REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 8 AUGUST 2003

Resolution enhancement of scanning four-point-probe measurements
on two-dimensional systems

Torben M. Hansen,? Kurt Stokbro, and Ole Hansen
Mikroelektronik Centret, Technical University of Denmark, Building 345e, DK-2800 Kgs. Lyngby, Denmark

Tue Hassenkam
Department of Chemistry, University of Copenhagen, Universitetsparken 5,
DK-2100 Copenhagen E, Denmark

Ichiro Shiraki
AIST Tsukuba Central 4, 1-1-1 Higashi, Tsukuba, Ibaraki 305-8562, Japan

Shuji Hasegawa
Department of Physics, School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan

Peter Bgggild
Mikroelektronik Centret, Technical University of Denmark, Building 345e, DK-2800 Kgs. Lyngby, Denmark

(Received 17 February 2003; accepted 17 March 2003

A method to improve the resolution of four-point-probe measurements of two-dimen&®)aind

quasi-2D systems is presented. By mapping the conductance on a dense grid around a target area
and postprocessing the data, the resolution can be improved by a factor of approximately 50 to better
than 1/15 of the four-point-probe electrode spacing. The real conductance sheet is simulated by a
grid of discrete resistances, which is optimized by means of a standard optimization algorithm, until
the simulated voltage-to-current ratios converges with the measurement. The method has been tested
against simulated data as well as real measurements and is found to successfully deconvolute the
four-point-probe measurements. In conjunction with a newly developed scanning four-point probe
with electrode spacing of 1.um, the method can resolve the conductivity with submicron
resolution. © 2003 American Institute of Physic§DOI: 10.1063/1.15891641

I. INTRODUCTION sample. The outcome is however a complex combination of

) ] several factors including the contact area, Schottky barrier,
With the emergence of nanostructured materials such a§tace states, contact pressure as well as the spreading re-

conducting polymersand the continuing decrease of feature gigiance itself. The scanning potentiometer relies on the cur-
sizes of electronic circuitry, investigation of the conducting ot being homogeneously distributed over the sample. To
properties on a nano/submicron scale has become an impgfiy the absolute local conductivity, the sample must be ho-
tant issue. For many decades, the four-point probe has beeR,geneous on a macroscopic scale, as well as on an inter-
used to measure surface and bulk electrical conductivity ifneiate scale in the vicinity of the investigated area. Due to
various materials. The near suppression of contact resistangge tynically large distance between the electrodes, for these
makes interpretation of the measurements considerably,, systems, a large fraction of the current runs in the bulk
easier than, for instance, spreading resistance and two-poigt {he sample. Therefore, both the scanning spreading resis-

measurements. The difficulty in bringing four individual (5nce and the scanning potentiometer are less sensitive to
electrodes close together, and the fact that the spatial resolyg t5ce phenomena than the microfour-point prbideth-

tion of the method is limited by the area in which the current |ike scanning tunneling microscof§TM) and scanning
flows through the sample, has until recently made the fourgnneling spectroscopy allow the electronic structure to be

point measurement technique unsuitable for micro- andneasyred with atomic resolution, but do not directly measure
nanometer-scale investigations. The four-point probe is besf,q conductivity either.

suited for detection of spatial conductivity variations that are  gayeral groups have developed four-tip STMs that can
negligible over several times the electrode spacing. This if)erform four-point-probe measurements with electrode spac-
true for both linear and Hall electrode geometries. ings down to 1um?® The complexity of these instruments
Methods relying on a single moving tip, such as the,nq the difficulty in aligning the four tips individually has so
scanning spreading resistance m.etﬁéab,nd nanopotentio- - ¢5r hrevented mapping of the conductivity. Recently, linear
metry allow the electronic properties to be investigated W'thmicrofour-point probes with electrode spacing down to 1.1

nanoscale resolution. Thg scanning spreading resistan were developed on a single silicon chiphe microfour-
measures the contact resistance between the probe and nt probes have been used to map the conductivity on sys-

tems such as conductive polymers and surface reconstruc-
¥Electronic mail: hansen.torben@nims.co.jp tions on silicor”8 These systems exhibit structures on a
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nanoscale, which can be expected to influence the conduc-
tivity. To reduce further the electrode spacing, nonstandard
fabrication techniques have to be employed.

