
www.afm-journal.de
www.MaterialsViews.com

FEA
TU

R
E A

R
  An-Ping   Li  ,   *      Kendal W.   Clark  ,     X.-G.   Zhang  ,     and   Arthur P.   Baddorf  

Electron Transport at the Nanometer-Scale Spatially 
Revealed by Four-Probe Scanning Tunneling Microscopy
TIC
LE

 Electron transport at the nanometer-scale is the key to novel applications of 
nanomaterials in electronic and energy technologies. Due to the restricted 
dimensionality, one of the distinctive characteristics of nano-systems is 
their transport properties critically depend on structural details. Therefore, 
an important requirement for transport research of a specifi c nanomaterial 
system is to examine structures and properties in a coherent manner. In this 
regard, four-probe scanning tunneling microscopy (STM), which combines 
four independently controllable STMs with a scanning electron microscope 
(SEM) in the same cryogenic environment, is uniquely useful for probing 
electron transport on multiple length-scales and revealing how transport is 
coupled to the electronic and structural properties down to the atomic scale 
for individual nanomaterials. By utilizing this unique tool, extensive research 
has been undertaken to explore aspects of nanotransport, which include (a) 
intertwined electronic and structural phase transitions in surface supported 
two-dimensional structures, (b) effects of atomic defects and interwire cou-
pling on the electronic and transport properties of ultra thin quantum wire 
systems, (c) grain boundary resistances in copper nanowires with one-to-one 
correspondence to the grain boundary structure, (d) defect scattering effects 
in two-dimensional electron gas systems, and (e) evaluation of transport 
behaviors of individual semiconductor nano-junctions and nanodevices. In 
this paper, transport measurement techniques are fi rst introduced with a 
four-probe STM and then the recent progress on its applications is reviewed 
with a focus on the spatially resolved electron transport at the nanometer-
scale. The goal is to stimulate further advancement and utilization of 
techniques capable of characterizing materials properties at the nanometer-
scale to facilitate the exploration of the great promise of nanoscience and 
nanotechnology. 
  1. Introduction 

 The progress of condensed matter physics and material science 
in the past two decades has followed in large part the scaling 
to ever smaller length scales of the samples under study, ena-
bled by advances in the tools used for fabrication and manipu-
lation of these samples. Development of nanotechnology has 
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enabled creation of a variety of nanomate-
rials with the characteristic size of only a 
few nanometers. [  1  ]  Fundamental study of 
these materials and structures can only be 
possible through continued advancement 
and utilization of techniques capable of 
characterizing materials properties at the 
nanometer-scale. [  2  ,  3  ]  At the nanometer-
scale, different laws of physics come into 
play (quantum physics), the broken sym-
metry effect at surfaces starts to dominate 
transport behavior, and new modes of 
physical behavior open up. For electrical 
transport, in particular, when a conductor 
of size  L  is smaller than the electron 
phase coherence length  ξ , the classical 
Drude conduction mechanism no longer 
holds, and the system enters a mesoscopic 
regime of quantum transport, where uni-
versal conductance fl uctuations become 
important. [  4  ]  When the system size is even 
smaller and  L  becomes smaller than the 
elastic mean free path  l , the system enters 
the ballistic regime where electrons trav-
erse the conductor ballistically without, 
on average, suffering scattering. In this 
regime, current is limited by scattering at 
the boundaries (i.e., contacts) of the con-
ductor, and the conductance is described 
by the Landauer theory. In addition to the 
size effect, electron-electron interactions, 
hot-electrons, and microscopic doping 
gain importance in a low-dimensional 
system, and the reduced dimensionality 
can lead to qualitatively different transport 
than bulk materials. [  5  ]  
 As a salient example, nanowires have been a focus of many 

studies, where quantum confi nement of the electron states may 
come into play in the transverse directions, so that only a small 
number of discrete electron states are available for conduction. 
For this reason nanowires are also often called quantum wires. 
Because of the geometric confi nement, the presence of defects 
can have a much more pronounced effect on transport at the 
nanometer-scale than in three-dimensional (3D) macroscopic 
solids. In a macroscopic solid, where there are a large number 
of conduction channels, the presence of a defect will usually 
merely scatter electrons from one channel into other channels. 
This will give a contribution to the resistivity but in general, 
a single defect cannot shut down a conduction channel, so its 
effect on the total resistivity is small. The combined effect of a 
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large number of defects determines the bulk transport property. 
In nanowires, however, there are very few conduction channels 
to scatter into. In addition, the coupling between the channels 
depends strongly on the symmetry of the nanowire and those 
of the electron wave function. Thus, a single defect can dramat-
ically change the conductance of the entire wire. It may even 
shut down a conduction channel completely. It is therefore 
important to study electron transport in nanometer-scale struc-
tures in a spatially resolved manner, especially near defects and 
boundaries. 

 Measuring electron transport behavior in these nanomate-
rials presents a signifi cant challenge. Conventional transport 
electrodes and probes are very invasive; namely, they change 
what is trying to be measured. For a large conductor, the probes 
only represent a minor perturbation. But for a small conductor, 
especially at the nanometer-scale, the probes can very well be 
the dominant source of scattering. One especially important 
tool for probing local electronic and transport properties is 
STM. [  3  ]  Whereas the STM mode provides the topography and 
allows possible structural or electronic features of the mate-
rials to be revealed, the scanning tunneling spectroscopy (STS) 
mode allows the observation of electronic spectral properties 
with atomic resolution. STM has not only been used to image 
surface structure on the atomic scale but also led to the devel-
opment of various new microscopes such as the atomic force 
microscope (AFM). [  2  ]  These are collectively known as scanning 
probe microscopes (SPMs), [  6  ]  which provide unparalleled access 
to the nanometer-scale world through structural imaging, func-
tionality probing, and nanostructure manipulation. Ever since 
its invention, SPM has evolved into a powerful measurement 
technique and has enabled us to observe electron transport 
on the nanometer-scale, revealing a rich spectrum of informa-
tion unavailable to macroscopic transport measurements. The 
uniqueness of an electron transport study with a SPM lies in 
the correlation of transport with a broad range of other mate-
rial properties like, topographic, electronic, magnetic, optical, 
mechanical, and electrochemical, at the level from atomic to 
mesoscopic length scales.  

  2. Transport Measurement Method with Four-
Probe STM 

 Electrical conductivity can be measured with SPM through 
probing the specifi c conductance of the material directly below 
the tip by measuring the local current induced by the potential 
applied to the sample. [  7  ]  This set of techniques employs only 
one movable probe and is invariably based on measuring tip-
surface current in contact or tunneling mode. If the tip-surface 
contact resistance is small (good contact), the current will be 
limited by the spreading resistance of the sample from which 
the specifi c resistance can be calculated, assuming that the con-
tact area is known. In practice good tip-surface contact requires 
high indentation forces and extremely clean surfaces, which 
makes the technique highly invasive. On semiconductor and 
poorly conducting surfaces, space charge layers and Schottky 
regions below the tip will also affect the measurements. 

 Alternatively, conductivity measurements can be made 
based on potential-sensitive SPM techniques on laterally biased 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
surfaces, such as scanning surface potential microscopy spe-
cifi cally Kelvin probe force microscopy (KPFM) [  8  ]  and scanning 
tunneling potentiometry (STP). [  9  ]  This setup is very similar 
to the usual 4 point resistivity measurements, but instead of 
two fi xed voltage electrodes, the SPM tips can act as a moving 
voltage electrode. [  10  ]  

 In the last decade, several groups have developed four-probe 
STM that can perform four-point electrical measurements 
with probe spacing down to the microscopic scale. [  11–14  ]  A 
recent review on the development of multiple-probe STM has 
been provided by Nanayama et al. [  15  ]  For these systems, a uni-
form temperature control for the sample and all STM probes 
greatly improves the system capability. If transport experiments 
involve electrons injected from hot probes into samples at 
much lower temperature, such a temperature gradient between 
the probe and the sample will severely impact the stability and 
thus the reliability of the experiments. Moreover, injected hot 
electrons will take a long time to reach thermal equilibrium 
with the sample (lattice temperature) usually through an elec-
tron-phonon coupling that is very weak at low temperatures, 
imposing an additional level of complexity to the interpretation 
of the experiments. Although the temperature management in 
these multiple-probe STM systems is a serious challenge, sev-
eral systems have demonstrated a cryogenic multi-probe STM 
capability, [  11,13  ]  where multiple functional modules are inte-
grated in a single system with a uniform temperature control. 

