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Abstract 
 
In the last few years, several electrical characterization techniques that are based 
on Scanning Probe Microscopy (SPM) have emerged as promising candidates to 
meet the requirements of the International Technology Roadmap for 
semiconductors. SPM can be used for quantitative local mapping of various 
nanoscopic material properties in advanced semiconductor materials and devices, 
such as surface morphology, Schottky barrier distribution, majority carrier 
profiling, insulator breakdown etc. This report will discuss conductive atomic force 
microscopy (C-AFM), scanning capacitance microscopy (SCM) and scanning 
spreading resistance microscopy (SSRM) and their use for mapping local charge 
transport properties in semiconductors. 
 
 

1. Introduction  
 
In general, microscopy is the technical field where a microscope is used to get a 
macroscopic image of a microscopic property. A physical law relates a microscopic 
(A) and a macroscopic (B) parameter, where B=F(A). A very important parameter 
in microscopy is the resolution, which can be described as the minimum value ∆A 
that can be distinguished related to the law F and the error ∆B in the measurable 
parameter B. Specifically, The resolution is defined considering an ideal image 
I0(x), a function related to the instrument resolution F(x) and an experimental 
image that is a convolution of both: 

 
    (1) 

To define the resolution it is first necessary to define the ideal image I0.  

A deconvolution is in general not possible for a non liner image. However, by 
considering the small perturbations method the problem can be linearized and 
then a resolution function can be theoretically defined. Experimental standards 
are necessary to set the law in a range where it has not been demonstrated. 

There are three well-known branches of microscopy, optical, electron and 
scanning probe microscopy. Optical and electron microscopy involve the 
diffraction, reflection, or refraction of a beam that is incident upon the subject of 
study, and the subsequent collection of this scattered radiation or electrons in 
order to build up an image. This process may be carried out by wide field 
irradiation of the sample (for example standard light microscopy and transmission 
electron microscopy) or by scanning of a fine beam over the sample (for example 
confocal microscopy and scanning electron microscopy). In scanning probe 
microscopy (SPM), on the other hand, no lenses are used and instead of focusing 
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a beam on the sample it involves the interaction of a scanning probe with the 
surface or object of interest. 

SPM is further subdivided into many different categories, including scanning 
tunnelling microscopy (STM), atomic force microscopy (AFM), scanning 
capacitance microscopy (SCM), conductive AFM (C-AFM), scanning spreading 
resistance microscopy (SSRM) etc. These different classifications depend on the 
nature of the interactions between the probe and the sample, and after a general 
introduction to SPM (chapter 2) this report will discuss AFM, STM and C-AFM 
(chapter 3), SCM and SSRM (chapter 4) and their use for mapping local transport 
properties in semiconductors.  

 
2. Scanning Probe Microscopy 
 
Scanning probe microscopy is a branch of microscopy that forms images by 
physically probing the surface of a sample using an extremely sharp tip (the 
radius of the tip curvature is 3-50 nm). The physical probe is used either in close 
contact to the sample or nearly touching it, and the image is obtained by 
mechanically moving the tip in a raster scan of the specimen, line by line,  while 
recording the probe-surface interaction as a function of probe position. The tip is 
mounted on a flexible cantilever that allows the tip to follow the surface profile of 
the sample [1]. 

 

Many scanning probe microscopes can image several interactions simultaneously. 
The manner in which these interactions is used to obtain an image is generally 
called a mode. The resolution varies somewhat from technique to technique, but 
some probe techniques reach a rather impressive atomic resolution. They owe 
this largely to the ability of piezoelectric actuators to execute motions with a 
precision and accuracy at the atomic level or better on electronic command. The 
other common denominator is that the data are typically obtained as a two-
dimensional grid of data points which are then visualized in false color as a 
computer image. 

