°4
. -,
w0 o 1071
(2] 3
o 1074
0o P A
20 107
1] =
o 10 r
100‘ T T T
a0 1 2 3 4 5

Process Steps

Figure 2. Left: CS-AFM image (top view) of an array of vertically aligned multi-walled CNTs (VA-MWCNT) integrated as vertical interconnects (diameter
~2 pum) after chemical-mechanical polishing in a copper damascene process, obtained at a bias voltage of 50 mV for a Cu-TaN-Ta bottom contact.
Different colors belong to different local currents through several individual CNTs. Reproduced with permission./? Copyright 2011, The Authors,
published by Fraunhofer ENAS. Right: Resistance of a series of VA-MWCNT vias at different process: steps 1) before thermal annealing (TA) and
chemical-mechanical planarization (CMP); 2) after TA, no CMP; 3) after CMP, no TA; 4) after CMP and TA; 5) with improved top metallization;
6) with an improved bottom and top metallization. Figure created for this feature article is based on aggregated data and methods as described by
Fiedler and coworkers.['%1348-50]
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determining the work function of the sample based on the pre-
vious determination of the work function of the tip. For semicon-
ducting samples, the CPD can visualize the Fermi-level position
but also locally trapped charges can be observed using this
method.">73)

The principle is based on the interaction that takes place when
two closely located surfaces are electrically contacted. In this case,
an electrostatic force between tip and sample is generated. To
detect the force, an AC voltage is applied to the tip, resulting
in the force contributions appearing among others at the AC volt-
age frequency w. In Figure 3, the external feedback loop attempts
to nullify this force F, by applying an additional DC voltage
which is equal to the CPD to the tip. The CPD is also sometimes
referred to as the surface potential (SP), though it must always be
seen in a reference to the tip’s potential. Several KPFM modes
can be distinguished, such as the lift mode versus the dual-
frequency mode. In lift mode, the topography is acquired in
the first pass in intermittent-contact mode. Afterwards, the tip
is retracted at a distance between 5 and 100 nm, and the surface
potential is determined by scanning the surface following the
topography information recorded in the first pass. Another pos-
sibility is to obtain the topography and the electrical information
within a single-pass using a different frequency for the AC volt-
age. This simultaneous measurement requires another lock-in
amplifier. In general, a better lateral resolution is expected when
the tip is closer to the sample, but the dual-frequency mode is
more affected by polarization effects, and cross talk between
topography and KPFM signal.l””! Quantitatively, this means that
the lateral resolution is in the range 20-50nm for distances
d<10nm between tip and sample in air, whereas in UHV
the lateral resolution can be improved down to 10nm."?
Regarding the electrical resolution, Jacobs reported a potential
sensitivity in ranges lower than 1 mV for lift-mode experiments.
However, care needs to be taken whether the absolute values of

0
(\6\)
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CPD :

Sample

Www.pss-a.com

the surface potential are trustworthy and not dependent on
distance.”®

For both of the aforementioned KPFM measurement
approaches, the amplitude of the cantilever is determined and
nullified, i.e., the electrostatic force is measured. This mode is
being referred to as amplitude-modulated (AM-KPFM). In
frequency-modulated KPFM (FM-KPFM) instead, the force gra-
dient is nullified. This technique is based on the fact that the
cantilever’s resonance frequency f ., is affected by all long-range
forces including electrostatic force. Thus, not only the frequency
of the mechanical oscillation shifts, but also additional resonance
modes of the cantilever appear at f .. + ®/(2x) and f,. = o/x.
In FM-KPFM, the signal of the f,; £ f o is nullified by finding
the correct bias voltage which equals Ve

Both modes, AM- as well as FM-KPFM, have their advan-
tages and disadvantages: for example, Zerweck et al. and
Glatzel et al.”® state that the KPFM signal depends on the tip
geometry. The FM-KPFM is more accurate for objects smaller
than the tip radius, whereas in AM-KPFM, the tip should have
a similar size compared with the object measured. Furthermore,
they believe that the signal is distance-dependent but this effect
can be excluded for FM-KPFM within 30 nm distance of tip and
sample. In FM-KPFM, the sensitivity is lower, requiring a higher
AC voltage amplitude. This, however, may induce additional
band bending, e.g., on semiconducting surfaces. In contrast to
that, AM-KPFM requires only low AC voltages at a higher energy
resolution, while averaging over the tip radius may cause the lat-
eral resolution to be worse.

In general, using KPFM to determine the work function can
allow optimizing even the sample properties according to
specific requirements. As an example, Spadafora et al. studied
metallic SWCNT networks on different substrates, for which
they modified the metal nanoparticle functionalization to
tune the work function. This handling allows improving the

V=V, +V, sm(a)t)

(V -V )V sm((x)t)

DC CPD

F -0 V, .=V

CPD

Figure 3. The working principle of KPFM (original artwork) for the case of a grounded sample and the voltage applied to the tip. A detailed description is

given by Sadewasser and Glatzel.’*]
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contact properties when adding any additional interfacial active
materials.””!

2.6. The Potential of KPFM and CS-AFM and Further
Developments

The potential of CS-AFM for electrically conductive samples can
be exemplified by the studies of CNT via structures, for which
current—voltage characteristics were used to determine the resis-
tivity. In conjunction with Raman spectroscopy as an optical
characterization method, the CNT vias can be optimized in terms
of performance and reproducibility.

For the KPFM method which measures the local surface
potential difference between the tip and a conductive and
semiconducting sample, two operating principles were intro-
duced: AM-KPFM and FM-KPFM. The choice whether
AM-KPFM or FM-KPFM is applied depends on the demands
of the measurement: the higher lateral resolution of the
FM-KPFM (a fraction of the tip radius) comes at the cost of
a possibly reduced surface potential precision due to band
bending for larger fields.