   Figure 1   shows the picture of a cryogenic four-probe STM 
system at Oak Ridge National Laboratory. The instrument has 
been described in detail elsewhere. [  13  ]  Briefl y, four indepen-
dently controllable STM probes are integrated with an SEM 
in an ultra-high vacuum (UHV) chamber. The capabilities 
include material synthesis, high resolution microscopy, chem-
ical analysis, cryogenic temperature control both for sample 
and probes, atomic resolution imaging and spectroscopy, four 
independently controllable STM probes, and local electrical 
transport probing. This four-probe STM (Unisoku) builds on 
the experience of one previous cryogenic four-probe STM in 
which both sample and probes are kept at the same low tem-
perature. [  16  ]  Each of the four probes works independently as 
a cryogenic STM, and together, they provide the capability of 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2509–2524



www.afm-journal.de
www.MaterialsViews.com

FEA
TU

R
E A

R
TIC

LE

     Figure  1 .     The RHK/Unisoku four-probe cryogenic STM system. a) An overview picture of the 
four-probe STM system, where A: four-probe STM, B: SEM, C: Cryostat, D: Electron energy ana-
lyzer, E: Probe load lock, F: MBE chamber, G: Sample load lock, H: Air leg, I: Sample cleaving 
chamber. b) Picture of STM probe and sample stage.  

     Figure  2 .     Schematic drawings of the four-point probe method in linear 
arrangements on a 1D nanostructure.  
four-point electrical transport measurement for nanostructured 
materials. The SEM is compatible with UHV and has a spatial 
resolution of about 10 nm. Each STM tip can achieve atomic 
resolution imaging and spectroscopy, with a coarse motion 
range of 4 mm × 5 mm × 3 mm ( x, y, z ) and scanning range 
of 1.5 μm × 1.5 μm × 1.5 μm at room temperature. And the 
sample stage has a motion range, namely the workspace for 
manipulation, of 10 and 5 mm in  x  and  y,  respectively. The 
spatial positioning resolution of the piezoelectric actuator-
driven probes and sample stage is down to 0.1 nm. The control 
system (RHK Quadraprobe) utilizes a computer based control 
and data analysis system to provide synchronized control of 3D 
probe coarse positioning of all four probes, 3D fi ne positioning 
of each probe, a 2D coarse positioning of the sample stage. 
With this setup, operations such as pushing, bending, slicing, 
burning, and cutting of nano-objects can be performed by con-
trolling the four probes in a synchronized fashion. [  17  ]  STM and 
SEM imaging and electrical transport can be carried out on a 
variety of nanostructured samples.  

  2.1. Four-Point Contact Measurement Method with Four-Probe 
STM 

 In the transport measurement with a four-probe STM in a 
linear arrangement on a nanowire, the outer pair of probes 
touch a sample surface and a voltage is applied between them, 
resulting in a current  I  fl owing through the sample, as shown 
in  Figure    2  . The inner pair of probes record a voltage drop  V  
along the surface due to the resistance of the sample. Thus 
one can obtain a four-point-probe resistance  R  =  V / I . Owing to 
this confi guration, one can ideally measure the resistance of a 
sample without any infl uence of contact resistance at the probe 
contacts, irrespective of whether the probe contacts are ohmic 
or Schottky-type. [  18  ]  This is because a negligible current fl ows 
through the inner pair of contacts, so that no voltage drops at 
the probe contacts occur. This is a great advantage in the four-
point probe method.  

 The four-point geometry frequently used for macroscopic 
measurements is a square arrangement as suggested by van 
der Pauw. [  19  ]  For a more general four-probe measurement, 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 2509–2524
where the position of each probe is arbitrary 
on a sample surface, the measured resistance 
from the four-probe setup is defi ned as

 
R = |φ (r3) − φ (r4)|

I   
(1)

   

where  r  3  and  r  4  are the positions of the 
voltage probes. Each current probe is 
assumed to provide a point source (drain) for 
the current. If the total current is  I , then the 
electrostatic potential satisfi es the Poisson 
equation

 σ∇2φ (r) = −I [δ (r − r1) − δ (r − r2)]  (2)   
where  σ  is the uniform conductivity, and 

the positions of the current source (drain) 
probes are at  r  1  and  r  2 , respectively. 

 For a 2D system, the solution for the 
potential is
 
φ (r) = I

2πσs
ln

|r − r1|
|r − r2|  

(3)
   

where  σ s   is the surface conductivity. Thus the measured resist-
ance is related to the surface conductivity by

 
R2D = 1

2πσs

∣∣∣∣ln s13s24

s23s14

∣∣∣∣
  

(4)
   

where  s ij   is the separation between probes  i  and  j . For a 
square confi guration with both current probes on one side of 
the square and voltage probes on the other and equal probe 
spacing,  R2D = ln 2

2πσs
  . And for a linear confi guration with equal 

probe spacing,  R2D = ln 2
πσs

  . 
 For a semi-infi nite 3D system, the solution for the potential 

is

 
φ (r) = I

2πσb

(
1

|r − r1| − 1
|r − r2|

)
  

(5)   

where σ b   is the bulk conductivity. [  20  ]  The measured resistance is 
then related to the bulk conductivity by
2511wileyonlinelibrary.comeim
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R3D = 1

2πσb

∣∣∣∣ 1

s13
+ 1

s24
− 1

s23
− 1

s14

∣∣∣∣
  

(6)
    

 One characteristic of uniform conductivity is that the meas-
ured resistance is the same when the current and voltage 
probes are interchanged, i.e., one should measure the same 
resistance whether using 1, 2 as the current probes or using 3, 
4 as the current probes. Thus the difference  R  1,2  −  R  3,4  can be 
considered as a measure of the nonuniformity of the conduc-
tivity. When it is zero, the conductivity is completely uniform. 

 When the conductivity is not uniform, then the Poisson 
equation needs to be modifi ed as

 ∇ · [σ (r) ∇φ (r)] = −I [δ (r − r1) − δ (r − r2)]   (7)    

 This equation is usually solved numerically, for example, 
using a fi nite element method. [  21  ]   

  2.2. Scanning Tunneling Potentiometry Measurement Method 
with Four-Probe STM 

 Another method of measuring spatially resolved 2D transport 
using a four-probe STM is scanning tunneling potentiom-
etry. [  9  ,  10  ]  The procedure for recording the STP measurement 
requires two probes contacting the sample surface with a 
fi xed current fl owing between them, as schematically shown 
in  Figure    3  . A third probe is positioned between the two cur-
rent probes and scans the sample surface to map the electro-
chemical potential distribution. The close proximity of the 
two current probes allows the voltage drop to be large with a 
small applied current, both protecting the surface and probes 
against damage and allowing a larger signal to be detected at 
the center scanning probe. Obviously, the spatial resolution 
of STP is optimized by imposing the largest possible voltage 
drop throughout the sample. By taking into account the fact 
that at room temperature, the intrinsic resolution in voltage 
(ignoring the instrumental resolution) is mainly limited by 
the thermal noise in the junction (ca. 1 μV at 300 K), a 1 nm 
spatial resolution requires applying electric fi elds of the order 
of 1 V/mm or more. Therefore, using STM probes with small 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  3 .     Schematic of the STP experimental setup of a thin conducting 
layer on a sample surface. Two outer probes are in contact with the con-
ducting layer applying a current through the surface layer. The resulting 
electrochemical potential distribution  μ ec  ( x , y ) is sketched by the color 
gradient, the calculated electric fi eld lines are shown with arrow bars as 
well. STM probe in-between the source probes scans across the surface 
and simultaneously maps the topography and the potential distribution.  
probe spacing will greatly improve the spatial resolution of 
STP.  