 
3. Local nanoscale Schottky barrier mapping by BEEM 

and C-AFM 
 
When one wants to study semiconductor carrier transport on a nanoscale, Ballistic 
electron emission microscopy (BEEM) is normally used. Recently, a technique to 
measure Schottky barrier height (SBH) distribution on a nanometric scale based 
on conductive atomic force microscopy (C-AFM) was demonstrated [2]. The two 
techniques are based on quite different physical models and C-AFM overcomes 
some of the limitations found in BEEM. C-AFM is based on AFM, whereas BEEM is 
based STM, and so to understand the capabilities of, and differences between 
these techniques it is necessary to first establish what STM and AFM entail.  

3.1 STM 

Scanning probe microscopy in general started in 1981 with the invention of 
Scanning Tunnelling Microscopy. In STM a weak electrical current flowing 
between tip and sample is measured as they are held a very small distance apart, 
typically 4-7 Å, which is the equilibrium position between attractive and repulsive 
tip-surface interactions. STM probes the density of states of a material using the 
quantum tunnelling effect; for low voltages the tunnelling current is a function of 
the local density of states at the Fermi level. The current is related to the tip-
surface distance through the expression: 
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gdeI 2−∝   (2) 

where d is the distance and g is the decay constant of the barrier wave function. 
For a typical work function of 4 eV, g=0.1 nm-1. This means that for a current 
decrease of one order of magnitude the distance d increases 0.1 nm. If the 
current is kept constant with an error of 2% the distance remains constant with 
an error of one pm.  

There are two STM operating modes, constant height mode and constant current 
mode. The first measures the change in current with respect to position, and the 
second measures the height of the tip corresponding to a constant current. In 
either case the height feedback is related to the tunnelling current, which means 
that one of the requisites for the technique to be applicable is that the sample 
under study is conducting. Since 90 percent of the current flows through an area 
that in two dimensions is smaller than twice the tip radius (see Fig. 1), the lateral 
resolution is limited by the radius of curvature of the tip. The technique permits 
down to 0.1 nm lateral resolution and 0.01 nm depth resolution, which places 
STM in front of all other microscopy techniques in terms of resolution with the 
exception of AFM, which has similar resolution maxima. [3] 

 

 

Figure 1. Tip-surface configuration during STM measurements. 

 

 
3.2 AFM 

Atomic force microscopy measures the interaction force between the tip and 
surface. The AFM tip that is used to scan the specimen surface sits at the end of a 
microscale cantilever. When the tip is brought into proximity of a sample surface, 
forces between the tip and the sample lead to a deflection of the cantilever. The 
tip, which has a radius of curvature in the order of nanometres, may be dragged 
across the surface, or may oscillate as it moves. Typically, the deflection is 
measured using a laser that is reflected from the top of the cantilever into an 
array of photodiodes, and the reading from these photodiodes is proportional to 
the force that is bending the cantilever. The device is normally operated in a 
feedback loop keeping the force constant so as to avoid collision between the tip 
and the surface, and the required movement in the z direction to maintain a 
constant force as the tip is scanned across the surface results in a topography 
map of the scanned surface area. The interaction force depends on the nature of 
the sample, the probe tip and the distance between them. The force-distance 
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curve in Fig. 2 illustrates the inter-atomic force between the tip and the sample in 
the main AFM operating modes. In contact mode the force interaction is repulsive 
due to the small distance from the sample, and the tip is usually maintained at a 
constant force by moving the cantilever up and down as it scans. In non-contact 
mode or tapping mode the tip is driven up and down by an oscillator. In non-
contact mode the bottom-most point of each probe cycle is still far enough away 
from the sample to be in the attractive region of the force-distance 
curve.  Variations in the measured oscillation amplitude and phase in relation to 
the driver frequency occurred due to the surface-probe interaction. 

 

Figure 2. Force-distance curve for tip-surface interactions in AFM. 

