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(HDT)  the sensitive self-assemble compound. The results of both surface morphology control and electrical
properties characterization have been presented.
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1. Introduction

Atomic force microscopy (AFM) is now widely used in
the eld of characterization of a variety of materials. In

tunneling microscopy (STM). However, it is not sucient
for a complete characterization.

addition to the precise measurement of surface topogra-

Understanding the electrical properties is a crucial

phy with a resolution enabling the observation of atomic

problem for a number of emerging applications, includ-

steps, current devices of this type oer a number of addi-

ing molecular electronics and the use of semiconductors

tional features, including the study of electrical, magnetic

as a basis for chemical and biological sensing. Two pa-

and thermal properties. The next generation technology

rameters of particular interest have been the capacitance

in this eld, complementary to already developed AFM

and the resistance of the organic monolayers. The pos-

technique, which enhance the range of possible applica-

sibility of using organic monolayers as dielectric has led

tions, including automated mode topographic imaging

to interest in characterizing the capacitance of individ-

and mapping modes allows to characterize the surface

ual monolayers. This is special true for the thiols layers

mechanical properties and electrical conductivity [1].

on GaAs, InP, and GaSb semiconductors, which can be

In particular, the basis of the modes of operation is a

applied as the surface passivation treatment [2, 3].

technique called PeakForce Tapping, which is using the

On the other hand, the thiols are very sensitive and

lever oscillation with a frequency far below resonance,

typing mode, usual for AFM can damage such organic

and in such way can carry a surface scan during which

structures.

each individual contact with the surface of the sample

In this work, the PeakForce Tapping technique was

is treated as an independent force spectroscopy experi-

used for study of GaAs and GaSb surfaces treated by he-

ment. Each contact of the tip with the surface forms an

xadecanethiol (HDT) solution. The results of both sur-

individual force distance curve that is immediately ana-

face morphology control and electrical properties charac-

lyzed using the unique software and electronics to enable

terization have been presented.

realization of such measurements. In this way, the most

2. Experimental

important factor associated with the implementation of
this technique of measurement  the force of the contact between the tip and the surface of the sample  is
controlled in real-time.
Thanks to these innovations the area of application
of atomic force microscopy has been expanded signicantly, allowing testing of materials that previously were
not suitable for the use of such techniques.

This con-

cerns the thin organic monolayers on semiconductors, especially the sensitive self-assemble compounds, like thiols
or thioacetamide.
Generally, the characterization of organic monolayers
typically involves a combination of multiple techniques,
like Fourier transform infrared spectroscopy (FTIR),

The surface study was performed on (100) GaSb and
(100) GaAs undoped substrates.

Prior to the chemical

treatment in thiols solution the samples were cleaned in
degreasing in hot organic solvents terminated by cold
isopropanol rinse and etched sequentially in 30HCl +
1HNO3 at

T = 5 ◦C

for

t = 20

s and 1HCl + 6H2 O

at RT for 60 s Prior to the chemical treatment in HDT
C2 H5 OH the samples were cleaned in degreasing in hot
organic solvents terminated by cold isopropanol rinse and
etched in 5%HCl at RT for 60 s. Then the samples were
immersed in 2 mM HDTC2 H5 OH solution and were left
there for 12 h at RT. Then the samples were rinsed with
ethanol and dried with dry N2 .
The PeakForce TUNA module builds on Bruker exclusive PeakForce Tapping technology to provide the most
complete and highest resolution property mapping to
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enables, for the rst time, quantitative conductivity map-

of soft or delicate samples.

ping on fragile samples, such as organic photovoltaics,

Mode, the AFM tip oscillates relative to the sample by

lithium ion cathodes, and carbon nanotube assemblies,

tens of nanometers, and only spends a few percent of that

while eliminating the adverse eects caused by sample

oscillation in contact with the surface. This is advanta-

damage and tip contamination.

geous for eliminating tip wear and sample damage, but

PeakForce TUNA oers highest resolution current

When imaging in Tapping-

presents a problem for conductivity measurements.