 STP uses the tip of an STM as a weakly coupled, noninvasive 
voltage probe to determine the spatial variation of the local elec-
trochemical potential  μ  ec ( x , y ) on the surface of a current car-
rying sample. This quantity characterizes the electronic energy 
level fi lling in a nonequilibrium situation and its gradient will 
(assuming a constant density of carriers) describe local electric 
fi elds connected with the electric transport. [  22  ]  Since the inven-
tion of STP by Muralt and Pohl [  9  ]  different STP implementa-
tions have been presented, [  23  ]  and the development of the 
STP technique was reviewed by Baddorf. [  24  ]  Two approaches 
have been mainly used to separate signals from topography 
and potentiometry. The fi rst, used in the original experiments 
by Muralt et al. [  9  ]  uses AC current to control the tip-surface 
separation and DC current to identify the voltage drop across 
the sample which can be distinguished using a lock-in tech-
nique. With this approach the topography and potentiometry 
signals are measured simultaneously. The second approach, 
introduced by Feenstra and co-workers, [  25  ]  uses an interrupted 
feedback, fi rst measuring the surface topography, and then 
retracing that topography with the feedback off to determine 
the potentiometry. 

 The experimental procedure of STP measurements 
adapted for a four-probe STM is described as follows. In the 
simultaneous AC and DC feedback approach to separating 
topographic and potential signals in STP, the potential map 
is directly recorded as the probe scans across the sample. 
This is achieved by using a separate feedback circuit that 
adjusts the bias voltage to maintain zero DC tunneling cur-
rent. This bias value is a direct measure of the potential. The 
probe is maintained without contacting the sample due to 
the AC noise current that is always present between the tip 
and sample. This technique has been referred to as “scan-
ning noise potentiometry”. [  24  ]  The bias is recorded along with 
the z value to obtain both a map of the potential distribution 
as well as the sample topography. The interrupted feedback 
approach to separating topographic and potential signals in 
STP has its origins in the “sample and hold” technique of 
Feenstra and coworkers. [  25  ]  The “sample and hold” method 
was developed to accurately measure  I–V  curves in STP. First 
topology, or tip height for a single point, is determined in 
the usual way, with the feedback loop to the z piezo active. 
The feedback loop is then interrupted and the tip (or sample) 
bias used for topographic scanning switched off. With the 
tip held at a fi xed position,  I–V  characteristics are quickly 
measured before drift becomes signifi cant (on the order of 
a few seconds). The recorded  I–V  curve is post-processed by 
fi tting with a linear equation and the bias voltage at zero tun-
neling current is extracted from the fi t. This zero current bias 
voltage is the potential value at that point on the sample. This 
process is repeated at each point on the grid to build up the 
potential map of the surface. 

 Based on the 2D potential distribution, the direction and 
magnitude of the components of the local transport fi eld  E  (x,y)  
can be obtained through the relation 

 
E (x, y) = −1

e
∇μ (x, y)

  
(8)   
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     Figure  4 .     Four-probe STM methods measuring electrical conductance 
where the current travels through both surface and bulk. The distribution 
of current fl owing through a semiconductor sample is schematically drawn. 
Reprinted with permission. [  16  ]  Copyright 2001, Elsevier Science B. V.  
 The conductivity can then be deduced by solving the conduc-
tion equations. The current conservation condition is

 
∇ · j = ∂

∂x
(σx Ex) + ∂

∂y

(
σy E y

) = 0
  

(9)   
 

 Additional equations are obtained by assuming ∇ ×  j  = 0 
which means that there are no circular currents. We write out 
this condition as,

 

∮ (
σx Exdx + σy E ydy

) = 0
  

(10)
    

 On a discrete grid, the problem is equivalent to a network of 
resistors using appropriate boundary conditions.   

  3. Conductance of Metallic Surface States on a 
Semiconducting Surface 

 Ever since its development, four-probe STM has been widely 
used to measure the local electrical conductance of well-defi ned 
crystal surfaces in UHV, on which the S. Hasegawa group in 
Tokyo has played a pioneering role. [  16  ,  26  ,  27  ]  The surface states on 
crystal surfaces are known to have characteristic electric band 
structures that are sometimes quite different from that in the 
bulk, which provides a promising playground for studying low-
dimensional transport phenomena. As schematically drawn in 
 Figure    4  , when measuring a semiconductor crystal the current 
will in principle fl ow through three channels in the sample: [  16  ]  
(1) surface states located on the topmost atomic layers, (2) bulk 
states in the surface space-charge layer beneath the surface 
(when the bulk bands bend beneath the surface, the carrier 
concentration can be different from that of the inner bulk), and 
(3) bulk states in the interior of crystal (which do not depend 
on the surface structures and states). If one makes the probe 
spacing as small as the thickness of the space-charge layer or 
less, as shown in the right panel of Figure  4 , the measurement 
current will mainly pass through the surface region only, and 
the bulk contribution to the resistance measurement will be 
largely suppressed. This microscopic four-point probe method 
     Figure  5 .     a) Atomically resolved STM images obtained on Si(111)7 × 7 (upper part) and 
Si(111)5 × 2-Au (lower part), scale bars correspond to 4 nm. b)  I – V  curves of Si(111)7 × 7 (open 
circles) and Si(111)5 × 2-Au (solid circles) obtained by four-point measurement at 85 K. Inset 
shows the arrangement of four probes and electrical connection. Adapted with permission. [  13  ]  
Copyright 2007, American Institute of Physics.  
thus has a higher surface sensitivity. Fur-
thermore, by placing the four probes at the 
center of a macroscopic sample surface, the 
sample can be regarded as infi nitely large, so 
that the measured resistance can be analyti-
cally calculated by solving the Poisson equa-
tion as described early.  

 To perform four-point electrical transport 
measurements, SEM and STM observa-
tions can be used to guide the positioning of 
probes on a sample surface with nanometer 
spatial precision. The wide dynamic range of 
currents necessary for both tunneling opera-
tion and direct current measurements is 
provided by variable-gain preamplifi ers. The 
STM feedback current will increase dramati-
cally once a probe is in physical contact with 
the sample. During the initial probe naviga-
tion using the SEM, the “electron shadow” 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2509–2524
of the probes in the SEM images is used to estimate the dis-
tance between the probe and the sample. [  13  ]  Final navigation 
of the probes is performed using the STM approach function. 
The STM feedback loops are then de-activated when the tun-
neling junction is established and the probes can be manu-
ally approached further toward the sample surface with preci-
sion on the nanometer scale by controlling the piezo scanner 
z-offset. To avoid any infl uence from high energy electrons, the 
SEM beam is blocked during measurements. 

 We fi rst demonstrate the transport measurements on sur-
face domains formed by Au-induced surface reconstructions on 
Si(111). When the surface is covered by a small amount of Au 
(less than 0.2 ML), chainlike Si(111)5 × 2-Au surface structures 
start to form on a Si(111)7 × 7 reconstructed surface. [  28  ]  At an 
optimum coverage with ~0.44 ML of Au, the Si(111) 7 × 7 sur-
face can be converted to a single domain of Si(111)5 × 2-Au. [  28  ]  
At the coverage of Au between 0.2 and 0.4 ML, a mixed sur-
face layer with domains of both Si(111) 7 × 7 and Si(111)5 × 
2-Au can be seen in STM images ( Figure    5  a). By locating all 
four probes into individual domains, the transport behaviors of 
these two systems can be examined with the four-probe STM. 
Figure  5 b shows  I–V  curves of two different surface domains 
measured at 85 K. The  I−V  characteristics clearly display the 
2513wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  7 .     a) SEM image of rotational square micro-4-point-probe measurements with 60 μm 
probe spacing, with an orientation angle  θ . b) Angle dependence of the measured resistance 
of the single-domain 4 × 1-In surface. Adapted with permission. [  27  ]  Copyright 2003, American 
Physical Society.  
difference of surface conductance between 
Si(111)7 × 7 reconstructed and Si(111)5 × 
2-Au surface structures. While the Si(111)7 × 
7 surface displays a semiconducting 
behavior, the Si(111)5 × 2-Au surface shows 
a much higher conductance with non-linear 
behavior at low bias voltage. Previous studies 
suggested that the Si(111)5 × 2-Au surface 
is either metallic or semiconducting along 
the atomic chains depending on the con-
centration of Si adatoms. [  29  ]  The Si(111)7 × 
7 surface is believed to be metallic based on 
electron counting arguments and photoemis-
sion investigations. [  30  ]  However, surface sen-
sitive conductance measurements and NMR 
studies have indicated that the surface is 
clearly not in the metallic regime, but close 

to a Mott–Hubbard-type metal–insulator transition. [  20  ,  31  ]  Our 
conductance measurement here also indicates a much reduced 
conductivity at low temperature.  