 

 
3.3 SBH mapping by BEEM 

Ballistic electron emission microscopy, which was first demonstrated in 1988, is a 
method that uses the STM technique to achieve spatially resolved carrier-
transport spectroscopy at metal-semiconductor interfaces. It is based on injection 
of electrons through tunnelling from a reverse biased STM tip to the metal film. 
The setup along with energy-band diagram for an n-type semiconductor substrate 
is illustrated in Fig. 3. Provided that the metal film is thin enough, a small portion 
of the electrons propagate ballistically through the metal. When a bias voltage 
higher than the local metal-semiconductor Schottky barrier height is applied to 
the tip these electrons overcome the barrier and can be detected at the substrate 
where they generate a collector current, IC. Hence, if I-V curves are recorded as 
the tip is scanned across the sample it is possible to get information about both 
conduction-band structure and local variations in SBH. Recently, BEEM has also 
been used to study GaAs/AlGaAs super lattice structures and to study the 
quantum well behavior of 3C-SiC inclusions in 4H-SiC.[4, 5]  

In spite of having high spatial and energy resolutions, BEEM suffers from the 
limitations inherent in any STM based technique, e.g. it is applicable only on 
conductive surfaces. Another restriction comes from the fact that only a small 
portion of the injected electrons propagate ballistically to generate the collector 
current, which is therefore very small, normally in the order of picoamperes and 
with a high relative noise level. 
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Figure 3. Energy band diagram and BEEM setup for an n-type semiconductor. 

 
3.4 SBH mapping by C-AFM 

The operational principle of C-AFM means that you get topography from 
monitoring inter-atomic forces between the tip and the sample in constant 
height/force mode, while monitoring the current simultaneously allows for 
nanometric current mapping. C-AFM is run in contact mode, so the current is not 
due to tunnelling as it is in BEEM/STM. Since the feedback for the tip height 
position is based on the cantilever deflection instead of the current, it is possible 
to characterize also samples containing both conductive and insulating surface 
regions. Moreover, the measured currents normally are higher than nanoamperes, 
which means that they are 2-3 orders of magnitude higher than BEEM currents. 
This, in combination with a very low noise level of about 50fA RMS, means that C-
AFM has several advantages compared to BEEM. Additionally, samples studied by 
C-AFM do not require any special treatments (such as metal/carbon coatings) 
that would irreversibly change or damage the sample [1]. 

The energy band diagram for a metal/n-type semiconductor Schottky barrier and 
setup for the C-AFM based approach are illustrated in Fig. 4. The biased tip is in 
contact with a nanometric area on a very thin metal layer that is connected to the 
ground potential. The ohmic contact on the backside of the semiconductor is 
connected to a current amplifier that allows measuring the collector current (Ic) 
on a nanoampere scale with a picoampere sensitivity. 
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Figure 4. Energy band diagram and C-AFM setup for an n-type semiconductor 

 
Scanning the forward biased C-AFM tip in contact-mode on a very thin (1-5 nm) 
metal film that has been deposited on a semiconductor renders a situation where 
every tip position represents a nano-Schottky diode. This is because only a very 
small localized region in the metal-semiconductor contact is biased. This 
nanometric localization of the current is due both to the localization of the electric 
field at the apex of the biased tip and the high lateral resistivity of the very thin 
metal film. The high resistivity is caused by quantum effects that come into play 
at such low thicknesses, and Fig. 5 illustrates the relation between resistivity and 
film thickness in the case of polycrystalline Au film. The combined effect is that 
the biased region assumes dimensions similar to those of the tip diameter (10-20 
nm). [2] 
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Figure 5. Resistivity vs. Film thickness; experimentally and modelled data for a 
polycrystalline Au film. 

 
The C-AFM technique has been employed for local mapping of SBHs in Au/4H-SiC 
interfaces, and particularly to study the effect of incorporating a ≈ 2nm thick film 
of SiO2 between the SiC and the Au. Fig. 6 shows 2D maps of the SBH distribution 
over an area of 1x1µm2 for the two interfaces and Fig. 7 shows histograms of the 
SBHs for the two cases. From these figures it is clear that the effect of the 
interstitial SiO2 layer is a lowering of the SBH and a widening of the SBH 
distribution [2].  
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Figure 6. 2D maps of SBH without (a) and 
with (b) an intestitial SiO2 layer. 