In this article, we present an altogether different route to
obtain higher spatial resolution in four-point-probe measure-
ments. If multiple four-point measurements are performed in
a dense grid over the sample, then by numerical deconvolu-
tion of the data, a dramatic improvement of the resolution
can be obtained. We demonstrate scanning measurement
with a resolution of 1/15 of the electrode spacing, which is
an improvement of nearly two orders of magnitude, as the
resolution normally quoted for a four-point probe is roughly
three times the electrode spacings. Rs RH

IIl. METHODS AND RESULTS

A. Four-point resistivity at conductive sheets

R ST P

v';U
e

The four-point probe consists of four electrodes arrangegc. 1. Principle of scanning four-point measurement. The four-point probe
in an equidistant linear array. In the standard configuration, & scanned in steps over the surface and for each step the voltage—current
currentl is fed through the sample via the two outer elec-ratio is measured. The dark patch on the sheet indicates an area of increased

. . resistivity. In the plot below, the solid line shows the resistivity and the
trodes. This ge_nerfates a voltage dm;;a_cross the two inner dotted line the resulting voltage—current ratio as the probe is scanned over
electrodes, which is measured by a high impedance voltmene surface.
ter. For a homogeneous two-dimensioraD) conductive
sheet with the sheet conductivi@ , the measured voltage-

to-current ratio is given b1)9 C. Simulation of four-point resistivity maps

| . We want to simulate the cases of a four-point probe be-
=7—56Gq. (1) ing scanned over a surface in equidistant stepgainthe
V In2 directi . : o
irection parallel to the probe orientation afig) the direc
Analytical relations can only be found for homogeneoustion perpendicular to the probe orientation.
samples with simple geometrits!! For inhomogeneous The electrostatic potential in the sheet is given by the
samples, the relation between the voltage-to-current ratio ancbnservation equation
the local conductivity becomes highly complex. In the fol-
lowing, we describeya numerical r%e%od fopr simulating the 7 [T YIVUY)J=ALS(r—=ry) =4(r=r2)], )
result of a four-point measurement for any arbitrarily varyingwherer, andr, are positions of the current source and the
2D conducting sheet. current drain, respectively. The current fed to the sample is
The simulation is then used to calculate the objectivejenotedA. The local potential and sheet conductivity are
function for an optimization routine, that performs a fit of the denotedu(x,y) and o(x,y), respectively. Equatiorf2) is
simulated data to the measured data, to give a map of the reg@iscretized using the five-point finite difference
resistance. formulation'?
Throughout this article, we will use the terms four-point
resistivity and four-point conductivity meaning the resistivity Gi-12;Vi-1;+ Gi+12jVi+1j+ Gi j-12Vi -1
or conductivity calculated from Egl) using locally mea- - e L~
sured voltage-to-current ratios. TGV (Gioaz ¥ Givary
+Gij-12tGij+ 12 Vi =i, (©)

wherel; ; is the total current fed in to grid blockj:
B. Convolution effect

To give an impression of the convolution effect of the Ii'j=Af dxf dy[8(r—rq)—8(r—ry)]
four-point measurement, Fig. 1 shows a schematic of a four- Ay AV
point-probe scanning over a surface with a line defect of =ASii, i = Bimi =) (4)
1 1 20 2

lower conductivity. The solid curve in Fig. 1 represents the
real resistivity of the sample along the scanning line, whileandV; ; is the potential at grid pointi (j) = (x; ,y;), see Fig.
the dotted line represents the measured four-point resistivity2. The coefficienG; , ;,; describes the conductance between
As can be seen, the feature in the four-point resistivity map igrid point (i,j) and grid point {+1,j) given by the block
highly convoluted and appears to be much wider than theentered methdd'*

real feature. Also the conductivity level of the feature in the

four-point resistivity map is not easily related to the conduc- =2
tivity of the real feature. e

0 jOi+1jAY;
Ti1jAX 0 jAX 1

®)
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Ax The vectord® contains only two nonzero elements so that
Nx
VN (d})Tvk= Vikpl dor~ vikp2, ipa 9

where {p1,jp1) and (p2,jp2) are the grid point indices at
the position of the two inner electrode. The total system can
now be written as

Sv=lI, (10a
V,=dhv, (10b)

ot l-|-{-B-|" °?"’?’2' JER K where- designates the diagonal of the matrix product. The