 The capability of measuring local conductance can greatly 
facilitate the study of electronic phase transitions in low-dimen-
sional systems. Since electrical transport in low-dimensional 
systems is affected by atomic disorder and defects much more 
than in three-dimensional bulk materials, it has been thought 
that it is diffi cult for such low-dimensional systems to exhibit 
metallic transport at low temperatures due to defect-induced 
Anderson localization. However, in recent years, atomic-scale 
low-dimensional systems showing metallic transport even at 
low temperatures have been found, such as quasi-1D metallic 
states in a wide range of quantum wire systems from single-
wall carbon nanotubes [  32  ,  33  ]  and quasi-1D surface reconstruc-
tions induced by Au or In on both planar and high-index Si sur-
faces. [  34,35  ]  Currently the most prominent metallic low-D system 
is graphene, a monatomic layer of carbon. [  36  ]  

 Based on four-probe transport measurements, Kanagawa 
et al. have revealed an anisotropic electric conductance in a 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  6 .      I–  V  curves of a single-domain Si(111)4 × 1-In surface. The 
upper left inset is a SEM image of the probes. The lower right inset is 
a STM image of the 4 × 1-In surface. Reproduced with permission. [  27  ]  
Copyright 2003, American Physical Society.  
surface reconstruction layer formed by In on the Si(111) sur-
face. [  27  ]  The 4 × 1-In surface was prepared by In deposition onto 
a well-cleaned Si(111)7 × 7 surface at 400 °C. A vicinal Si wafer 
with 1.8° miscut from the (111) axis was used to grow a single-
domain 4 × 1 phase.  Figure    6   shows  I–  V  curves measured by 
the square micro-4-point-probe method with 60 µm probe 
spacing. The results indicate that an exchange of current fl ow 
from parallel to perpendicular with respect to the metallic In 
chains results in  ∼ 60 times difference in the measured resist-
ance. This clearly demonstrates a detection of the anisotropy in 
conductance, and also means a direct detection of surface-state 
conductance (because the substrate conductance is isotropic). 
The anisotropic conductance was further confi rmed by rotating 
the four-point-contact square confi guration around its center. 
The results are shown in  Figure    7  . The rotation angle is defi ned 
by two current probes with respect to the In-chain direction. 
The Poisson equation gives an analytical form for resistance as 
a function of  θ  measured by this ‘‘rotational square micro-four-
point-probe method’’:

 

�V

I
= 1

2π
√

σxσy

× ln

√√√√
(
σx/σy + 1

)2 − 4 cos2 ϑ sin2 θ
(
σx/σy − 1

)2

(
sin2 θ + σx/σy cos2 ϑ

)2

  
(11)

      

 By fi tting this with the experimental data [  27  ]  in Figure  7 ,  σ x   
and  σ y   were determined to be 7.2 × 10 −4  and 1.2 × 10 −5  S/sq., 
respectively, its anisotropy being ~60. 

 More recently, Yamazaki et al. have studied the tempera-
ture dependence of the surface conductance on a variety of 
surface reconstructions formed by In on the Si(111) sur-
face. [  37  ]  They reported that the  

√
7 × √

3    surface exhibits a 
monotonically decreasing resistivity with cooling (metallic 
temperature dependence) from RT to 10 K, while the 
 
√

3 × √
3    and the  

√
31 × √

31    surfaces are insulating and the 
4 × 1 surface exhibits a metal-insulator transition driven 
by Peierls instability at low temperatures. This is the fi rst 
report, with the exception of graphene, showing a mona-
tomic layer with a higher conductivity than the minimum 
metallic conductivity as well as metallic temperature depend-
ence of resistivity.  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2509–2524
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  4. Electronic Transport in Quantum Wires 

 Quantum wires are extremely narrow 1D materials where 
electron motion is allowed only along the wire direction, and 
is confi ned in the other two directions. Quantum wires, as the 
smallest electronic conductor, are expected to be a fundamental 
component in all quantum electronic architectures. The elec-
tronic conductance in quantum wires, however, is often dic-
tated by structural instabilities and electron localization at the 
atomic scale. Experimentally, the local electronic structures of 
quantum wires and wire arrays are commonly probed by using 
STM and angular resolved photoemission spectroscopy. A 
fi nite density of states (DOS) near the Fermi level, suggestive 
of metallic characteristics, has been revealed in a wide range of 
1D systems from single-wall carbon nanotubes [  32  ]  to quasi-1D 
surface reconstructions induced by Au or In on Si surfaces. [  34  ]  
However, the local DOS exhibits a spontaneous metal-
insulator transition (MIT) at low temperature due to a symmetry-
lowering lattice deformation or charge density re-organization 
in most 1D systems. [  34,35,38  ]  A metallic band structure has been 
revealed in GdSi 2  nanowires, [  39  ]  while a fl uctuating charge 
order has also been reported in YSi 2  nanowires at low tempera-
tures. [  40  ]  Four-probe STM provides the fi rst real opportunity to 
explore the direct correlation between electronic transport and 
local electronic and structural properties down to the atomic 
scale, despite several early attempts with other techniques at 
macro- to mesoscopic length scale. [  41  ]  
© 2013 WILEY-VCH Verlag G

     Figure  8 .     a) A cryogenic four-probe STM is used to probe both the electri
b) STM images of self-assembled nanowires with different width. c) Transpo
bundle. Insets: numerical transport  dI/dV  of the two-wire bundle. Adapted 

Adv. Funct. Mater. 2013, 23, 2509–2524
 By using a four-probe STM, Qin et al. have recently exam-
ined the intrinsic transport-structure relations down to the 
atomic scale by growing quantum wire systems wire-by-wire 
and performing both STM and nano-transport measurements 
on the same system. [  42  ]  The quantum wire system is GdSi 2  
nanowires self-assembled on the Si(100) surface. Individual 
nanowires have a width of 16.7 Å, a height of 4 Å, and lengths 
of micrometers, and embody one of the closest realizations 
of 1D conductors, as shown in  Figure    8  a. Amazingly, these 
nanowires can be grown either isolated or in bundles with a 
number of constituent wires separated by an atomic interwire 
spacing (Figure  8 b). Single nanowires and nanowire bundles 
display dramatically different transport characteristics. At room 
temperature, both the single wires and wire bundles exhibit 
linear  I–V , indicative of a metallic conductance and the Ohmic 
nature of the Au/GdSi 2  contacts. At lower temperatures, the 
linear  I–V  behavior and the metallic conductance only persist 
for nanowire bundles consisting of three or more nanowires, 
as Figure  8 c shows for a three-wire bundle. The  I–V  curves of 
single nanowires or wire bundles consisting of only two nanow-
ires become non-linear at low temperatures. This suggests a 
semiconducting (or insulating) nature of the nanowire; namely 
a metal-insulator transition occurs in the isolated nanowires 
and the two-wire bundles at low temperature. Moreover, as 
shown in Figure  8 d for a two-wire bundle, the  I–V  curves are 
no longer symmetric, suggesting a different coupling condi-
tion of the two electrodes. The numerical dI/dV curves display 
2515wileyonlinelibrary.commbH & Co. KGaA, Weinheim

cal transport and the electronic structures of individual GdSi 2  nanowires. 
rt  I–V  curves for a three-wire bundle. d) Transport  I–V  curves for a two-wire 
with permission. [  42  ]  Copyright 2012, American Chemical Society.  
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     Figure  9 .     a) The measured resistances of the 70 nm wide Cu wire are shown as a function 
of probe spacing. b) The enlargement of the graph showing under 600 nm of probe spacing. 
Reprinted with permission. [  46  ]  Copyright 2009, American Institute of Physics.  
a clear conductance gap of ~95 mV and a 
resonance-like peak at about −55 mV (inset 
of Figure  8 d).  

