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Some Examplesof L ocal Electrical Char acterization by Scanning Probe Microscopy
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Various techniques of scanning probe microscopy, including Kevin probe force microscopy, scanning nonlinear
dielectric microscopy, conducting atomic force microscopy and piezoresponse force microscopy, have proven
to be powerful tools for local electrical characterization of various materias, such as metal, insulators and
semiconductors. Use of these techniques is discussed with respect to methods of local electrica characterization
and related principles on the surface of various materials.
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1. INTRODUCTION

The materia properties and physical processes that occur
at the micrometer level down to the subnanometer level have
been the main focus for many researchers during the past
fifty years. Accordingly, scanning probe microscopy (SPM)
has been developed for observation of the surface of materi-
asonafinescde Thefirst SPM technology wasinvented in
1981 by Gerd Binnig and Heinrich Rohrer at the IBM
laboratory™ as a form of scanning tunneling microscopy
(STM), and its applications have increased exponentialy in
various fields of the physical sciences and engineering. In
particular, the technology has highlighted the importance of
nanoscal e science and engineering.

In recent years, the rapid development of semiconductor
industry has necessitated measurements of physical proper-
ties with nanometer-scale resolution on the surface of vari-
ous eectricdl materials. SPM has been used to obtain
geometrical as well as eectrica information of materials
with a high resolution for the purpose of enhancing the per-
formance and circuit efficiency of devices. Many researchers
have developed various SPM techniques such as the follow-
ing: Kevin probe force microscopy (KPFM)®, scanning
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nonlinear dielectric microscopy (SNDM)®?, conducting
atomic force microscopy (C-AFM)® and piezoresponse
force microscopy (PFM)!®”. These techniques have proven
to be a powerful tool for local dectrical characterization. We
now introduce some methods of loca eectrical characteriza-
tion and present important results from various techniques of
SPM (KPFM, SNDM, C-AFM, and PFM) with regard to the
electrical characterization of the surface of various semicon-
ductors.

2.EXPERIMENTAL PROCEDURE AND RESULTS

2.1. Kevin Probe Force Microscopy

KPFM, which is also known as scanning surface potential
microscopy, can use the electrostatic forces between a con-
ducting tip and a sample to obtain surface potential through
differences in the local work function. The work function is
known to be influenced by many different physical pro-
cesses. for example, the reconstruction of surfaces, adsorbed
atoms and oxidation®, the doping and band-bending™ of
semiconductors, and charge trapping in dielectrics!™. A map
of the work function produced by KPFM therefore provides
local information about the electronic state of semiconductor
surfaces. For instance, this technique has enabled study of
the trapped charges in a nitride-oxide-silicon system™, the
slicon nanocrystals embedded in didlectric films™, the
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Fig. 1. Schematic diagram of the KPFM measurement setup. The fo

signal is used to obtain topographic images, and the f; signal is used
for surface potentials.
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dopant profileimaging of ap-njunction™", photogenerated
carrier diffusion to the junction™, measurements of a local
open-circuit voltage, and the photo-induced charging rates
on ananostructured organic solar cell™.

Figure 1 shows a schematic diagram of the KPFM system.
When the tip and sample are brought into contact, both the
Fermi levels are aigned. Furthermore, the potential differ-
ence can be measured between two different materials, such
as the tip and the sample. This measurement is called the
contact potential difference (CPD). The CPD (AV) is there-
fore given by

AV = cI)tig_q)samgle
q
Practically, to obtain the CPD, we applied ac and dc volt-
ages between the tip and the sample. If we assume two conduc-
tors (the tip and sample) to be modeled as pardld capacitors,

the dectrostatic energy (U = % CV?) isgenerated. Therefore,
the attractive force, F, isinduced as follows:

10C
20z

where C is the separation-dependent capacitance caused by
thetip oscillation between the tip and a portion of the sample
and z is the average tip-sample spacing. If any externd
mixed voltage (Vapyp = Ve + Vi SIN WE) is applied to the tip,
the total electrogtatic force between the two electrodes can
be expressed as

F= AV?
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Fig. 2. (8) Measured work function on highly oriented pyrolytic
graphite (HOPG), Au, Pt (111), and ITO films with an Au-coated tip;
(b) measured work function of the asreceived ITO and plasma
treated ITO.
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The F, component depends on the surface contact poten-
tial between the tip and the sample, while the F, component
depends on the ac voltage gradient of capacitance between
the sample and the tip. Therefore, when F, is zero, that isthe
externd dc voltage is equa to Ad, the surface potentid is
obtained from the feedback loop modulation of the dc volt-
age to minimize the dectrostatic force between the conduct-
ing tip and the sample.