mapping on the most fragile samples, unmatched re-

In order to measure the current signal in such a short

peatability and consistency in nanoelectrical measure-

time duration (µs) with reasonable signal-to-noise ratio,

ments of correlated nanomechanical and nanoelectrical

the current amplier would need a bandwidth in the MHz

properties.

range at a high gain (10

9

−1011

V/A). This is beyond the

New solutions make possible measurements of electri-

reach of the current technology. To circumvent this chal-

cal conductivity in the most delicate materials. Recent

lenge, point-contact current imaging was introduced. In

developments aim to facilitate the work of substances in-

this conguration, TappingMode is used for topographic

tended for use in fuel cells and lithium batteries.

imaging, and then currentvoltage curves are taken at

2.1. Conception of PeakForce TUNA
Nanoscale electrical properties are key parameters in
many research areas, from solar energy organic photovoltaic compounds and OLED applications to next-generation electrical devices built on nanoscale building

selected points in a Contact Mode fashion.
As in TappingMode, in PeakForce Tapping, the probe
and sample are intermittently brought into contact while
the tip is scanned across the sample.

This eliminates

lateral forces during imaging.

Though unique in its ability to provide high-

Unlike TappingMode, where the feedback loop keeps

-resolution nanoscale characterization, atomic force mi-

the average cantilever vibration amplitude constant, in

croscopy has for the most part been unable to address

PeakForce Tapping the feedback loop controls the max-

these parameters quantitatively with conventional tech-

imum force on the tip (Peak Force) for each individual

niques.

cycle.

blocks.

Because the force measurement bandwidth of a

Conventional AFM conductivity mapping is based on

cantilever is approximately equal to its fundamental res-

contact mode, which involves lateral forces and leads to

onant frequency, by choosing a modulation frequency sig-

sample damage and tip contamination.

The result is

nicantly lower than the cantilever's resonant frequency,

low spatial resolution and artifacts that mask the de-

the PeakForce Tapping control algorithm is able to di-

sired information.

Conductivity measurements at the

rectly respond to the tipsample force interaction. This

nanoscale were rst enabled with a Contact Mode AFM

direct force control protects the tip and the sample from

equipped with a conductive tip and a current-sensing

damage, but more importantly, allows every tipsample

module.

contact to be controlled and recorded for additional me-

Contact-TUNA has been applied in many re-

search and manufacturing laboratories for the analysis

chanical property analysis.

of a wide range of materials, for a wide range of appli-

In the current implementation, the modulation fre-

cations. For example, traditional Contact Mode TUNA

quency is 1 to 2 kHz. The foundation of material prop-

has been used to localize and image electrical defects in

erty mapping with PeakForce QNM is the ability of

semiconductor and data storage devices, to evaluate the

the system to acquire and analyze the individual force

uniformity and integrity of thin dielectric lms, to charac-

curves from each tipsample interaction that occurs dur-

terize piezoelectric and ferroelectric materials, conduct-

ing the imaging process. The curves are analyzed in real-

ing polymers, nanotubes, biomaterials, and others. How-

-time to obtain quantitative mechanical properties of the

ever, the use of Contact Mode for topographic feedback

sample, including adhesion, modulus, deformation, and

has proven to be a severe limiting factor.

dissipation.

For samples

These material property maps are treated

that require low imaging forces in either (or both) the

as conventional AFM channels, and can be displayed

vertical or lateral directions, Contact Mode imaging is

and analyzed together with topography.

not possible, and therefore neither is traditional TUNA

tant to note that the PeakForce Tapping, oscillation fre-

imaging.

quency (12 kHz) falls nicely between the TappingMode

The Contact Mode limitation applies to the study of

(>

50

It is impor-

kHz), and Contact Mode (DC) interaction cycles.

many conductive polymers, organics or other soft con-

In fact, this mid-band operation is the single most im-

ducting materials, or loosely bound samples such as

portant element for TUNA to work in an intermittent

nanowires. AFM has achieved tremendous benets from

contact mode.

a variety of oscillating tip modes of operation, most no-

In each tapping cycle, the tip is in contact with the

tably TappingMode. During TappingMode imaging, the

sample only for a fraction of the cycle (tens to hundreds

AFM cantilever is oscillated at its fundamental exural

of microseconds).

resonance.