 These measurements take advantage 
of our developments in fabricating nano-
contacts using a fi eld-induced atom emis-
sion process to bridge the atomic wires and 
the mesoscopic transport electrodes. [  43  ]  As 
the width of the GdSi 2  nanowires is much 
smaller than the STM tip radius, extreme 
caution is needed to establish reliable con-
tacts for transport measurements. In this 
application, a gold nano-island (50–200 nm 
in diameter) was deposited in situ as a local 
contact at each end of the nanowires via a 
fi eld-induced atomic emission process. [  44  ]  A 
gold-coated tungsten tip was fi rst located on 
top of the nanowire in STM scanning mode. 
The tip then slowly approached the nanowire 

surface with a 15 V bias applied between the sample and the 
tip (tip negative). As soon as the tunneling current jumps to 
~100 nA, which usually happens at a threshold fi eld of ~3.5 V/Å, 
Au is being deposited from the tip onto the surface creating Au 
nano-islands. These contacts serve as electric terminals for in 
situ transport measurements of the GdSi 2  nanowires, as illus-
trated in Figure  8 a. Next, the deposited Au nano-islands were 
contacted by two new STM tips with Au-coatings directed by 
the integrated SEM of the four-probe STM system. 

 This is the fi rst correlated study of electronic properties uti-
lizing both scanning tunneling microscopy and nanotransport 
measurements on the same nanowire as the nanowires are 
assembled wire-by-wire, which allowed for a direct examina-
tion of the correlation between structure, electronic properties, 
and electronic transport in the quantum wire system. A metal-
insulator transition is revealed in isolated nanowires, while a 
robust metallic state is obtained in wire bundles at low tem-
perature. Observations are interpreted as atomic defects leading 
to electron localization in isolated nanowires, and interwire 
coupling which stabilizes the structure and promotes metallic 
states in wire bundles. This is a powerful demonstration of the 
four-probe STM application in probing nanomaterial proper-
ties, which provides a rare glimpse of the intrinsic structure-
transport relations and the infl uence of local environments at 
an unprecedented atomic scale. 

  5. Structural Dependence of Grain Boundary 
Resistance in Cu Interconnect Wires 

 The nanometer-scale transport capability of the four-probe STM 
allows probing not only of microscopic domains but individual 
domain boundaries as well. A good example of this application 
is the measurement of grain boundaries in Cu interconnect 
nanowires. Copper is the current interconnect metal of choice 
in commercial integrated circuits. As interconnect dimen-
sions decrease, the resistivity of copper increases dramatically 
because of electron scattering from surfaces, impurities, and 
grain boundaries (GBs), and threatens to stymie continued 
device scaling. [  45  ]  Understanding the relative importance of 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
these scattering mechanisms has largely relied on semiem-
pirical modeling due to the lack of direct measurements of 
individual scattering sources. Using the four-probe STM, the 
fi rst attempt was made to measure individual GB resistances 
in copper nanowires with one-to-one correspondence to the GB 
structure. [  45  ,  46  ]  

 Kitaoka et al .  [  46  ]  have studied the Cu wires having the width 
between 70 nm and 1 µm prepared using a Cu/Low-k dama-
scene processes. The Cu nanowires are not single-crystalline; 
they consist of small grains. By the electron back-scatter dif-
fraction (EBSD) method, such grains are visualized along the 
Cu damascene lines. [  46  ]  Resistance values are measured with a 
four-probe STM as a function of the probe spacing between the 
contact points of the voltage probes on the Cu wires ( Figure    9  ). 
For all wires, the probe spacing dependence of resistance basi-
cally showed a linear one-dimensional feature, meaning a diffu-
sive transport. It was expected that there would be some change 
in the resistance when the probe spacing becomes so short that 
electrons do not undergo grain boundary scattering. To test this 
expectation the probe spacing was reduced to a scale which 
is comparable with the grain size where this effect is indeed 
observed. Figure  9 b shows the enlarged view of the data shown 
in Figure  9 a for the probe spacing smaller than 600 nm. There 
is a slight jump in resistance when the probe spacing is shorter 
than 200 nm. This must come from the grain boundary scat-
tering where additional resistance occurs at the grain boundary 
due to the refl ection of the electron wave.  

 Using a similar approach, Kim et al. have furthermore meas-
ured the resistance of different types of GBs with a four-probe 
STM. [  45  ]  The Cu wires were fabricated using a focused ion beam 
from an electroplated uniform fi lm on a silicon substrate. Grain 
boundaries have been classifi ed as either coincidence lattice site 
boundaries or “random boundaries.” [  47  ]  Coincidence bounda-
ries are formed between grains that hold a number of lattice 
sites in common. [  47  ]  The simplest coincidence boundary is the 
twin boundary, where the reciprocal density of common lat-
tice points in the two grains (∑) is 3. A GB with misorientation 
beyond Brandon's criterion [  47  ]  is defi ned as a random boundary. 
The crystallographic orientations of grains on the copper sample 
were analyzed by EBSD technique. The inverse pole fi gure EBSD 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2509–2524
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     Figure  10 .     Left Figure: Microstructures of copper nanowires. a) The inverse pole fi gure of EBSD map showing the crystallographic orientations of grains 
in the copper sample. (b), SEM image showing four-probe STM contacted onto the same copper nanowire. c) A schematic illustrating the sample struc-
ture and the resistance measurement procedure. Right Figure: Resistance jumps near random grain boundaries. a) Measured nanowire resistances as 
a function of probe spacing at room temperature. Solid line: linear least-square fi tting. b) Resistance jumps near random grain boundary on a nanowire 
obtained by subtracting the bulk resistance contributions from grains. Adapted with permission. [  45  ]  Copyright 2010, American Chemical Society.  
image is shown in  Figure    10  a. The colors give the crystallo-
graphic direction of the local surface normal. The Cu lines con-
tain a high fraction of coincidence GBs (white for ∑3 and red for 
∑9) with a few high-angle random GBs, typical for electroplated 
Cu fi lms. [  48  ]  The misorientations of some GBs (marked in Figure 
 10 a) are given below in the Bunge axis/angle notation:  

 Random GB: GB1 − <753> 45.89°; GB2 − <321> 48.669°; 
GB3 − <321> 50.72°; GB4 − <952> 48.681° and <654> 46.496°. 

 Coincidence GB: ∑3 − <111> 60°; ∑9 − <110> 38.9°. 
 The specifi c resistivities of particular GBs are measured 

using four-probe STM to establish a direct link between GB 
structure and the resistance. [  13  ,  45  ]  The results of this study 
uncover the critical role of random GB scattering on the 
increased resistivity of copper interconnects. By directly meas-
uring both intra- and inter-grain resistance with a four-probe 
STM, surprisingly large resistance jumps across high-angle 
random GBs are observed as shown in Figure  10 , while the 
resistance of coincidence boundaries are negligibly small and 
beyond the measurement resolution. 