As a final consequence, the resolution of all described meth-
ods scales with the tip size: the sharper the tip, the better the local
resolution and the signal amplification due to increased local
fields, which is reflected by the vivid development ongoing in
the field of tips and cantilevers.[B%7]

3. Optoelectronic Properties

For optoelectronic sensors, characterizing and tuning the elec-
tronic properties is essential. But also, for any devices exposed
to light-matter interaction such as solar cells or photodetectors,
it is crucial to measure the effects of the incident light on the
electronic properties of the device. This characterization requires
the application of optical as well as electrical methods or their
combination. The sensor relevant properties are absorbance
and photoconductivity. As discussed in Section 1, CNTFETs
are nanoelectronic devices that combine good current-carrying
and well-understood switching properties with a small geomet-
rical footprint in the order of 1 pm? and below. In CNTFET-based
photodetectors, resonant optical excitation of one or a few CNTs
generates either an electric current or, in the open-circuit config-
uration, a photovoltage which can be read out and processed fur-
ther electronically.®®°% The large surface-to-volume ratio makes
the electronic and optoelectronic properties of SWCNTSs espe-
cially sensitive to their environment. Thus, the smallest pertur-
bations by external fields and their interaction with the CNT
excited states can be used for tuning the physical and chemical
properties of the transistor channel.’” These facts make
CNTFETs ideal candidates for nanometer-sized, chemically sen-
sitive light detectors and emitters. Using gold nanoparticles in
combination with semiconductors is also another efficient
approach to strongly increase the light/dark current ratio.”"
Such plasmonic-assisted improvement is part of our motivation
to integrate gold nanoparticles in CNTFETs as discussed in
Section 5.7.
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3.1. Local Optical Properties: SNOM

Methods for a determination of the refractive index of materials
below the diffraction limit as an optoelectronic property are often
based on SNOM, also referred to near-field scanning optical
microscopy (NSOM).”? Bouhelier subsumes under the umbrella
term SNOM “technique(s) capable of optically investigating
the surface of a sample to form either a high-resolution 2D image
or to perform local spectroscopy.”®?! In contrast to conventional
optical microscopy, the lateral resolution attained with SNOM is
typically much smaller than the wavelength and is mainly limited
by the size of the optical probe used by the apparatus. Method
classes comprise aperture-type SNOMP*?*! and aperture-less
SNOM.P? Scattering-type SNOM (s-SNOM) has evolved as basis
for local Fourier-transform infrared spectroscopy (nano-FTIR) to
map the local dielectric constants of objects smaller than 200 nm
with a resolution of 20 nm.**”! The genesis of these classes of
analytics methods has also created tip-enhanced versions of
SNOMP® or methods relying on the determination of optical
forces occurring between the dipoles induced in the plasmonic
tip and the sample under illumination.’!*” Recent achieve-
ments comprise the combinations of SNOM with vibrational
spectroscopy techniques correlating the spectra of a scattered
optical near-field with molecular vibrational modes.'" All
these methods are also relevant for nanoscale chemical
mapping (see Section 5).

3.2. Photocurrent Measurements: Mapping and Spectroscopy

Photocurrent mapping and photocurrent spectroscopy are two
examples of optoelectronic characterization techniques!!®*%4
that proved spatial resolution below 1pm (cf. Figure 4c).
These techniques were proposed as tools to study the local
and spectral photoresponses, respectively, in situ. In contrast
to CS-AFM discussed in the previous section, these photocurrent
techniques do not comprise a scanning solid probe. Conversely,
they use light in the visible or IR range to stimulate the micro-
and nanoscale electronic devices in particular configurations.
The photo-induced current (the drain current in case of transis-
tors) is monitored as a function of the in-plane location of the
incidence radiation and/or its wavelength. Meanwhile, commer-
cial solutions for time-resolved photocurrent mapping are
available measuring the temporal response of photo-sensitive
materials to time-resolved illumination. Brick wall for these tech-
niques, as for all scanning techniques, are the limits in time res-
olution on account of data integration which are typically a few
10 ps up to milliseconds per time interval at current noise levels
in the order of 1 pA.["® Regarding the spatial resolution, Krupke
and coworkers proposed a tip-enhanced photocurrent mapping
exploiting plasmonically enhanced absorption induced by an
optical nanoantenna and claimed a spatial resolution figure of
30 nm, measuring along a single SWCNT.!"*! Figure 4a—c shows
a principle sketch of a further method proposed by Krupke and
coworkers using a combined photocurrent mapping and photo-
current spectroscopy. Herein, both the current noise level and
the spatial resolution are slightly worse, but the combination
of microscopy and spectroscopy allows to determining the distri-
bution of particular CNT chiralities inside the transistor channel
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Figure 4. a) A 3D schematic view of the measurement setup for spectrally resolved photocurrent mapping on a component of a device consisting of CNTs
of various chiralities. A focused light beam of variable wavelength is scanned across a film or network of aligned CNTs which is interfaced with metallic

contacts. b) Scanning electron micrograph of a typical CNT device as schematically shown in a), where the CNT density is approximately 10 pm™".

1

) Scanning photocurrent microscopy map (excited at 570 nm) overlaid on top of the simultaneously recorded elastically scattered signal from the
sample. Reproduced with permission.'®! Copyright 2014, American Chemical Society.

of a working optoelectronic device fabricated from solution-
processed SWCNTs.'®! Holleitner and coworkers proposed
ultrafast time-resolved photocurrent spectroscopy to probe
exciton dissociation and ballistic transport in 1D materials in
a transistor channel.l"”)

Photocurrent spectroscopy was also applied to the detection of
bright and dark exciton transitions in 2D materials such as
MoSe,.'%®! Herein, bright excitons are optically active whereas
dark excitons are per se spin forbidden. Quereda et al. also
put forward a concept for the integration of electrically driven
photoemissive CNTs and coupling their light into wave-
guides!"*®' and quantum photonic circuits.''") Hybrid entities
made from stacked sequences of 2D materials (graphene, layered
transition-metal dichalcogenides) were proposed as components
for high-fidelity sensor systems.""

3.3. Local Photoelectronic Properties: KPFM under lllumination

KPFM is an AFM-based method that allows the measurement of
the CPD between the tip and the sample."**) The working prin-
ciple is based on minimizing the electrostatic force between the
tip and the sample that occurs due to surface potential difference
(cf. also Section 2.3). Performing such measurements under illu-
mination gives insight into the local photoelectronic properties.