To study how inductively coupled plasma with CF, gas
influences the surface electronic structures of indium tin
oxide (ITO) thin films, we used Kelvin probe force spectros-
copy (KPFS)™™. We also reported on the use of KPFM for
the detection of eectrons and holesin anitride-oxide-silicon
(NOS) system of flash memory. Our KPFS and KPFM mea-
surements were performed under an ambient condition with
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Fig. 3. (a) CPD images of negatively charged aress (-2 V/-1.5V/-1.0 V/-0.5 V) and postively charged areas (0.5 V/1.0V/15V/2.0V) in the
SiO,-SisN4.-SIO; film. (b) The left side of the figure: CPD images, from top to bottom, directly after application of adc biasof -5V and +5V on
the probe during the scanning of a2 umx 2 um areas, after heating in a furnace for 20 min at 200°C and for 40 min at 200°C, respectively. The

right side of the figure: a cross-sectional line profile.

a commercid AFM (SPA 400, SlI, Japan), and we used
gold-coated silicon cantilevers with a spring constant of
~3 N/m and a resonance frequency of 27 kHz.

To determine the work function of the ITO, we used KPFS
for the measurements. Figure 2(a) shows the results with
respect to a cantilever calibrated with highly oriented pyro-
Iytic graphite (HOPG), Au, Pt (111), and ITO films. Figure
2(b) shows the CPD vdues of the as-received ITO and
plasmatreated ITO. While the work function of the as-
received ITO was 5.3 eV, the work function of the plasma-
treated ITO was ~0.8€V higher. There are two possible
explanations for the increase in the work function of the
plasmatreated ITO: First, the plasma treatment (energetic
ion bombardment) creates a high number of surface defects,
which generdly produce surface states and bend the band
upward. Second, the surface dipoles that form with the sur-
face adsorption of O-species or F-speciesrepdl the free elec-
trons in the conduction band, thereby leading to a surface
depletion region and, consequently, an increase in the work

function.

Figure 3 shows the KPFM images of the non-injected, the
electron injected, and the hole-injected area in the NOS film.
The nine 4.5umx0.5pum rectangular regions were scanned
by contact mode using conductive cantilever with the bias of
-20,-15,-1.0,-05,0,05,1.0,1.5and 2.0 V (from top to bot-
tom) at the bottom eectrode. The CPD induced by the elec-
trons or holes trapped in the NOS sructures was directly
measured by KPFM. Figure 3(a) shows CPD images of the
positively charged areas (-2.0 V/-1.5V/-1.0V/-0.5V) and the
negatively charged areas (0.5V/1.0V/1.5V/2.0V). The
trapped chargesin these 4.5 um x 0.5 um areas were injected
with various bias conditions and their energy and density can
be determined from the CPD induced by the trapped electrons
or holes™. Figure 3(b) shows the spatia distribution of the
tapped chargesin the NOS system. Theleft-hand side of the
figures shows the CPD images, from top to bottom, after the
application of adc biasof -5V and +5 V on the probe for the
scanning of an area of 2 umx2 um, after heating in a fur-
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nace for 20 min at 200°C, and after heating in a furnace for
40 min at 200°C, respectively. The right-hand side of the fig-
ure shows a cross-sectiona line profile. The CPD signal
decreased vertically after heating in a nitrogen ambient con-
dition, indicating that the trapped charges decayed mainly as
aresult of tunneling through the oxide layer.

2.2. Piezoresponse Force Microscopy

In recent years, researchers have expected ferrodectric
materials to become the next-generation ultrahigh-density
storage media because the domain wall thickness of typica
ferrodlectric materiasis only afew lattices™. This focus of
attention has necessitated fundamental studies of the ferro-

PFM system
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Fig. 4. Schematic diagram of the PFM measurement setup. The
application of an alternating voltage generates vibrationsin the ferro-
electric sample, and conventional lock-in techniques are used to
detect the vibrations as the first harmonic component of modulated
cantilever deflection signd.
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electric domain structures and their dynamics, particularly of
the orientation effect on nanoscale polarization™, the scaling
limitation of ferroelectric switching™, and the dataretention
characteristics of a nano-sized domain®. The recent devel-
opment of a loca piezoresponse measurement technique,
namely PFM, has enabled nanoscae investigations of the
ferroelectric domain. PFM can be used to observe the struc-
ture and dynamics of ferroelectric domains because an exter-
nal ac voltage causes the ferroelectric sample to experience
local electromechanica vibration. In order words, because
all ferroelectric materias exhibit piezoelectricity, which isa
linear coupling between the electrica and mechanica prop-
erties of amaterial, an electric field applied to aferroelectric
sample causes changes of its dimensions. Figure 4 shows a
schematic diagram of the experimenta setup for the PFM.
The application of an aternating voltage generates vibra-
tions in the ferroelectric sample, and these vibrations are
detected with the aid of a conventiona lock-in technique as
the first harmonic component of the modulated cantilever's
deflection signal. The amplitude (A) of the vibration signa
(that is, the piezoresponseis defined as Acos@ of the signdl)
provides information on the magnitude of the piezodectric
coefficient, while the phase signal (®) determines the direc-
tion of the polarization™.