This has the advantage of largely eliminat-

pick up a current signal during this time period with

ing lateral forces that tend to damage the tip and/or

acceptable signal-to-noise ratio. A rule of thumb is that

sample when imaging in Contact Mode. The vertical in-

the bandwidth of the TUNA module must be

teraction force is also substantially reduced due to the

than the tapping frequency at the chosen gain. At Tap-

high mechanical

Q

of the cantilever, permitting imaging

The TUNA module must be able to

10× greater

pingMode frequencies this is far beyond the reach of cur-
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rent technology. At PeakForce Tapping speeds, it is an
attainable challenge.
The released PeakForce TUNA module is engineered to
have a bandwidth around 15 kHz across a range of gains

107

from

V/A to

1010

V/A, with the noise below 100 fA

on cycle-averaged current. The PF-TUNA module has 6

7

8
8
9
V/A, 10 V/A, 5 × 10 V/A, 10 V/A,
10
V/A, 5 × 10
V/A), adjustable through a combina-

gain settings (10

10

10

tion of hardware and software switches. The integration
of a wide range of gains on one single module eliminates
the need to change modules while searching for the optimal gain to match the conductivity level of a sample,
or when dierent gains are needed to reveal all dierent
conductivity levels present in one single sample.

It is

noteworthy that the oset at each dierent gain setting
is automatically zeroed out upon each engage, or gain
change, to assure measurement accuracy. The PeakForce
TUNA module, while designed to work with PeakForce
Tapping mode, is compatible with Contact Mode, and
provides equal or better noise performance in Contact
Mode compared to existing TUNA modules.
Figure 1 illustrates what happens when the periodically modulated PeakForce Tapping probe interacts with
the surface. The top line represents the

Z -position of the

cantilever base, as a function of time, as it goes through
one period.

The middle line represents the force mea-

sured by the probe during the approach (blue) and withdraw (red) of the tip to the sample.

The bottom line

(green) represents the detected current passing through
the sample.

Since the modulation frequency is about

1 kHz, the time from point

A

to point

E

is about 1 ms.

When the tip is far from the surface (point
is little or no force on the tip.

A),

there

As the tip approaches

the surface, the cantilever is pulled down toward the surface by attractive forces (usually van der Waals, electrostatic, or capillary forces) as represented by the negative
force (below the horizontal axis). At point

B , the attrac-

tive forces overcome the cantilever stiness and the tip is
pulled to the surface. The tip then stays on the surface
and the force increases until the

Z

position of the modu-

lation reaches its bottom-most position at point

C.

This

is where the peak force occurs. The peak force (force at
point

C)

during the interaction period is kept constant

by the system feedback. The probe then starts to withdraw and the force decreases until it reaches a minimum
at point

D.

Adhesion is measured by the force at this

point. The point where the tip comes o the surface is
called the pull-o point.

This often coincides with the

minimum force. Once the tip has come o the surface,
only long range forces aect the tip, so once again, the
force is very small or zero when the tipsample separation
is at its maximum (point

E ).

From the currenttime plot, the PeakForce TUNA al-

Fig. 1. Plots of Z position, force, and current as a function of time during one PeakForce Tapping cycle, with
critical points including (B ) jump-to-contact, (C ) peak
force, (D) adhesion labeled.
may be, but is not necessarily, the maximum current,
since the limited rise time (imposed by the bandwidth of
the TUNA module or the resistancecapacitance of the
sample) may cause a lag in the current response.
Cycle-averaged current is the average current over one
full tapping cycle, from point

A to point E .