This set of methods can be used to determine Fermi-level
shifts under illumination. Recently, photoassisted KPFM was
reported as an innovative method to detect the doping type in
GaN nanowires correlating with the CPD detected under illumi-
nation with super-bandgap light in photoassisted KPFM. The
results were explained by electrons generated in the n-type region
under illumination. These electrons were supposed to be with-
drawn from the surface and the holes to be attracted to it by the
electric fields in the space-charge region."'* Especially in the
field of solar energy harvesting, KPFM measurements under illu-
mination and in darkness became a well-established technique
for the tracing of structure—property relationships in the active
photovoltaic materials. Herein, the local surface photovoltage
(SPV) is measured as the change in CPD between the KPFM
tip and the sample surface upon optical illumination. Short-
pulsed illumination gave direct access to the difference in the
CPD between illuminated and dark states and hence relate back
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to the particular decay times of the SPV and/or its wavelength
dependence.''>! Herein, Figure 5 shows the respective setup,
a block diagram, and a measurement scheme for the time-
domain KPFM measurements. Mapping of the surface potential
using KPFM was also used in multiferroic BiFeO; nanowires
(BFO-NW5s) under sub-bandgap illumination.**!

The mechanism of photovoltage generation in BFO-NWs was
detected by local illumination of visible laser pulses at different
positions of the BFO-NWs and mapping of the photores-
ponse.''® Already a decade ago, Sadewasser et al. proposed
KPFM as a technique to probe the optoelectronic effect of Zn
doping in polycrystalline Culn$, thin films implementing a local
surface photovoltage spectroscopy (SPS). SPS was measured
using KPFM to obtain the SPV and SPS with a high lateral
resolution, correlating to the homogeneity of the doping in
the films.[''”)

3.4. New Trends in Optoelectronic Devices and Their
Nanocharacterization

Summarizing this section, an advanced nanoscale optoelectronic
characterization is necessary for emerging device concepts espe-
cially from low-dimensional (1D, 2D) pure, hybrid, and nanocon-
jugate materials with tailored sensing properties.'*®! From the
current research, the beneficial sensoric add-ons comprise,
e.g., the spectrally defined optical properties of the active sensing
material through photo-induced electron transfer (PIET)!*! or
scattering,!'*”) their chemical specificity at highest sensitivity,["*")
and custom-oriented fabrication."?>"2 For optoelectronic sen-
sors, grafting of 1D (nanotubes, nanowires) or 2D (graphene,
MoS,) nanomaterials with metal and metal oxide nanoparticles
or colloidal semiconductor quantum dots was found to enhance
the absorption of carbon-based materials and to enable high
gains."'”l CNTFETSs in combination with plasmonic nanoanten-
nas were seen as a viable solution for the enhanced, optical
sensor devices.'>! Beyond that, nanoconjugates (or hybrids)
between CNTs and chromophoric or plasmonically active coag-
gregates can be seen as a recent scientific and technological
trend. Consideration for sensor applications here is a tunability
within a single class of materials: for a number of coaggregates,
for instance, absorption, photoluminescence, or plasmonic
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Figure 5. a) A setup and block diagram of the time-domain KPFM measurement. The frequency-shift signal is integrated with two gated integrations
synchronized with the pulsed illumination. Each output of the gated integration is recorded at each applied bias to record a full Kelvin parabola.
b) Measurement scheme for a gated integration in the time domain of the modulated frequency shift. Reproduced with permission.!'" Copyright

2016, American Physical Society.

properties can be tuned simply by the size and/or shape
(CdSe/ZnS quantum dots,?*?° metal nanoparticles,***3"]
and InP/ZnS nanoparticles!’*?). They can also be dependent
on the polarization of the incident light (semiconductor quantum
dots).!"**13%] Regarding sensitivity, using CNT devices with gold
nanoparticles, Mahjouri-Samani reported by far the highest sen-
sor magnitudes (responsivity 800 VW ! instead of 70 VW ') and
faster response times (25 ms instead of 100 ms) with plasmoni-
cally grafted CNTs.!"*! The authors explained this behavior by
the coupling of the laser beam into the surface of the metallic
structures that, in turn, induces fast oscillations of the free-
electron system known as surface plasmon polaritons (SPPs).
The energetic interactions are localized on a sub-wavelength
scale at the tips of the plasmonic structures and, for the chosen
ideal device geometry, couple efficiently into the CNTs due to
strong electron—phonon interaction. Although the combination
of optoplasmonic and optoelectronic transducers at the nano-
scale has their perspectives, the limitations of this approach
are the lack of standardized methods in the device systems inte-
gration at the micro-nano interface. Nanocharacterization for
these classes of sensor devices requires advancement at the
interface between optical techniques, scanning probe techni-
ques, and electrical measurements with submicron resolution
(cf. Section 2). A particular merging of techniques has taken
place already in organic photovoltaics. Herein, the combination
of nanoscale CS-AFM and intensity-modulated photocurrent
spectroscopy (IMPS) has been mastered. Kumar et al. applied
this analysis to interfaces in bulk-heterojunction (BH]J) solar
cells. As a result, the nanoscale topography and the CS-AFM
results indicated differences in the segregation state of the active
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layer and the interfaces to the electrodes before and after certain
annealing steps of the fabrication route.’*® Therefore, to render
the endowments suitable for more commercial solutions, further
efforts on aspects of device and system integration are required
in the engineering sciences.

4. Micro- and Nanomechanical Stress and Strain
Measurements

This section focuses on stress and strain determination on a
micro- and nanoscopic spatial scale aiming to provide an over-
view of the applicable methods and lower boundaries in spatial
resolution and sensitivity reported so far.

The need for characterization of stress (a physical quantity that
aggregates the internal forces per area between infinitesimal con-
stituents of a material, unit Pa) and strain (as the relative defor-
mation of N/MEMS components, dimensionless) on a micro-
and nanoscopic scale is manifold. The recent examples of appli-
cation scenarios include, but are not limited to the determination
of stress and strain for material characterization,!"*'*¥! calibra-
tion of evaluation algorithms of MEMS sensors,*”! or the mea-
surement of stress and strain in integrated circuits during or
after fabrication."**"*?) While moving forward in miniaturiza-
tion, stress and strain characterization on the true nanoscopic
spatial scale becomes important to understand the properties
and the behavior of potentially new materials and their interfa-
ces; e.g., in the case of CNTs, it is known that the embedding
itself affects the mechanical behavior of their interfaces.!'**!
After a successful understanding and integration of nanodevices,
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the scenarios already mentioned become additionally significant
again. Therefore, the tools have to be prepared.