I e o Gi,jﬂ,z%.eiwwzz_ columns ofV, I, andd contain the vectory/*, ¥, andd¥,

% ot e respectively. The vectdv, now contains the probe voltages

- Gi"j/?«i =1 for every probe position. The subscripindicates the probe
voltage difference as opposed to the node potenvél§
When applying Dirichlet boundary conditions, the mat8ix
becomes a symmetric positive definite band matrix and the
system can now efficiently be solved using the Cholesky
FIG. 2. Grid formation and model for four-point-probe simulation. The grid method:. Due to the very Iarge size of the right-hand side of
forrﬁat.ion is the block centered formation.pThe Emall circles shc;w theggriqu' (10a, indirect methods are generally not faster than the

points and the rectangles show grid blocks. The conduc@rs,; direct Cholesky method.
Gij+12: Git1jr12, andG. ;.1 Show the conductor network equivalent. In order to bring the boundary as far away from the area

of interest, without excessively increasing the number of free

where g; ; is the average sheet conductivity in grid block parameters, the grid spacing is gradually increased toward
(i,j) andAx; andAy; are the step sizes as shown in Fig. 2.the edge of the simulation grid.
Gi,j+12 is defined equivalentlys; ; is the discrete delta
function!® In the area where the scanning is being per-
formed, the grid points must coincide with the position of thep  peconvolution of four-point resistivity
electrode. Thus, the grid spacing must be an integer fractiopheasurements
of the electrode spacing. The electrode spacing is given by
s=n,Ax,+nyAy, where Ax, and Ay, are the minimum
grid spacings in th& andy directions, respectively.

The resulting set of equations can be written in matrix

V,\.‘y’ 1 ° ° o | o e le]oe e lo e ° ° ¥ NXaNy

°

AyNy

The aim of the deconvolution is to obtain the real con-
ductivity of the sample from the measured data. Thus, we
want to find the conductivity map that, through a simulation
of the four-point measurement, leads to the best possible fit

form
} to the measured data. This requirement is equivalent to mini-
SVE=1X, (6)  mizing the objective function
where VK and I are column vectors containing the,N,

values ofV, ; andl, ;, respectively, and the indédxindicates Eo=>, (V'S—Vﬁ])z, (11)
the kth probe position.N, and N, is the number of grid K
points in thex and y directions, respectively. The node- with respect to the sheet conductivity map contained in the

admittance matrix8'® is given by matrix o. The measured voltages are giverMfj, while the
S— AXGXAI+AyGyA;, 7) voIta_gesVp are obtained by simulation as described in the
previous section.
where G, is a diagonal matrix containing thi,(N,—1) To efficiently optimize the system, we will need to know

values ofG;; 1,; and G, contains the Ill,—1)N, values of  the gradient of the objective function and thereby the deriva-
G j+12- AcxandA, are the reduced incidence matrite®r  tives of the probe voltages with respect to the sheet conduc-
the conductors directed along tkeand they axes, respec- tivities. By using the so-called transpose system metfiod,
tively. The incidence matrix relates a conductor with twowe found that the dependence of the probe voltdgavith

grid points. If the conductance &t=t(i +1/2j) connects respect to any paramethrinfluencingS can be written as

grid points€,=€(i,j) and€,=€(i+1,) thena’glytfl and

k
ay, = — 1, whereay  is the element in row and columrt aa_\:]p:(vk)Tj_ﬁvk. (12)
of A, andt(i+1/2j) and €(i,j) cast the grid index into a
linear index. The transpose system voltagé$ are defined by

The system of Eq(6) then has to be solved for each _ 5
probe positiork in the four-point scan. For each new current ~ S'Vk=—d* or V*=—(s71)Td*, (13

vector I¥, a newV¥ is obtained. To extract the probe volt-

; H gk _ -1/ _ Ak
ages, the potential vectdt® is multiplied with the vectod: For S being symmetric, we can writé"=S5"%(—d") and the

) transposed system can be calculated together with the ordi-
Vp:(dk)TVk- 8 nary system ayV,V]=S Y —d,1], where the notation

Downloaded 29 Jul 2003 to 133.11.199.16. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



3704 Rev. Sci. Instrum., Vol. 74, No. 8, August 2003 Hansen et al.

[V,V] simply states that the columns ©f precede the col- of Oi+1] for p=i and a=i
umns ofV in one common matrix. The derivative 8fwith f(ai’j+ai+1,j)2 P a=|
respect taG, , 1p; is'® IF e o
dopg | —2f .- for p=i and q=j+1
9S ; p.q f(Ui,j+Ui+1,j)2 p q=]
WGrrany B ™ Ceir1i) (B = Ceivnp) (14) 0 for all other values,