 The measured grain resistivities are (1.710 – 1.796) × 
10 −6  Ω·cm, in comparison to 1.723 × 10 −6  Ω·cm for the pure 
bulk copper. [  49  ]  Random boundaries all have similar specifi c 
resistivity ( γ  GB ) values of (19.0 – 25.9) × 10 −12  Ω·cm 2 , though 
they have different misorientation axis/angle pairs. In addition, 
Kitaoka, et al., have detected resistance jumps in the range of 
0.12 – 0.17 Ω along copper damascene nano wires, [  46  ]  fabricated 
using a different method. Despite the much higher resistance 
jumps, from the dimension of their wires, [  46  ]  a corresponding 
 γ GB   value of (20 – 29)×10 −12  Ω·cm 2  can be calculated, which is 
surprisingly close to the measurement by Kim et al. [  45  ]  

 The resistivities of coincidence GBs have been theoreti-
cally calculated by using fi rst-principles methods combined 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2509–2524
with the Boltzmann transport equation by Kim et al .  [  45  ]  and by 
Srivastava et al. [  50  ]  The result for twin boundary (∑3) is 2.08 × 
10 −13  Ω·cm 2 , and about two to three times larger for other GBs. 
These results show that the  γ  GB  of these coincidence boundaries 
are one or two orders of magnitude smaller than the measured 
specifi c resistivity for random boundaries, and thus are beyond 
the measurement sensitivity of our four-probe STM technique. 
High-angle random GBs cannot be modeled by fi rst-principles 
methods but can be modeled using a simple model of free elec-
trons with random point scatterers. [  51  ]  It was suggested that due 
to the scaling of electron mean free path with the size of the 
lattice relaxation region at the random GB, a universal specifi c 
resistivity is obtained for random GBs which only depends on 
the Fermi wavelength of Cu,

 
γGB = h

2e2

3λ2
F

2π   
(12)

    

 For  λ  F  = 0.46 nm, one fi nds  γ  GB  = 13 × 10 −12  Ω·cm 2 , which 
is close to the experimentally measured values for random GBs. 
These experimental measurements and theoretical calculations 
indicate that the high specifi c resistivity of random GBs is an 
intrinsic effect of GB scattering. [  52  ]  The results thus provide 
direct evidence on the importance of the GB scattering process, 
particularly at random GBs, and also suggest a path to sup-
pressing the GB scattering effect in polycrystalline nanowires 
through the conversion of random GBs into coincidence GBs. 

 Moreover, Evans’ group has examined the resistivity of a 
variety of metallic nanowires such as Au, Zn, and Ni nano wires 
using a four-probe STM. [  14  ,  53  ,  54  ]  They have found that most of 
these nanowires displayed resistivities from 10 to as high as 
100 times higher than the bulk, however, a near-bulk resistivity 
was observed on Au nanowires when the nanowires are highly 
2517wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  11 .     a) A cryogenic four-probe STM is used to probe the electrical transport through 
individual CdS nanotetrapods with a ferroelectric Ba 0.7 Sr 0.3 TiO 3  (BST) fi lm as gate dielectric. 
b) The transfer characteristics of single CdS nanotetrapod device. c) The current versus source-
drain bias voltage curves of the nanotetrapod under gate voltages of −4 V, 0 V, and 4 V. d) The 
temperature dependent variations of the fi eld effect measured for four nanotetrapod devices. 
Adapted with permission. [  55  ]  Copyright 2011, American Chemical Society.  
crystalline (few or preferably no grain boundaries) and are 
highly smooth. [  53  ]  The elimination of grain boundaries, espe-
cially those random grain boundaries, perpendicular to carrier 
transport is important for future nanocircuits from the perspec-
tive of computational performance, device noise, and energy 
consumption.   

  6. Transport in Semiconductor Nanowires 
and Nanojunctions 

 Semiconductor nanowire-based heterojunctions and inter-
faces can also be addressed by using the four-probe STM. The 
continuing miniaturization of electronic device has inspired 
extensive research efforts to develop the bottom-up fabrication 
of unique nanoelectronic devices by taking advantage of the 
nanostructured materials. Among these nanomaterials, semi-
conductor nanojunctions and the multi-armed semiconductor 
nanotetrapods are of particular interest due to their unique 
nanometer-scale architectures that can deliver functionalities of 
versatile multi-terminal nanodevices for potential logic circuits, 
sensors, and memory applications. The experimental testing of 
the conductance of these nanojunctions calls for a nano-version 
of a four-probe station that can conveniently access individual 
arms of the nanojunctions. For semiconductor nanotetrapods, 
another technological challenge lies in their unique 3D geo-
metric shape that prevents the tetrapod structures from lying 
fl at on the planar substrate surfaces and thus seriously ham-
pers capacitance coupling between the gating electric fi eld and 
the tetrapod conduction channels. Fu et al. have studied the 
electrical transport properties of CdS nanotetrapods using a 
cryogenic four-probe STM [  55  ]  at different temperatures as shown 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
in  Figure    11  a. They used a ferroelectric layer 
with high dielectric constant as a gate dielec-
tric to enhance capacitance coupling with the 
3D nanojunctions. As a result, a ferroelectric 
fi eld effect transistor (FeFET) operation was 
demonstrated by integrating individual CdS 
nanotetrapods with the high-κ, switchable 
ferroelectric Ba 0.7 Sr 0.3 TiO 3  (BST) fi lm as gate 
dielectric.  

 Figure  11 b shows the current ( I  D ) versus 
gate voltage ( V  G ) characteristics of a tetrapod 
transistor measured at room-temperature. [  55  ]  
A  p -type fi eld effect behavior is seen. The per-
centage of the current change due to electro-
static fi eld modulation is deduced as ( I  o − I )/ I  o  
× 100% = 13%, which is signifi cant consid-
ering the vacuum gap between the ferroelec-
tric BST dielectric and the tetrapod junction. 
Figure  11 (c) shows the source-drain current 
versus bias voltage curves of the nanotet-
rapod under several different gate voltages. 
When the gate voltage changes from negative 
to positive, the current decreases gradually, 
consistent with the  p -type transfer character-
istics. The temperature dependent variations 
of the fi eld effect measured for four nanotet-
rapod devices are summarized with a 3D bar 
plot in Figure  11 d. Three out of four devices show maximum 
fi eld effect at 300 K with another peaking at 400 K. This result 
correlates well with the temperature dependence of the dielec-
tric constant of the BST ferroelectric fi lm, which exhibits a dif-
fuse transition peak at around 300 K. In addition, the reversible 
remnant polarization of the ferroelectric gate dielectric allowed 
observation of a well-defi ned nonvolatile memory effect. The 
fi eld effect was shown to originate from the channel tuning in 
the arm/core/arm junctions of the nanotetrapods. At low tem-
perature (8.5 K), the nanotetrapod devices exhibit a ferroelec-
tric-modulated single-electron transistor (SET) behavior. 

 This experiment is the fi rst demonstration of a room-
temperature ferroelectric fi eld effect transistor in a three dimen-
sional semiconductor nanotetrapod. The enhanced capaci-
tance coupling to nanostructured objects arises from the high 
dielectric constant of the ferroelectric gate layer. Furthermore, 
as a consequence of the non-volatile memory effect of the fer-
roelectric gate dielectric, a proof-of-principle FeFET operation 
was demonstrated in CdS nanotetrapods at an unprecedented 
single-electron level. The results illustrate how the characteris-
tics of a ferroelectric such as switchable polarization and high 
dielectric constant can be exploited to control the functionality 
of individual three-dimensional nano-architectures. 

 The combination of nanotransport and nanomanipulation 
capabilities in the four-probe STM [  17  ,  56  ]  make possible exami-
nation of the transport behaviors of nanowires while applying 
mechanic force with STM probes. Lin et al. have demonstrated 
that after bending ZnO nanowires with the four-probe STM, the 
conductance is reduced by about fi ve orders of magnitude. [  56  ]  
The imposed bending deformation of the nanowires is found to 
be elastic and the induced change of conductance is reversible. 
It was suggested that strain has a strong effect in changing the 
nheim Adv. Funct. Mater. 2013, 23, 2509–2524
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     Figure  12 .     STM and STP of the Si(111)−( √ 3  ×   √ 3)−Ag surface. a) The 
topographic image. b) The electro-chemical potential simultaneously 
measured at a current perpendicular to the steps. The result of the corre-
sponding simulation based on a network of “Ohmic” resistors is displayed 
in (c). d) Line scans across the edge of a monatomic step displaying the 
tip height in constant conductivity mode. e) The electrochemical potential 
simultaneously measured at a current parallel to the steps. The result of 
the corresponding simulation is displayed in (f). Reprinted with permis-
sion. [  57  ]  Copyright 2009, American Chemical Society.  
alignment of the Fermi level and the electron states of defects 
in ZnO nanowires whose surface contains a large amount of 
defects. When the ZnO nanowire is bent, the bending induced 
surface strain signifi cantly shifts the positions of the surface 
states, changing their relative position with respect to the Fermi 
level. Especially, if the strain makes the Fermi level move out 
of the range of surface states, then the conductance of the 
ZnO nanowire will decrease continuously as strain (bending) 
increases. When the strain is removed, the conductance will 
return to its normal state as the surface states restore their orig-
inal positions overlapping with the Fermi level.  