While strain can be measured, stress is usually not measured
directly. The determination of stress in a sample depends on the
measurement of physical quantities such as displacements or
potentials, and a physical model is needed to determine stress
based on the strain. In addition, for the determination of stress,
additional and often material-specific parameters as stress-free
lattice spacings, elastic constants, or the positions of reference
peaks are required.!****** The strain determination on a spatial
micro- and nanoscopic scale is possible by a variety of techniques
as for example X-ray diffraction (XRD) in many variations, elec-
tron backscatter diffraction (EBSD), low-energy electron diffrac-
tion (LEED), convergent beam electron diffraction (CBED),
Raman spectroscopy, KPFM, or Focused Ion Beam-based
Deformation Analysis by Correlation (fibDAC). However, all
of these methods have limits especially with respect to the achiev-
able spatial resolution.

4.1. Diffraction Methods

For diffraction methods, an incident beam on a sample is scat-
tered at the crystal lattice and constructive interference creates a
projection of the reciprocal lattice, which can be detected as a
characteristic pattern called Kikuchi lines or Laue circles. The
patterns can be analyzed to obtain strain and stress states within
the sample by analyzing the change of the patterns in compari-
son with stress-free references.

The techniques of XRD and electron diffraction qualify for
microdiffraction analysis. These methods may be applied for eval-
uating crystalline materials and thin films™** but not for
monolayer structures like graphene or 1D materials as CNTs,
as these samples do not provide the lattice structure needed to
apply the methods.

The XRD methods are described as follows: High-resolution
XRD (HR-XRD)"*” enables local stress analysis of single crystals
and epitaxial films. For the local analysis of single and polycrys-
tals, usually, microscanning XRD (uSXRD)™# is used at syn-
chrotron beamlines. The Kossel diffraction (electron-beam
excitation)!"*! and Pseudo-Kossel diffraction (synchrotron excita-
tion) allow strain determination in the order of 107" The
XRD methods collect information distributed over an interaction
volume of some 10 pm® and have usually high accuracy for
out-of-plane components and lower accuracy for in-plane
components.[15 1

Electron diffraction (ED) requires more or less extensive sam-
ple preparation. EBSD, typically available in SEM, can be used for
cross-correlation of electron diffraction Kikuchi patterns from
the sample under the unstressed and stressed conditions to
determine strain in the stressed location.'**'*2l CBED at the
TEM (CBED) analyzes high-order Laue zone lines that are nar-
row ring lines away from the center of the diffraction pattern.
Electrons show greater interaction with matter than X-rays pro-
viding surface-sensitive information with an interaction volume
of some 100 nm>. The strain can be determined in the order of
107*-1073. 5> LEED uses electrons with energies well below
1 KeV and its diffraction patterns contain therefore only surface
information.">> The order of determined strain in thin layers is
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given as 10 2."*% In general, diffraction methods can only hardly
be used on 1D objects such as CNTs or other nanomaterials, as
they do not provide sufficient lattice volume needed to generate
diffraction patterns.

4.2. Deformation Methods

Deformation analysis by correlation (DAC) and stress relief
methods, the later one referenced as crack-compliance or slitting
methods as well, are widely known macroscopic approaches
which can be applied to the micro- and nanoscopic scale.
Typically, these methods are used in the characterization of resid-
ual stresses in wafer compounds and possibly stacked structures
on MEMS and even NEMS scale.

Focused Ion Beam-based DAC (fibDAC)!"*”"57 %8 measures
stress relief using digital image correlation after a Focused Ion
Beam (FIB) milled a trench into a structure. The measured dis-
placement patterns have to be compared in an additional step
with analytically or numerically calculated displacement fields
to identify the unknown values.™*”) The method is applicable
to a wide range of materials, can analyze multilayered structures,
and does not presuppose any knowledge on the kind of stress
analyzed. The spatial resolution of the fibDAC approach is
given in the nanometer range according to the study.'*®
fibDAC provides high accuracy for in-plane stress components
of Ag=+70 MPa™*” but lower accuracy for out-of-plane stress
Components.[157]

The integration of appropriately designed test devices in the
layout of a MEMS reticle offers a highly sensitive approach to
determine residual tensile or compressive stresses in different
layers of a given system of different materials. The bending,">”
displacement,!'®? or rotation"®*'®!l of the test devices is
measured optically or by SEM and correlated to analytical or
numerical models to characterize the stress distribution in the
layers of interest. The stated detectable stress variations are
typically smaller when compared with 20 MPa,["**¢? but for
optimized devices even as small as 1.5 MPa.[**”!

4.3. Raman Spectroscopy

Raman spectroscopy!*®? is a vibrational spectroscopy, where the
sample is illuminated by monochromatic light, which is scattered
inelastically due to excitation/relaxation of vibrations. This
scattered light can be analyzed by an optical spectrometer.**”
The analysis of the position changes of Raman peaks allows
determining stress and strain in a sample based on the detection
of peak shifts in the Raman spectrum as the lattice vibrational
frequency depends on the spacing between atoms. Therefore,
the method can be used for a variety of Raman active materials
as silicon, germanium, CNTs, and a range of other compounds.
The position of the material-dependent peaks is not only stress
dependent, but can be altered by temperature changes as well. To
exclude such effects, typically two sets of spectra are recorded: a
relaxed reference and the stressed state of the sample under
investigation. By comparing both states, thermal influences
caused by the laser can be identified and removed.'®? To
increase the accuracy of Raman spectroscopy, external light sour-
ces such as Xe lamps or laser plasma lines are used as their
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positions do not shift under stress or temperature changes of the
sample. Only disturbances inside the Raman spectrometer such
as mechanical shift, external vibrations, or thermal drift of the
spectrometer grating, the mirrors, or in the optical table can shift
the plasma peak. These shifts additionally and simultaneously
influence the peak position from the sample and can, therefore,
be used to compensate for potential external effects and instru-
mental artifacts such as thermal drift.!'®*

Raman spectroscopy does not require any complicated sample
preparation and yields depth information depending on the optical
absorption of the sample for the laser excitation wavelength. The
spatial resolution depends on the wavelength and the numerical
aperture (N.A.) of the objective lens; it can usually be considered
below 2 pm?. Considering silicon-based N/MEMS systems, the
calculation of stress based on measured peak shifts depends
strongly on the geometrical orientation of the sample and the
stress patterns on the wafer.'®?) In the case of uniaxial stress
along the [110]-direction of the Si wafer, the following equation
holds

6,[MPa] = —434 x Aw[cm™!] 1)

In this notation, oy, represents the stress in the sample and Aw
describes the shift of the Raman frequency o from its unloaded
reference. The scaling factor —434 depends on several parame-
ters like e.g., the phonon deformation potentials, for which
several values are reported in the study.'*”'*® As of this, even
the scaling factor may vary. The documented stress sensitivity is
below 20MPa even for geometrically challenging MEMS
structures,!*” whereas a limit of 10 MPal"**'®! is given in
the study (Figure 6).