Figure 7.  Histograms of the SBH 
distribution without (a) and with 
the intestitial oxide layer. 

 
This method has also been applied to study the annealing temperature 
dependence of the SBH in Pt/Gan contacts, and the results of the nanoscopic 
measurements were used to explain the macroscopic behavior, such as the 
temperature dependence of the Schottky diode ideality factor [6]. In addition to 
this, C-AFM can also be used for nanometric current mapping and to study the 
electrical stress related breakdown characteristics of dielectrics. [7] 
 
4. Majority carrier distribution in semiconductors 

by SCM and SSRM 
 
Nanoscale electrical characterization based on SPM is not limited to C-AFM and 
BEEM; it can also be used for e.g. 2D carrier profiling in semiconductors. For this 
application, scanning capacitance microscopy (SCM) and scanning spreading 
resistance microscopy (SSRM) are the most attractive methods. SCM and SSRM 
are both based on the AFM technique and, while they both serve as a means to 
study changes in carrier concentration, due to their different working principles 
they can have different applications or give complementary information [1].  
 
4.1 SCM  

In SCM a nanometric metal-insulator-semiconductor (nanoMIS) is formed by 
connecting a conductive AFM tip to a high-sensitivity capacitance sensor and 
scanning the tip on a semiconductor surface that has been coated by an 
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insulating film of a few nanometers. The variations in the measured capacitance 
as the tip is scanned across the surface are mainly due to differences in the local 
carrier concentration under the tip, which enables 2D local carrier concentration 
mapping. The setup, with corresponding CV and dC/dV curves for p- and n-type 
semiconductors, is shown in Fig. 8. The nanoMIS capacitance is too small (in the 
order of attofarads) to be distinguished from the relatively large low-frequency 
noise and stray capacitance in the system. For this reason, the SCM signal is 
generated by using a lock-in amplifier that has been locked to the modulating 
small signal oscillation frequency (about 100 kHz), and which measures the 
dC/dVsignal. The signal is negative for p-type doping and positive for n-type 
doping, thereby allowing a distinction to be made between differently dopes areas 
[1].  
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Figure 8. SCM setup and schematic C-V and dC/dV curves for p- and n-type 
semiconductors. 

The techique has been demonstrated to have a sensitivity in a wide carrier 
concentration range (≈ 1015 to 1020 cm-3). Outside of this range the sensitivity is 
limited by a lack of a depletion region (upper limit) and oxide related charges and 
interface states (lower limit). Also the lateral resolution depends on the 
concentration, but it is in the range of the tip dimension (≈20 nm) [8].  

SCM has been used to image 2D carrier distribution in semiconductors, including 
Si, SiGe, SiC and III-V semiconductors (GaAs, InP) [9, 10, 11], and has also been 
used for both online and offline imaging of Si devices [12]. It has also been used 
for depth carrier profiling (see Fig. 9) and electrical activation upon annealing of 
N- or Al-implanted SiC by comparing the SCM data to Secondary ion mass 
spectroscopy (SIMS) [10].  
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Figure 9. SCM carrier profile vs. Depth (left) for the structure represented to the right with 
two different doping implantation concentrations.  

 
 
4.2 SSRM 

 

In SSRM a hard C-AFM tip is scanned across a DC biased (between back contact 
and tip) sample. It differs from regular C-AFM in that the applied force is much 
higher (≈100µN, which corresponds to a pressure of ≈ 10GPa), which requires a 
stiffer cantilever and a hard tip (diamond tips are normally used). The measured 
resistance, R, is a series combination of the resistance of the tip, Rtip, the tip to 
semiconductor contact resistance, Rcontact, the spreading resistance that the 
current sees under the tip, Rspread, the sample series resistance, Rseries, and the 
contact resistance of the ohmic contact to the back, Rback. So: 