  7. Mapping Conductance with Multiple-Probe 
STM Scanning Tunneling Potentiometry 

 Beyond four-point contact measurements, scanning tun-
neling potentiometry with four-probe STM allows analysis of 
the potential distribution at a surface while a lateral current is 
applied to a conducting sample. The key feature of this applica-
tion is the study of the distribution of the electric current in 
a two-dimensional electron gas (2DEG) restricted to the sur-
face layer. This enables full local access to the electrochemical 
potential  μ  ec  by STP. The analysis of the data provides (i) the 
local electric fi eld as the gradient of  μ  ec , (ii) the current density, 
and (iii) the local conductivity at each point in the surface. In 
addition, the STP determines the spatial variation of the elec-
trochemical potential around individual defects. For locally dif-
ferent directions of the fl ux of electrons this reveals signifi cant 
variations of the microscopic conductivity. 

  7.1. Spatial Variations of the Electrochemical Potential on 
Si(111)- ( √ 3  ×   √ 3)-Ag 

 STP simultaneously measures the topography of the sample 
and the local electrochemical potential  μ  ec . Homoth, et al., 
have performed STP measurements with a four-probe STM for 
a well-defi ned two-dimensional electronic system: the silver-
induced ( √ 3 ×  √ 3) superstructure on the Si(111) surface. [  57  ]  
The surface superstructure is formed by covering the surface 
of a (111)-oriented silicon single crystal with one monolayer of 
silver. The reconstruction yields a partially occupied electronic 
surface state providing suffi cient conductivity directly accessible 
at the surface. Electrons in this state behave as a 2DEG, and on 
n-type silicon charge transport through the 2DEG is electrically 
isolated from the bulk states of the Si by a space charge layer. 

 The STP measurement results [  57  ]  on Si(111)- ( √ 3 ×  √ 3)-Ag 
are shown in  Figure    12  . As seen in the insets in Figure  12 b,e, 
the lateral current was applied by two gold tips of a three probe 
STM, which were brought into contact with metallic silver 
islands in close vicinity (50–300 um) to each other. Figure  12 a 
displays the geometric structure of the area, where most of the 
steps correspond to monoatomic steps. About one-third of the 
steps correspond to double steps and a few to triple steps. The 
terraces in between the steps are atomically fl at.  

 Figure  12 b,c show that the local electrochemical potential 
measured simultaneously with the data of Figure  12 a, exhibits 
only a minor monotonic gradient constant on the terraces with 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2509–2524
abrupt variation at the step edges. Figure  12 d shows cross sec-
tions of the topography and  μ  ec  data at a particular step. The 
variation of  μ  ec  is monotonic and occurs within 6 Å (20–80%). 
The transition is displaced relative to the step by about 12 Å. 
The observation of constant values of  μ  ec  on the terraces and 
abrupt variation at the steps proves that the current transport is 
restricted to a 2D-layer at the surface and is not affected by the 
silicon substrate. Figure  12 c,f illustrate the calculated potential 
distributions for the data of Figure  12 b,e based on the specifi c 
conductivities for the step edge and the 2DEG. The excellent 
agreement between the calculation and the measured  μ  ec ( x, y ) 
data is evident. [  57  ]  

 This experiment gives access to the spatial variations of the 
electrochemical potential within an electric conductor with 
nanometer resolution. At a step edge the local electrochemical 
2519wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 potential exhibits a rather localized transition. This gives the 

unique opportunity to evaluate the specifi c conductivities of the 
defect free surface and across monatomic steps.  

  7.2. Domain Boundary Scattering Effects in Graphene 

 Graphene represents another 2D system that, due to its unique 
electronic structure, has quickly become one of the most 
notable “super-materials” with the promise of transforming the 
electronics and nanotechnology landscape. The symmetry of 
the graphene honeycomb lattice is a key element determining 
many of graphene's unique electronic properties. Topological 
lattice defects break the sublattice symmetry, allowing insight 
into the fundamental quantum properties of graphene. Yet 
because of the large length-scale deference between the atoms 
at defect sites and functionalities that range from atomic to 
mesoscale, few techniques have the capability of revealing the 
corresponding relationships between the local structure and 
the mesoscale properties. The STP technique provides a good 
bridge of these length scales. 

 Ji et al. have used STP to measure local electric potential as 
current fl ows through a graphene fi lm. [  58  ]  By measuring local 
perturbations caused by substrate steps and changes in gra-
phene thickness, they have demonstrated that such heteroge-
neity is critical to transport in graphene. Substrate steps alone 
can increase the resistivity several-fold relative to a perfect ter-
race, which can be attributed to the intrinsic wavefunction mis-
match at junctions between monolayer and bilayer graphene. 
The performance of graphene devices on SiC surfaces is thus 
fundamentally limited by the ability to control both the layer 
thickness and substrate perfection. 

   Figure 13   shows the results of microscale potential measure-
ments over regions measuring hundreds of nanometres. The 
topography and graphene thicknesses are shown in Figure  13 a. 
Without applying a voltage between the source probes 1 and 3, 
the potential map (Figure  13 d) is almost featureless. But when 
a voltage is applied (Figure  13 b,e), the maps show dramatic 
potential jumps at the step edges and a potential gradient 
on the terraces. These effects change sign when the applied 
voltage is reversed (Figure  13 c,f), showing that the measure-
ment is directly related to transport. Carrier scattering seems to 
be particularly strong at the heterogeneous junctions between 
monolayer and bilayer graphene, and weaker but still visible at 
locations where a uniform graphene bilayer crosses a substrate 
step (top right corner of each map). Potential profi les across 
two terraces and a monolayer–bilayer junction are shown for 
a series of applied voltages in Figure  13 i,j. The linear relation-
ships between the terrace gradient and monolayer–bilayer jump 
and the applied voltage are demonstrated in Figure  13 k.  

 Based on STP results, Ji et al .  [  58  ]  have found that monolayer 
graphene crossing single (0.5 nm height) substrate steps show 
a specifi c resistivity of 6.9 ± 2.9  Ω ·μm. The specifi c resistivity 
seems to increase linearly with step height, 14.9 ± 3.6  Ω ·μm 
for 1.0 nm height steps and 24.7 ± 4.3  Ω ·μm for 1.5 nm height 
steps. Monolayer–bilayer junctions have a higher specifi c resis-
tivity, 20.9 ± 5.7  Ω ·μm and 28.4 ± 7.0  Ω ·μm for planar and 
stepped junctions respectively. Monolayer–bilayer junctions 
at a double-height step provide the highest specifi c resistivity 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
seen here, 88  Ω ·μm. Finally they have found that the current 
fl ow can be distorted by the resistive features on the surface. It 
is interesting to speculate whether spatial control of step con-
fi gurations could be used to concentrate current into specifi c 
regions of a graphene sheet for new device designs. 

 In a separate work, Clark et al. have applied the STP tech-
nique to chemical vapor deposition (CVD) graphene grown on 
Cu foil and transferred to a SiO 2  substrate. [  59  ]  The growth of 
CVD graphene can be performed in such a way that hexagonal 
graphene patches are formed on the surface. If the growth is 
continued the patches will coalesce and form a grain boundary 
at the interface between the two hexagonal patches. This grain 
boundary is easily imaged with the SEM located within the four-
probe STM ( Figure    14  a) and allows the tips to be positioned 
to measure the potential across the grain boundary. The STP 
maps taken across the grain boundary show a step in the poten-
tial as the tip scans across the boundary. Figure  14 b shows the 
STM image of the graphene grain boundary and Figure  14 c dis-
plays the potential step in the simultaneously recorded poten-
tial map that corresponds to an increase in resistance at the 
grain boundary. Further analysis of the grain boundary effect in 
graphene is discussed separately. [  59  ]   

 The imaging technique demonstrated here provides the tools 
to characterize graphene defects and domain/grain boundaries 
on multiple length scales. These methods will be very useful 
both for exploring synthesis strategies to optimize defect struc-
tures and for the study of the impact of these defects on gra-
phene fi lms.   