To reach high sensitivities below 20 MPa, not only highly
sensitive equipment is needed, but also sophisticated post-
processing of the acquired data is necessary as described in
our earlier study."** Instead of averaging among spectra to
smoothen the data, every spectrum is analyzed and appropriate
functions are fitted to the peaks of interest, e.g., Si and plasma
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Figure 6. Results of a Raman spectroscopy measurement of a bent
single-crystal silicon cantilever. Reproduced with permission.!'’%
Copyright 2006, Elsevier Ltd.
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peaks. Only if the fits comply with defined quality standards, the
spectrum in question is considered further.

However, Raman spectroscopy provides a nanometer resolu-
tion only in tip-enhanced Raman spectroscopy (TERS) configu-
ration by applying a plasmonic nanoantenna that localizes and
enhances the electric field, as explained in more detail in
Section 5.6. Using an AFM tip with a metal coating acting as
a plasmonic nanoantenna, the TERS principle was used to
map strain in CNTs,"”Y MoS,,"”? graphene,'”? and in Si/Ge
quantum dots."”*174

4.4. Kelvin Probe Force Microscopy

KPFMU (cf. Section 2.3) is a well-known variant of the AFM and
among others can be used to analyze the work function of sur-
faces or, in other words, the surface potential.l*>”°! However, the
surface potential cannot be extracted directly, but merely a CPD.
The measured CPD represents the difference between the work
functions of the tip in use and the studied surface. Based on the
knowledge of the work function of the tip, which can be obtained
using a well-known reference sample, e.g. a gold layer of suffi-
cient thickness, the work function of the sample can be calcu-
lated. The relation between change in surface potential and
stress is reported to be linear with a scaling factor heavily depend-
ing on the studied material. The study states a limit of 1kPa in
stress sensitivity and successful applications of this method for
the characterization of semiconducting silicon and metallic
membranes.'”*! Figures 7 and 8 display initial setup and result
of the Si-based experiment presented by Unal et al.,!'”” the
pioneering publication for stress determination using KPFM:
A Si-cantilever is bent by a bimorph and the CPD is measured
by KPFM in the region with the highest expected stress. The CPD
is correlated to numerically computed stress values using the
generated displacement z.

Stress and strain characterization using KPFM has not yet
become a standard technique. It is known that the CVD deposi-
tion of graphene intrinsically yields stress.'”®! It was observed by
KPFM and Raman that suspended areas of graphene flakes show
greater stress and strain when compared with the supported
areas proven by changes in the CPD and by correlating the
G and 2D modes, respectively.'”®! As a result of this, such prop-
erties of the deposition techniques need to be taken into account

Bimorph KPFM

—

Si Cantilever

_LAZ
T
L

Figure 7. Experimental setup described by Unal et al.'"’® to induce and
characterize stress in a Si cantilever using KPFM. The cantilever of length
L is bent by a bimorph. The generated displacement (Az) induces stress
in the cantilever. Reproduced with permission.l'’?! Copyright 2007, AIP
Publishing.
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Figure 8. CPD at the base of a bent Si cantilever as a function of stress.
Reproduced with permission.l'’?! Copyright 2007, AIP Publishing.

during device engineering and KPFM can be considered as one
of the new trends in stress and strain measurements.

4.5. New Trends in Stress and Strain Measurements

The methods for stress and strain characterization discussed in
this section qualify for an application even on a micro- or nano-
scopic spatial scale. High sensitivity stress and strain measure-
ments can be considered as a key to further miniaturization as
the knowledge resulting from such measurements enables an
understanding of materials and therefore reliable devices.

For the analysis of volumetric samples as crystalline materials
and thin films, diffraction methods enable the user to perform
high-precision measurements even on very small volumes.
Integrating well-designed test samples using the deformation
concepts into a fabrication process or analyzing a sample using
fibDAC allows for precise monitoring of the stresses and strains
in a general way. Initially applied to Si structures, Raman spec-
troscopy has become a versatile tool on the microscopic spatial
scale and is currently pushed into the nanoscopic scale using the
advanced TERS enhancements on new materials.

Stress and strain characterization using KPFM promises very
high sensitivity. Currently, the study base for this method is lim-
ited, but the authors hope for the further developments on this
promising approach.

5. Chemical Composition and Material Quality

Chemical composition is the most basic property determining
the performance of any sensor. Its analysis is necessary to
confirm the presence of a particular compound, identify contam-
inants, or verify the defect concentration. AFM is extremely lim-
ited in the chemical composition analysis and can only
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distinguish the phase contrast or mechanical properties of two
materials."”7178 It is only recently that it became possible to
obtain a true nanoscale resolution of these properties versus
the elemental composition that is long established in electron
microscopy-based methods. The classical methods of chemical
analysis include chromatography, mass spectrometry, X-ray pho-
toelectron spectroscopy (XPS), and vibrational spectroscopy
methods. The recent trends comprise nanospectroscopic meth-
ods (TERS, nano-IR, and PIFM) and combinations of two or
more methods, touching even topics like in operando spectros-
copies that shed light into structure analysis during catalytic
activity.['”?)

5.1. Chromatographic Methods

In general, in chromatographic systems, there are two phases,
such as mobile phase and stationary phase, but those two phases
must be immiscible. The mobile phase can be gas or liquid,
whereas the stationary phase can be solid or liquid. According
to the mobile phase, the chromatography is classified into two
types: gas chromatography (GC)"®% and liquid chromatography
(LC)."®" In operation, the chromatography system pumps a sol-
vent to the analyzed samples, and the solvent dissolves the sam-
ples. The obtained solution (“mobile phase”) passes through a
separator column filled with a stationary phase. There the differ-
ent constituents dissolved from the samples are separated rela-
tively due to different masses, chemical affinities, polarities, etc.
that will determine their different mobile speeds. Subsequently,
the separated compositions of those constituents are determined
by a specialized detector at a different time. From the detected
signal, we can get the chromatogram. The peak intensity or area
shows the content ratio of different compositions. This method is
not suitable for spatially resolved imaging.