This includes

both the current measured while tip is in contact with the
surface, and while it is o the surface.
Contact-averaged current is the average current only
when the tip is in contact with the surface, from the snap-in at point

B

to the pull-o at point

D.

The current

time plot usually has dierent characteristics than the
forcetime plot.

It does not always have a peak (as in

the forcetime plot); current can reach a plateau after a
certain force threshold.
There is also an AC current component of the measurement, part of which is capacitive charging, which is
removed from the output. The tip (including cantilever)
and the sample essentially form a capacitor, and the modulation of

z -position

causes its capacitance to modulate.

At a constant DC bias, charging/discharging current at
the tapping frequency will occur. Again, this is considered parasitic, and removed as background. The dynamic
change of the current (together with deection) can be
captured with NanoScope's High-Speed Data Capture
function at any time during scanning, and can later be
analyzed and correlated (with force for instance).
PeakForce TUNA can be operated in either imaging
or spectroscopy mode.

In the imaging mode, maps of

the electrical current are obtained with topography and
mechanical properties.

In the spectroscopy mode, one

can collect currentvoltage (I V ) characteristics.

2.2. Imaging mode

gorithm extracts three measurements: (1) peak current,

In the imaging mode, an electrically conductive probe

(2) cycle-averaged current, and (3) contact-averaged cur-

is scanned over the sample surface in PeakForce Tap-

rent.

ping mode as the feedback loop keeps the maximum force

point

Peak current is the instantaneous current at

C,

coinciding with peak force.

This corresponds

to the current measured at a dened force. Peak current

(peak force) exerted on the tip at a constant value by adjusting the extension of the

Z

piezo. This protects the tip

PeakForce Tapping Technique for Characterization . . .
and sample from damage while allowing the tip sample
contact area to be minimized.
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3. Results

The AFM image (Fig. 2) and the 3D surface roughness

During scanning, the user can apply a DC bias between

parameters (Table) of (100) GaSb show the high quality

the tip and the sample. The TUNA module, a low-noise,

of surface with rms

high-bandwidth linear current amplier, senses the re-

Icon system has intrinsic low vertical noise and enables

sulting current passing through the sample.

roughness = 0.265

nm.

Dimension

This data

study of such low roughness surface which is not typical

is presented simultaneously with the topography image

for atomic force microscopes able to handle big samples.

and mechanical properties maps (when using PeakForce

PeakForce Tapping ensures then ease of use and keeps

QNM). The observed current can be used as a measure of

the tip sharpness due to perfect force control.

the local conductivity, or electrical integrity, of the sample under study. Since the system can acquire up to eight
channels simultaneously, it is possible to map the major mechanical properties such as deformation, adhesion,
DMT modulus, dissipation, and electrical properties such
as cycle-averaged current and peak current together with
topography in a single pass.
Oine analysis functions can calculate statistics of the
electrical properties of dierent regions, sections through
the data showing the spatial distribution of the properties, and/or correlation between mechanical, topographic
and electrical properties.
Here are several tips for using PeakForce TUNA in the
imaging mode: (1) use smaller PeakForce setpoints for
soft or delicate samples; (2) PeakForce setpoint will aect
all three reported current quantities (peak current, cycle-averaged current and contact-averaged current), (3) decreasing PeakForce Tapping amplitude will increase con-

Fig. 2. AFM image of (100) GaSb surface.
TABLE
3D surface roughness parameters.

tact time within each tapping cycle, resulting in higher

Parameter
Sa
Sku
Sp
Sq
Ssk
Sv
Sz

cycle-averaged current and higher contact-averaged current.

(4) If simultaneous mechanical properties are de-

sired, a PeakForce set point sucient to attain a few nm
of deformation is necessary for an accurate DMT Modulus reading.

2.3. I V spectroscopy mode
In addition to the imaging mode, PeakForce TUNA
also measures local currentvoltage (I V ) spectra using
the spectroscopy mode.

In order to obtain

I V

Height [nm]
0.265
3.06
1.33
0.334
−0.114
−1.50
2.83

spec-

tra, the imaging scan is stopped and the tip is held in
a xed location while the sample bias is ramped up or
down.