  8. Summary and Outlook 

 We have reviewed the recent progress in nanocale electronic 
transport involving four-probe STMs. As a “nano” version of 
a conventional four-probe station, four-probe STM combines 
STM local imaging and spectroscopy functions with four-point 
electrical transport capability in a well-controlled sample envi-
ronment to produce simultaneous measurements of transport 
and local structures on nanomaterials. This system provides 
a platform to study the electron transport properties and the 
structure relationships over multiple length scales, from indi-
vidual atoms, molecules, to nano wires and mesoscopic sys-
tems. This review focuses on the transport measurements of 
individual nanostructures, nanojunctions, grain boundaries, 
and defect lines, which provide a one-to-one correspondence 
between transport and structures. Applications have extended 
to a broad range of nanomaterials, such as surface supported 
quasi-one dimensional and two-dimensional electronic sys-
tems, semiconducting and metallic nanowires, carbon nano-
tubes and graphene, and atomic defects, grain boundaries, 
and electronic interactions between these nanomaterials. It 
is noted that electron transport can be studied in several dif-
ferent four-probe confi gurations. Lateral transport of electrons 
is studied by using multiple probes to drive a current parallel 
to the surface and then by measuring either the corresponding 
potential drops between two probes in contact with the sample 
area or by measuring the electrochemical potentials using a 
scanning probe weakly coupled to the sample surface. In this 
case, the sample is usually placed on an insulating substrate 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2509–2524
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     Figure  14 .     STP mapping of graphene on SiO 2 . a) SEM image of coalesced graphene patches. 
b) STM image of a graphene grain boundary. c) STP potential map across the grain boundary 
taken simultaneously with STM image (b).  

     Figure  13 .     a–c) Topography and d–f) potential maps recorded simultaneously with source  V  = 0 (a,d),  V  = 1.53 V and total current 5.73 mA (b,e) and 
 V  = −1.53 V (c,f). g,h), Simulated potential maps calculated using the experimental boundary potential conditions. i,j), Line profi les of the potential 
averaged from the rectangle in (b). Data are offset vertically for clarity. k) The electric fi eld on the terraces (slopes in i and j; monolayer and bilayer 
terraces being similar) and the potential jump at the monolayer–bilayer junction (jump heights in i and j) as a function of   V . Reprinted with permis-
sion. [  58  ]  Copyright 2011, Macmillan Publishers Limited.  

Adv. Funct. Mater. 2013, 23, 2509–2524
or electrically decoupled from the substrate 
by a Schottky barrier at the sample-substrate 
interface. Besides applications in trans-
port studies, four-probe STM can also be 
used as an operation and manipulation tool 
for nanostructures [  15  ,  17  ,  43  ,  60  ]  and electronic 
domains, [  61  ]  which is beyond the scope of 
this paper, but once again reinforces the ver-
satility and unique functionality of the four-
probe STM. 

 Since the fi rst demonstration of a double-
probe STM in 1998 by Aono et al, [  62  ]  great 
progress has been made in the development 
and applications of multi-probe STM. New 
capabilities of four-probe STM, such as in 
2521wileyonlinelibrary.comheim
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 situ SEM and cryogenic operation, have become available for 

achieving better spatial and energetic resolution. However, the 
ever-developing demands in materials research now call for fur-
ther improvement of four-probe STM. Indeed, the promise of 
nanoscience and nanotechnology can only be realized through 
continued advancement and utilization of techniques capable 
of characterizing materials properties at the nanometer-scale. 
As an outlook of further development in four-probe STM, we 
believe the progress on these three aspects will be particularly 
useful for materials research: smaller probe spacing, lower tem-
perature, and optical access. 

 The achievable minimum probe spacing in electrical trans-
port measurements is a critical factor in determining which 
transport regime can be experimentally accessible. For stud-
ying the quantum transport in a mesoscopic regime, the probe 
spacing should be smaller than the electron phase coherence 
length. And for ballistic transport, the probe spacing should 
be smaller than the elastic mean free path, so that electrons 
can traverse the conductor without experiencing scattering. In 
four-probe STM systems, the lateral spacing between probes 
is adjusted with a combined control of coarse and scan offset 
motions of the STM. This spacing can be controlled with 
nanometer precision until the two adjacent probes touch each 
other. Hence the spacing is only limited by the aspect ratio and 
apex radius of probes. For a typical tungsten tip etched electro-
chemically, the tip radius is in the range of 50 nm. And thus, 
at the present the minimum probe spacing in the multi-probe 
STM is approximately 50–100 nm. In many cases, this probe 
spacing is not small enough for observing ballistic transport 
and quantum interference effects. To make the probe spacing 
smaller, carbon nanotube probes have been proposed, where a 
CNT is either grown or glued at the end of a tungsten tip. [  63  ]  To 
reduce the contact resistance and suppress the surface states 
of CNTs, a metallic layer of W, Pt, or PtIr can be coated onto 
a CNT probe. [  64  ]  With functionalized high aspect ratio probes, 
it should be possible to achieve a probe spacing of less than 
10 nm. 

 Temperature control down to the critical point, at which 
multiple electronic, magnetic, or structural phases converge, 
is another important aspect for expanding the four-probe STM 
capability. Besides phase transitions, we often rely on meas-
uring the temperature scaling behaviors of conductivity to dif-
ferentiate various scattering mechanisms that can contribute 
to the transport process. As a prominent example, the study of 
superconducting materials requires controlling the sample tem-
perature near and below the superconducting transition point. 
In this case, a uniform temperature control for all involved 
sample and probes is necessary not just for establishing a stable 
probe-sample junction but to maintain a uniform electron and 
lattice temperature in the whole electron transport network as 
well. Such a low-temperature four-probe STM will allow for the 
evaluation of microscopic inhomogeneities of the superconduc-
tivity by measuring microscopic variations of superconducting 
transitions and critical current density. [  65  ]  Moreover, tempera-
ture control and uniformity are needed to study the proximity 
effect at the interface of superconductor and normal non-
superconductor by measuring the manifested supercurrent 
fl owing through the non-superconductive regions in a micro-
scopic sample region. On this front, several groups have started 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
to develop four-probe STM system with cooling capabilities 
below 5 K and it becomes desirable to achieve the low tempera-
ture capability comparable with a conventional LT-STM. 

 Optical access to the probe-sample junctions by coupling 
light in or out of the four-probe chamber will expand the capa-
bility to the study of energy conversion and optoelectronic prop-
erties in the nanoscopic scale and down to the individual inter-
face level. Since the fi rst demonstration by Gimzewski et al. in 
1988, [  66  ]  detection of light emission during electron tunneling 
between a tip-surface gap in the STM has become a useful 
method for performing local spectroscopy on surfaces. In this 
photon emission STM, the STM tip is used to inject or accept 
tunneling electrons to a particular sample location, and light is 
generated as a result of electron inelastic scattering processes. 
The emitted light can be collected, analyzed, and fi nally detected 
by using a photon detector, providing the optical properties of 
nanometer-scale regions. A four-probe version of photon emis-
sion STM would allow for acquiring an energy-resolved emis-
sion spectrum by passing a current across individual sample 
junctions or interfaces. Alternatively, the scanning electron gun 
provided by in situ SEM allows for acquiring the cathodolumi-
nescence spectrum by exciting a sample area with the electron 
beam scanning across a luminescent surface. Moreover, by cou-
pling light into the sample area, the photo-current can be meas-
ured by multi-probe STM which provides a powerful tool for 
probing the photovoltaic effect in nanostructured material. The 
optical access can be achieved either through free space cou-
pling with lens or mirror near the sample-probe junction or by 
an optical fi ber. In the four-probe STM, an optical fi ber can be 
introduced as a probe that can be independently manipulated 
by a piezoelectric driver inside the chamber. 

 In this review, we have attempted to capture some of the 
exciting science made available by multiple probe STMs. 
Although the four-probe STM is a relatively new tool, it has 
demonstrated unique capabilities to explore nanometer-scale 
functionality through both imaging and spectroscopy of local 
electron transport at key length scales. As discussed, there 
remain a number of new directions and prospects that promise 
to retain interest in four-probe STM for meeting new chal-
lenges in materials research. 
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