5.2. Mass Spectrometry

Mass spectrometry works based on the mass-to-charge ratio of
ions. Therefore, an ionizing process is needed. There are several
ion sources which can achieve this process, e.g., electrospray ion-
ization (ESI),["®” fast atom bombardment (FAB),"®’ chemical
ionization (CI),"®" matrix-assisted laser desorption/ionization
(MALDI),“SS] etc. After ionization, different types of ions
are formed. Those different types of ions with different mass-
to-charge ratio pass a magnetic field. As they have different
masses, the accelerations by the magnetic field are different
and they are separated accordingly. Those separated ions finally
come to a detector. Due to different speeds of those ions, they
arrive at the detector at a different time or at different positions.
Based on the positions or time they arrive, the mass-to-charge
ratio can be determined and recorded, resulting in mass spectra,
whereas the quantitative characteristics of those ions can be
defined by the peak intensity or area. With those different
mass-to-charge ratios, it is possible to analyze the components
of the samples. By changing the desorption ionization technique,
imaging of spatially resolved structures is possible. MALDI with
different focusing approaches enables the focusing down to
5 um, or down to cellular levels.'8~188]
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5.3. X-Ray Photoelectron Spectroscopy

XPS is both a quantitative and qualitative analytical technique.
The core principle of XPS is based on the photoelectric effect.
When an X-ray with certain photon energy (Ep) irradiates the sur-
face of samples, and as the E, is bigger than the electron binding
energy (E,), the photons excite electrons in different orbitals,
resulting in their ejection from the atoms with kinetic energy
(Ex). Ex can be measured by the detector of the XPS system.
Thus, we have the function below

E,=E,—E—¢ )

¢ is the work function, and it depends on the spectrometer.
According to this equation, we can determine E,. A given chem-
ical bond has its own certain E, e.g. E, of a Cls electron of a
carbon atom in C—C bonding configuration is 284.5 eV, whereas
E, in C—O bond is 286.5 e V.18 \ith the advancement in the
X-ray optics, modern XPS setups can achieve resolutions of 3 pm
(such as ESCALAB).

5.4. Vibrational Spectroscopies: FTIR and Raman

The measurements of the vibrational frequencies in materials
allow characterizing not only chemical composition and struc-
ture but also strain (cf. Section 4.3), doping, defect concentra-
tion,"®! and the size of nanostructures.’®? The optical
methods (FTIR and Raman spectroscopy) give so-called vibra-
tional spectra, but their spatial resolution is fundamentally lim-
ited by the diffraction limit of light. They are known for their
chemical specificity and are applied in many areas of science.
An FTIR directly measures the IR light absorption at a specific
frequency. Each absorption band corresponds to a vibrational fre-
quency that is in turn determined by the mass of the atoms and
the strength of the chemical bonds between them. A typical FTIR
spectroscopy setup uses a millimeter-scale light spot but in
microspectrometers equipped with objectives microscale resolu-
tion on the order of 10 pm has been achieved.!'**1%%

Unlike FTIR, Raman spectroscopy measures the loss (or gain)
of the scattered photon energy with respect to the incident laser
energy. The difference equals the vibrational frequency. Due to
the different processes involved, FTIR and Raman spectroscopy
signals follow different selection rules providing complementary
information. The resolution in a microscopic configuration in
Raman spectroscopy is determined by the diffraction limit
described by Abbe’s formula®*!

Ax = 0.612/N.A. (3)

Therefore, the resolution depends on the wavelength (1) of
incident light and the numerical aperture (N.A.) of the objective.
The resolution values achieved are ~1 pm[*** and can be as low
as 0.3 um. %7 However, recent developments allowed improv-
ing the spatial resolution of Raman spectroscopy beyond this
limit using the solid immersion lenses,[*®! superlenses,**! pho-
ton statistics,?*” time-multiplexing approaches,*°!! digital holo-
graphic super-resolved microscopy,’**? etc.
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5.5. Optical Absorption at the Nanoscale: PTIR (Nano-Vis,
Nano-IR) and PIFM

The performance of the optical sensors and other optoelectronic
devices is strongly influenced by their optical properties, and
above all light absorption. Thus, this property is not only highly
relevant to characterize devices, but also to investigate their
chemical composition or quality. The optical properties on
larger size scales are typically determined from the UV-vis
or ellipsometric measurements, with their spatial resolution
limited by diffraction. The analytic methods combining AFM
with optical illumination have proven to beat the diffraction
limit reaching a lateral resolution of the order of 10 nm and
even sub-nanometer resolution.**®! Apart from s-SNOM
(cf. Section 3.1) and TERS (cf. Section 5.6), PTIR micros-
copy?® was created as a technique to allow a nano(photo)
chemical detection of samples.['*12%]

Optical absorption at the nanoscale can be measured and
mapped indirectly using the photothermal expansion that a mate-
rial experiences after illumination and light absorption. The
detection of the tiny photothermal expansion, estimated for a par-
ticular example to be in the range of ~3 pm,*°® and its 2D map-
ping are possible by the amplification and detection capabilities
of AFM cantilevers.**”2%! When the laser source is spectrally
tuned to the wavelength corresponding to absorption, there is
a rapid thermal expansion of the absorbing part of the sample.
In other words, thermal expansion occurs due to the vibrational
motions of the molecule, which occur due to the absorption of
infrared radiation, return to their original vibrational state. Thus,
a tunable, pulsed laser is required, allowing the excitation wave-
length to be changed to record the absorption spectrum. Each
laser pulse causes thermal expansion, which in turn causes a
force pulse at the AFM tip. Because of this, the cantilever oscil-
lates, and the amplitude is proportional to the absorption of the
sample. In the case of IR radiation, nano-IR can be performed
giving detailed information about the material quality and chem-
ical composition. If visible light is used, it is referred to as nano-
Vis (cf. Figure 9), while the umbrella term is PTIR.[?9>20%219
Closely related, using the same excitation scheme but
modified probes, scanning thermal microscopy (SThM) reveals
the local temperature of the sample. Since it does not extract
any optical properties from that, we refer to a review article by
Chapuis.*'!! Even if photothermal microspectroscopy (PTMS),
which belongs to SThM, allows an IR spectrum to be extracted,
care needs to be taken not to mix it with the similar-seeming
methods such as PTIR. PTMS requires sophisticated probes,
originally Wollaston thermal probes, for temperature sensing;
thus, the measurement method itself and its implementation
are quite different.*'22!3!