Our PFM measurements were performed under an ambi-
ent condition with acommercial AFM (SPA400, SlI, Japan)
equipped with a lock-in amplifier (Stanford Research Sys-
tems, SR830). The conductivetip was used asamovable to
electrode. To minimize the electrostatic force interaction'™,
we used platinum-coated silicon cantilevers with a high
spring constant of ~5.5 N/m and length of 130 um. During
the PFM imaging, we applied a modulating voltage (V) of
0.8 V (root mean square) and a frequency of 17 kHz to the
bottom electrode while the tip was dectrically grounded.

As shown in Fig. 5(a), we observed piezoresponse hystere-
sisloops of ds; vs. voltage to address the locdl switching char-
acterigtics of ferrodectric materias. We aso demonstrated the
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Fig. 5. (8) Piezoresponse hysteresis loops of ds; vs voltage; (b) the PFM amplitude; and (¢) phase images. From top to bottom, the pulse ampli-
tude was varied from -10V to -5V in 1 V steps; from left to right, the pulse duration was varied from 0.1 ms, 0.5 ms, 1 ms, 5 ms, 10 ms, and

50 ms.
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500 nm

Fig. 6. PFM amplitude and phase images of ferrodectric film with a
thickness of (a) 60 nm and (b) 40 nm. An inverted domain dot array
was performed equally under conditions of apulse width (of 0.05 sand
0.5 sfrom left to right) and an amplitude (of +5V and -5V repeatedly).

size minimization of the ferrod ectric domain with the applied
voltage pulse amplitude and width, which was needed for the
switch, and the stabilization of the induced domains by means
of ferrodectric film with a thickness of 60 nm. Figures 5(b)
shows the PFM phase images and Fig. 5(c) shows the ampli-
tude images. From top to bottom in Figs. 5(b) and 5(c), the
pulse amplitude varied from -10V t0-6 V in 1 V seps, and,
from left to right, the pulse duration varied from 0.1 ms,
05ms, 1ms 5ms, 10ms, and 50ms. The smalest nan-
odomain dots that we obtained were 19 nm in diameter.

Using two different ferroelectric films, we generated
inverted domain arrays, which can be used as arraysfor stor-
ing information data bits, with an equa pulse width (of 0.05
sand 0.5 sfrom left to right) and an amplitude (of +5V and
-5V repeatedly). We aso produced arrays of inverted
domain dots on a ferroelectric film (with a thickness of 60
nm); the dots had adiameter of 50 nm and amemory density
of 256 Ghit/in”. Furthermore, as shown in Fig. 6, we success-
fully arrayed individual dots with a diameter of 25 nmand a
memory density of 1 Thit/in’ in a 40 nm thick ferroelectric
film. These resultsindicate that the thinner ferroelectric film
is more favorable for forming smaller data bits and, conse-
quently, a higher memory density, most likely due to the
inh[ggnogeneous digtribution of the eectric field under the
tip=.

Fig. 7. Topography and PFM amplitude and phase images: (a) topography; (b) phase, (c) amplitude images after writing with a pulsed bias. (d)

Phase and () amplitude images after 600 sin same area.
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Figure 7 shows the domain wall dynamics in polycrystal-
line ferroelectric thin films. Initially, back-poling was per-
formed on an area of lumx1lum to induce upward
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Fig. 8. Schematic diagram of the SNDM measurement setup. The
capacitance variation resulting from the nonlinear dielectric response
of the sample surface is detected as a change in the resonance fre-
quency of the LC resonant circuit.
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polarization at a bottom el ectrode voltage of +8 V. Then, we
performed domain writing insde the back-poled area at
pulse widths of 1 mswith a pulse amplitude of -8 V. Figures
7(a) to 7(e) show images of the topography, the PFM phase,
and the amplitude. Figures 7(b) and 7(c) show phase and
amplitude images directly after the writing with the pulsed
bias, and Figs. 7(d) and 7(e) show the images taken after 600
s. The results confirm that spontaneous reversal can be initi-
ated at the grain boundaries™.