In spectroscopy mode, the feedback is switched

to Contact Mode, a constant deection is maintained by
the feedback loop while the sample bias is ramped. This
assures that tipsample contact is xed while
is taken.

I V

curve

The resulting current through the sample is

plotted versus the applied bias. The software can either
record a single spectrum or average over multiple spectra.
The higher bandwidth of the PeakForce TUNA module
allows

I V

curves to be taken at higher speeds; and it

expands the bandwidth of AC based

dI/ dV

measure-

ments, for instance, using the Generic Lock-in feature
oered with the NanoScope

I V

R

V Controller.

curves can also be taken using the Point &Shoot

feature. The Point &Shoot feature oers the option of
drawing a line or a box on an image, dening a number of
points, and then the AFM tip will automatically move to
those locations to capture one or multiple

I V

curves at

each point. While this is a powerful automation feature,
it often can be more useful to manually choose a few
spots of interest at specic regions on the sample.

Fig. 3. AFM image of (100) GaAs surface: (a) after
HDTC2 H5 OH treatment, (b) before HDTC2 H5 OH
treatment.
The AFM images of (100) GaAs before and after chemical treatment in 2 mM HDTC2 H5 OH have been presented in Fig. 3. The both surfaces are smooth (rms

0.2

=

nm), but on the treated surface the characteristic

thiols islands are visible. The images of thiols islands in
the micro scale have been presented in another paper in
this issue [4]. The adhesion measurements (Fig. 4) indi-
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with substrate: as organic (thiols) lm prevent oxidation,
a conductive behavior is observed and the current measured for GaAs with thiols layer is signicantly higher
(I

= 5 nA) compared
= 0.2 nA).

with GaAs substrate without thi-

ols (I

The images of PF TUNA mapping and surface morphology of untreated GaAs surface have been presented
in Fig. 7. There are clearly visible places of higher conductivity conrming that oxide layer on the sample surface is inhomogeneous.
Additionally, an interesting result for treated GaAs

Fig. 4. The image of adhesion of (100) GaAs surface:
(a) after HDTC2 H5 OH treatment, (b) before HDT
C2 H5 OH treatment.

surface has been shown in Fig. 8. The electrical eld during earlier PF TUNA measurements has modied local
chemistry since adhesion is increased, however electrical
properties remain unchanged.

Fig. 5. The images of (100) GaAs surface treated by
HDTC2 H5 OH: (a) PF TUNA mapping, (b) morphology of surface.
cate the dierence of the force: 1.37 nN and 0.66 nN for

Fig. 7. The images of (100) GaAs surface after HDT
treatment: (a) PF TUNA mapping, (b) morphology of
surface.

treated and non-treated GaAs surface, respectively. The
measurement is based on the reaction between probe and
surface.
Additionally, the contrast of this image is uniform on
the mapped surface. It means that GaAs surface is covered by the homogeneous supercial layer. This result is
important and consistent with the results of ellipsometric
measurements which will be presented in an additional
work.
In PF TUNA technique, the mapping image of an electrical conductivity (Fig. 5) is created without any dam-

Fig. 8. The images of (100) GaAs surface after HDT
C2 H5 OH treatment: (a) morphology, (b) adhesion.
4. Summary

ages of the measured surface and indicates homogeneity
of the supercial thiols layer. The force control of Peak

PeakForce Tapping technique was applied for charac-

Force Tapping ensures the tip to only contact organic

terization of the semiconductors surface treated by 2 mM

layer, which leads to insulator behavior (I

= 500

fA).

HDTC2 H5 OH. The results of surface morphology, ad-

I V

Such result would not be possible to obtain with older

hesion and

conductive AFM techniques based on contact mode.

presented. This quick, nondestructive method allows to

characteristics measurements have been

show the high quality of morphology, homogeneous and
insulating character of HDT supercial layers on GaAs
substrates.
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