The most typical configuration for nano-IR is a thin film on an
IR transparent ZnSe prism, which is illuminated from the bot-
tom,”°® though top-side illumination allows the investigation of
opaque samples.?%”!

The use of an AFM tip allows measurements of absorption
below the diffraction limit.*°®! The measurement is difficult
when the size of the object is less than 100 nm in height, thus
an increased sensitivity of AFM-IR is obtained using the
wavelet transform method (WT) for a 15nm thick polymer
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Figure 9. A schematic of nano-Vis. 1) Chopper wheel to create a pulsed laser beam and resonance spectrum of the cantilever. 2) The laser light is
absorbed by inducing an electronic interband transition to the conduction band. 3) The excited electron relaxes to the bottom of the conduction band
through e-phonon scattering resulting in heat 4) which induces 5) the thermal expansion of the sample (Ao). This thermal expansion is amplified (times
Q) and detected by the cantilever 6) allowing the optical absorption event at the nanoscale to be tracked. For nano-IR and PTIR, the sample’s
photothermal expansion detection is very similar but a pulsed laser is used instead of a chopper wheel.”®! Adapted with permission.?*”! Copyright

2018, American Chemical Society.

nanostructure.”** The results on samples that contain the pho-
tosynthetic pigment-protein complex LHCII (light-harvesting
complex II) showed a resolution of 20nm.?™ This can be
explained by the high absorption of IR radiation, the mechanical
properties, and the thermal conductivity of proteins. However,
the laser does not necessarily need to be pulsed at high frequen-
cies, as our earlier study shows.?*”) Herein, we utilized nano-Vis
to demonstrate a spatial resolution of 4 nm using a chopper to
modulate the laser at the resonance frequency of the cantilever.
It is noted that nano-Vis is the only method of this kind that uses
a mechanical chopper to modulate the optical excitation,
although this modulation can also be achieved with a pulsed laser
where the pulse frequency is externally controlled. However,
implementation with a mechanical chopper allows using
inexpensive laser diodes as light sources in nano-Vis.
Moreover, by having a battery of laser diodes at different wave-
lengths, one can access the whole UV-Vis-NIR spectral range.
Such versatility makes nano-Vis possible in any optically acces-
sible AFM at a fraction of the cost of conventional PTIR and
nano-IR.

A noncontact variation of nanoscale spectral recording is
photo-induced force microscopy (PIFM).[216-218205] [t yges
AFM to measure the dipole—dipole force gradients occurring
between the sample and the metalized tip as wavelength-
dependent polarization and transform them into an absorption
spectrum resolving molecular vibrational resonances.'®"! As
the near-field interactions are also detected by the AFM tip, high
spatial resolution below 10 nm was demonstrated,'®® allowing
individual gold nanoparticles to be detected.”'”! Using a
tunable light source, it is also possible to recover the IR absorp-
tion spectra of the sample at the nanoscale. According to
Murdick et al., PIFM allows this high spectral and lateral reso-
lution with virtually no constraints on sample or substrate
properties.[zosl
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5.6. Tip-Enhanced Raman Spectroscopy

In the conquest of downscaling the possible spatial resolution of
Raman imaging, coupling with SPM techniques yielded a
chemical mapping resolution with a precision below the diffrac-
tion limit of light. In TERS, the enhancement of the Raman
scattering signal occurs only at the apex of a near-atomically
sharp pin, typically coated with gold or other plasmonically
active materials. The SPM probe for TERS is either shaped
as a plasmonic nanoantenna or has a plasmonic nanoparticle
attached to it.?**) More details can be found in dedicated review
articles like those by Zhang et al.??!! and Deckert-Gaudig et
al.??2 In comparison with the absorption techniques at nano-
scale discussed in the earlier section, for which the detection
scheme is in the near-field, the local effects in the plasmonically
enhanced case are observed in the far-field. The SPM is neces-
sary for the positioning and fine control of the nanoantenna,
and the feedback loop can be AFM, 12231 STM, 1224 or tuning-
fork!*?* based. The free electrons driven by the external electro-
magnetic field create an evanescent field that strongly enhances
the light underneath the tip. Thus, the achievable spatial reso-
lution is mainly affected by the tip diameter and its apex prop-
erties. Maximum resolutions obtained so far are below 10 nm
including subnanometer resolution.[?°**2%227] The enhance-
ment affects both the incident laser light and the inelastically
scattered Raman signal providing optical spectroscopic imaging
with resolution below the diffraction limit of light. TERS
requires optical components for Raman spectroscopy integrated
with an STM/AFM/tuning-fork geometry for its operation.
Thus, since its invention in 2000, various TERS setups have
been developed,'??®! they use bottom-, side-, top- and a parabolic
mirror illumination. The most widely used TERS configuration
is the side illumination-collection for all feedback systems
(STM/AFM/tuning fork).?*>?*°! The advantage of such a
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system is that it has an easy integration and easy operation
when compared with the other geometries, it also increases
the efficiency of the electric field enhancement by aligning
the incident laser polarization along the tip axis. In this geome-
try, the use of nontransparent samples is possible, including
gold- or silver-coated surfaces. In this case, the gap-mode exci-
tation plays an important role in signal enhancement when the
tip-sample distance is below 2 nm!**% improving the sensitivity
and the spatial resolution of this technique. This setup has also
been modified to suit liquid environments as shown by various
groups known as electrochemical TERS (EC-TERS).12312%!
The second most commonly used technique is top illumina-
tion-collection geometry. Herein, the tip is inclined at an obtuse
angle, whereas the objective is placed normal to the surface of the
sample so that the tip apex is efficiently illuminated from the
top.*4 Tt has higher collection efficiency than side illumination
and can be used to study both transparent and nontransparent
samples just like the side-illumination geometry. The bottom-
illumination geometry can only be implemented for transparent
samples. Also, a laser illuminates the tip from an objective placed
at the bottom of the sample. This setup is not widely used in TERS
community due to its sample limitations; however, it has proven to
be beneficial to image biological samples. This setup uses AFM-
based TERS and a high N.A. objective for the illumination-
collection system. Due to this, the collection efficiency of this setup
is highest respective to other geometries. Recent modifications in
this geometry for opaque samples have been performed by the
Deckert group using a dichroic mirror.”**) A parabolic mirror
was developed to increase the collection efficiency of scattered
light in all the directions; the first demonstration was described
by Steidtner and Pettinger.”*® The setups with parabolic mirror
work in a reflection mode, allowing both opaque and transparent
samples to be investigated. Just like bottom illumination, the col-
lection efficiency of this setup is higher than the side and top illu-
minations. The disadvantages of this setup are that it is difficult to
integrate the parabolic mirror into commercial STM units, and the
optical alignment is a major hindrance to its smooth operation.
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Thus, despite its benefits, this geometry is not widely used
and there are only a few systems in the world (like the one
in Zhang-Meixner’s group) that can be considered opera-
tional 2372381