 R = Rspread + Rtip + Rcontact + Rseries + Rback   (3) 

If a high enough force is applied to establish a close tip to semiconductor contact, 
the expression (3) is dominated by the spreading resistance, which, in a 
somewhat simplified manner, is related to the local resistivity ρ in the 
semiconductor according to: 

 
Re4

ρ
=spreadR      (4) 

where Re is the electrical radius. Re is smaller than the actual tip radius due to 
the large pressure used in SSRM, which causes the probe to deform the sample, 
thus creating good electrical contact only on a small section of the tip radius [1]. 
This phenomenon, as well as the spreading of the current from tip to back contact, 
is illustrated in Fig. 10.  
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Figure 10. SSRM tip indentation and tip to back current spreading. 

The resolution is governed by the size of Re and not the tip radius, rendering 
nanometer spatial resolution possible in SSRM. Also this technique has been 
demonstrated to have good sensitivity in a wide carrier concentration range (≈ 
1017 to 1020 cm-3). For SSRM the high doping limitation is related to the diamond 
tip series resistance, whereas the low doping limitation is due to surface charges. 
A big handicap for this technique is that the high forces required damage both the 
sample and the tip. Moreover, since the SSRM signal is strongly influenced by 
changes in the mobility and also the tip to semiconductor contact characteristics, 
quantifying the raw data into carrier profiles is difficult [1].  
 
4.3 Combining SCM and SSRM for drift mobility measurements. 

 

The differences in the physical working principles of SCM and SSRM can be 
harnessed to determine the local drift mobility from the carrier concentration 
(given by SCM) and the resistivity (derived from SSRM). The resistance measured 
by SSRM, R, is given by (4), and  

 
pqpµ

ρ
1

=      (5) 

where q is the electron charge, p is the local carrier concentration and µp is the 
local drift mobility. It is therefore possible to determine the mobility from SSRM, 
provided that p is known, and p can be directly determined from SCM carrier 
profiling measurements. Such complementary measurements have been used to 
study the mobility in Si0.75Ge0.25 quantum well (QW) structures of different width, 
that were compressively strained to enhance the two dimensional hole gas 
(2DHG) mobility in the QWs. Fig. 11 shows 2D carrier concentration and current 
maps obtained by SCM and SSRM, respectively, and Fig. 12 shows the resistivity 
(from SSRM), peak carrier concentration (from SCM) and the resulting mobility 
for different QW widths.  
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Figure 11. 2D SCM maps (a, b) on a samples with several QWs with corresponding 
current maps obtained by SSRM (c,d) for a Boron doping of 
3x1018 cm-3 (a, c ) and 1x1018 cm-3 (b, d). 
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Figure 12. Resistivity (a), hole concentration (b) and mobility (c) as a function of QW width 
for different Boron doping concentrations in Si0.75Ge0.25. 

 
These results should be compared to those obtained by Hall measurements, 
which is the method commonly employed to measure the mobility in a 2DHG. The 
main drawbacks with Hall measurements is that they only provide information 
about the average (macro scale) mobility and they are also limited to lower 
temperatures due to parallel conduction of holes that are not confined in the QW, 
which renders the data interpretation debatable. Combining SCM and SSRM, on 
the other hand, allows for truly local measurements that can be carried out at 
room temperature. 
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5. Conclusion 
 
It was shown that scanning probe microscopy can be efficiently used for 
nanoscale electrical characterization and that the techniques are highly useful for 
studying critical properties in advanced semiconductor materials and devices. 
Specifically, it was demonstrated that C-AFM can be used to study the nanoscale 
SBH distribution in metal-semiconductor Schottky contacts. Additionally, it was 
shown that the SCM and SSRM techniques allow 2D mapping of the majority 
carrier profiles and that they yield high resolution and sensitivity over a wide 
dynamic range, and that by combining these techniques it is also possible to 
study the local mobility.  
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