2.3. Scanning Non-linear Didectric Microscopy
Sincethefirst use of SCM by Matey and Blanc in 1984,
SCM has evolved into a powerful characterization method
for observation of carrier profiling in nanoscal e semiconduc-
tor structures with nondestructive techniques and high spa-
tiad resolution of sub-10 nm™. SNDM™ proposed and
developed a species of SCM, a technique for measurement
of the changes in capacitance (dC/dV). Figure 8 shows a
schematic diagram of the SNDM system. When the alternat-
ing eectric field is applied between the conductive tip and
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Fig. 10. Cross-sectional SNDM imagesin achannel width of 2 um corresponding for the diffusion time of (a) 8 h, (b) 12 h, and (c) 16 h after the

implantation of arsenic (As) ionsinto p-type silicon on an insulator wafer.
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the sample, the capacitance variation resulting from the non-
linear dielectric response of the sample surface can be
detected as a change in the resonance frequency of an LC
resonant circtit™. This method can help the following:
visualization of the formation of a channel area between the
source and the drain®®, the carrier density profile of
dopants in implanted Si™, the observation of electrons and
holes in the SIO2-SisN4+-S Oz film of flash memoryzs32;, and
the polarization switching images in ferroelectric thin
filmgss). Figure 9(c) shows SNDM images of p-n structures.
The p-n structures were fabricated through photolithography
and ion implantation on highly doped n+-type S with a den-
sity of 5x10"/cm”. The p-type regions were doped boron
with a density of 2x10"%/cm”®, and arsenic was doped with a
density of 13x10™/cm’in the n-type region. Figure 9(a)
shows a typica high frequency CV curve in relation to the
doping type and concentration, and Fig. 9(b) shows the dC/
dv sgnd. In SNDM, the capacitance mapping is con-
structed on the basis of the dC/dV signds. Thistype of map-
ping is clearly illugtrated in Fig. 9(c), which shows that the
dC/dv signa of the n-type region is negative whereas that of

the p-type regions is positive.

Figures 10(a) to 10(c) show cross-sectional SNDM images
with a channel width of 2 um corresponding for diffusion
time of (&) 8 h, (b) 12 h, and (c) 16 h after arsenic (As) ions
were implanted into the p-type silicon on an insulator wafer.
The SNDM measurements were performed under an ambi-
ent condition with acommercia AFM (SPA400, SlI, Japan).
We used a gold-coated silicon cantilever with a spring con-
stant of ~1.6 N/m and a resonance frequency of 27 kHz. The
applied ac voltage was 2 V and the applied dc voltage was 0
V. Figure 10 shows the n-type region in the channel region
between the source and the drain. The n-type region formed
as a result of the highly doped As region (n" type), which
was formed by the annealing sequence. The SNDM results
illustrate the successful formation of the n-type region in the
channel region with the increasing anneding time.

2.4, Conducting Atomic Force Microscopy

The ability to measure the local eectrical transport through
insulating films or layers is essentia for the development of
useful nanoscal e dectronic devices. In contrast to STM, which
can test only the conducting surface of materids, C-AFM can
measure both the conducting and insulating electrical proper-

Fig. 11. Procedure of the repetitive switching cycle of the ultra-thin Pt/NiO/Pt layer, as measured by C-AFM. (a) and (b): the high conducting
state was switched by ascan witha2.3 V hias; (c) and (d): the low conducting state was switched by ascan witha 1.5V bias; and (€) and (f): the
high conducting state switched back again with 2.3 V. A scan voltage of 0.05 V for the conducting maps was chosen because that amount of volt-
ageis sufficiently low to prevent any change during the measurement process.
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ties of arbitrary samples. Thus, the local eectricd character-
ization of conducting materids?, the loca photocurrent
polymer/Fullerene solar cells™, and the evolution of leskage
paths in gate didectrics™ can be performed simultaneously
with high lateral resolution and extreme sengtivity. We dso
demondirate the ability of C-AFM to perform current mapping
across of trandtion metal oxide films for potentia bistable
memory switching devices. We performed C-AFM by using
Pt-coated Si cantilevers with a spring constant of 0.2 N/m. In
the C-AFM measurements, a low tip-sample contact force
was used to perform a nondestructive contact mode scanning
procedure. The topography and current images were both
obtained in ambient conditions.

The resistive memory switching phenomenon in transition
metd oxides has attracted significant attention on account of
its potential application for nonvolatile memories®. Using
C-AFM, we visualized the localized and random formation
of higher conducting areas (or spots) in nickel oxide films
during repetitive switching. Figure 11 shows the higher con-
ducting areas (or spots) in relation to the repetitive switching
cycle of the ultrathin layer of Pt/NiO/Pt. Some areas (or
spots), which were assumed to be the beginning of the con-
ducting filaments, appeared and disappeared in a localized
and random fashion during the switching and are thought to
contribute to resistive memory switching.

3. CONCLUSON

We have introduced various methods of loca eectrica
characterization and fundamental studies of electrica char-
acterization on the surface of various semiconductors by
means of SPM (KPFM, SNDM, C-AFM, and PFM). The
techniques of loca electrica characterization by SPM are
important for understanding the physical and electrical prop-
erties of nanoscale functional materials.
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