A wide range of materials has been studied with TERS:
polymers,***2*% organic molecules,?****!! inorganic nanoclus-
ters,**?l nanowires,?*>?* etc. CNTs are one of the materials
most well studied with TERS, including the remarkable work
of Chen, Hayazawa, and Kawata with STM-TERS to visualize
defects in the individual CNTs and the works of Rodriguez,
Zahn, and coworkers on identifying and imaging with AFM-
TERS carbon allotropes,***) characterizing defects in the CNT
transistors channel, etc.**®! The latter is shown in Figure 10.
The representative spectra from several positions in the CNT
transistor channel are shown in Figure 10 (bottom left), and
the corresponding images on the right side. The G peak intensity
image corresponds to the distribution of CNTs in the channel as
the G mode at ~1600 cm ™" is a characteristic vibration of the sp*-
hybridized carbon. The spectra clearly show that some positions
have very high D peak intensity and low 2D peak intensity, both a
sign of high defect concentration. By following D/G or 2D/G dis-
tribution, it is possible to identify the positions where the defect
concentration is the highest. By applying other nanoscale char-
acterization methods, such as CS-AFM, it would be possible to
correlate the presence of defects to the electrical performance of
electronic properties.”¢24!

One of the current critical research issues in the nanospec-
troscopy field is the reproducibility of the methods. The
efficiency of the plasmonic enhancement of electromagnetic
field strongly depends on the minuscule details of the tip
apex. The illumination geometry, studied material, and laser
power—all these effects affect the final results. Clarifying the
role of these parameters helps the experimental reproducibility
and our understanding of tip-enhanced methods. This is pre-
cisely the topic of an ongoing investigation led by the authors
in an interlaboratory study involving over half a dozen groups in
Europe.
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Figure 10. Top left: A TERS image of CNT bundle constructed based on the 2D band intensity. Bottom left: Representative TERS spectra of the CNTs with
the signature bands D, G, and 2D marked. The positions 1-4 correspond to the points marked in the bottom right image. Top right: TERS image of the
CNT-FET channel constructed based on the 2D/D intensity ratio. Bottom right: TERS map of the G intensity for the same region of the CNT-FET channel.
Reproduced with permission.”*’l Copyright 2014, Férderverein fiir Geritetechnik und Mikrosystemtechnik Chemnitz e. V.
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5.7. New Trends in Advanced Characterization for Detecting
Nanoscale Material Quality

In prospect, the combination of TERS imaging and local func-
tionalization can allow the extraction of information not only
about the chemical composition but also the nanomaterial quality
at the submicrometer length scale. This is a critical point as the
correlation of local material quality, material structure (including
size and geometry), and material chemistry ultimately defines
the properties and function of nanomaterials. Figure 11 shows
an artist’s view on the usage of TERS with a gold AFM probe.
The near-field at the tip enhances the interaction between the
incident laser light and the object under investigation, e.g., on
single-walled CNTs decorated with Au nanoparticles. Previous
studies by Rodriguez et al. focused on the micro-Raman spectros-
copy of CNTSs in a field-effect transistor configuration®*® and
their local functionalization with the gold nanoparticles.**®!
Those works show that the nanoparticle decoration of
CNTFET channel (consisting of bundles formed by a multitude
of CNT chiralities) leads to a change of the radial breathing vibra-
tions that are visible in the local Raman spectrum. The Raman
spectroscopy changes can then be attributed to the selective inter-
action of gold nanoparticles decorating the sidewalls of CNTs of
different diameter. This investigation provided a model to evi-
dence changes in CNT upon external perturbations,***! includ-
ing accessing the internal bundle structure of CNTs integrated at
the CNTFET device level >

6. Conclusion
Aiming at performing nanoscale characterization, the scientific
community needs to explore new methods for extracting material

properties with a nanometer resolution. AFM-based methods
exploit a well-established nanoscale imaging technique offering
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Figure 11. Schematic principle (non-scaled) of TERS of a CNTFET
transistor channel decorated with gold nanoparticles. The red-shaded
ellipsoid represents the far-field information area (a few um?), whereas
the smallest region under the tip represents the near-field information area
(a few nm?).
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great opportunities to study material properties that were not
accessible before at the nanoscale with conventional methods.

Electrical properties can be straightforwardly measured using
CS-AFM, taking extra care to ensure the reproducibility of the
probe that can be affected by the delamination of the metal coat-
ing and a high risk of sample contamination. Access to resistivity
mapping at the nanoscale also offers new possibilities to test the
predictions of quantum-mechanical transport simulations and
approximations.

Optoelectronic properties can be accessed by combining local
electrical measurements with the scanning-probe techniques
that also can access morphologic and mechanical properties
under illumination. Examples include photoconductivity as well
as KPFM.

Strain and stress investigations at the nanoscale are best per-
formed with TERS. Other techniques like KPFM start to show
promise.

Similarly, the chemical composition and material quality at
the nanoscale are also characterized by vibrational spectroscopies
such as TERS and PTIR. Nanometer resolution is achieved by
coupling Raman and IR with scanning probe methods that inte-
grate plasmonic nanoantennas at the end of tips without the loss
of information.

As outlined in this study, characterization techniques with
nanoscale resolution appear as intermittent glimpses along
the advancement track of micro- and nanotechnology. An appro-
priate combination of existing techniques plays a key role. This
research track not only requires interdisciplinary knowledge
involving various fields of physical and chemical characteriza-
tions but also technical skills in the acquisition, handling, and
storage of large data volumes. Furthermore, there are several
technological challenges still to be addressed including the
harmonization of measurement protocols and the understanding
of measurement artifacts arising from the interference between
the coupled techniques. The simultaneous investigation of sam-
ple topographies in 3D and the chemical and structural mapping
made possible by advanced nanocharacterization methods open
tremendous opportunities to the development of new materials
for the increasingly smart (hybrid and flexible) applications
and thus exploit the understanding of the nanoworld as
never before.
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