(21)
wheree, is a unit element vector, with théth element being  and equivalently foFY. The new objective function becomes
1 and all others are zerd.(i,j) is the linear index of the
node at &;,y;). The derivative of the probe voltage for each E,=Eo+ 2 YL gX 22
conductor can then be written as 7 ¢ ¢

VK This function is minimized with respect . A value of
P v . )
r:(Vk)T(ee(i,j)_e€(i+1,j))(e€(i,j)_e{(i+1,j))vk- 0.1 for f; was found to give reasonable results f_or a_W|de_
i+1/2] range of cases, and was chosen for all calculations in this

(19 work. The optimization routine used is a conjugated gradient
based routine as implementedNIATLAB .

By the definition ofA,, it can be seen that this is equivalent . . . .
y definition ofA b € equivale We will consider two simple cases: A step function cor-

o responding to two neighboring domains of different conduc-
gvk tivity and a delta function, corresponding to a high resistivity
ﬁ_sz((\N/k)TAX)*( ATVY), (16)  boundary separating two areas of similar resistivity. In both

X

cases, we assume invariance in the direction perpendicular to

. . the probe orientation.
where* multiplies each element of two matrices of equal P

size, giving a new matrix of the same size. For the conduc- A four-point measurement scan of the two domain case
» giving a new mal ' was calculated analytically. The two domains had sheet re-
tors in they direction, it becomes

sistivities of 1Q) and 10(), respectively, and the electrode

IV spacing was=4AX,. The result was deconvoluted for vari-
—_P_ ((\N/k)TAy)* (A;Vk). (17)  ous values of ;. The probe orientation was perpendicular to
IGy the step edge and the simulation grid hed+24=52 by

M+ 12=32 internal grid points, wher®, andM, are the
numbers of evaluation points for the analytical result. The
JG evaluation points were separated by a single grid point. The
+(\~/TAy)*(A;V)—y, (18  resulting resistivities fof;=0.1 are shown in Fig.(@). The

do outer ten rows and columns exhibit strong deviations from
the correct result due to boundary effects and have been re-
moved from the graphs shown. Apart from in these outer ten
rows, the maximum error is approximately 15% for any
E. Suppression of false solutions weight factor betweenf;=0.01 and f;{=0.1. For these
weight factors, the step position is precisely established.

Thus, we can write for the entire system

Ny Fle
o = (VTA)*(AV) —

o

wheredG, /do is the Jacobian for the collection of equations
like Eq. (5) and equivalently fowG,/do.

Now, in principle, we should be able to find the real
conductivity of the sheet by a standard optimization routine
with the objective function11) and the Jacobian obtained E One-dimensional invariance
from Eq.(18). However, since the maximum number of con-
strainsVy, is (N,—3n,)(N,—3n,), and the number of free
parameters inr is NyN,, the system is underdetermined.
This means that in principle an infinity of different solutions
exist which in many cases leads to oscillatory solutions.

An efficient way of suppressing such artifacts, is to in-
troduce high-frequency penalty functions in the objective

For systems being invariant in thedirection, these re-
sults can be greatly improved by also imposing invariant
constrains for the deconvolution result. We then use only
data from a four-point scan along a line in théirection and
the simulation is also done only for a single line. The con-
ductivities are given by

function. We use penalty functions given by o j=a, (23
o= i whereo! is the conductivity in each line along thedirec-
Frin=Tt———— (19)  tion and the Jacobian is given by
N Oi it Ot N
aVv y oV
P P
_P_ 24
and (90'|y jZJ_ &Ui,j, ( )
Y ¢ Oij=0ij+1 20 wheredV,/do; j is given by Eq.(18) Due to the invariance
(n= e, (T (20 in they direction, larger grid spacings in this direction may

be used. The result of deconvoluting a conductivity step from
wheref; is a weight factor. The Jacobi matrices are given asl Q! to 0.01Q 1 is shown in Fig. &) for electrode spac-
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FIG. 3. (a) Deconvolution of analytical result for a step-function resistivity
map. Low level: 10, high level: 10Q). The analytical four-point resistivity
(dashed—dottedand the pooresty(=4) deconvolution resul¢solid) is pro-
jected onto the backplane. The electrode spacirsg-idAx,. (b) Deconvo-
luted resistivity (solid) of analytically calculated four-point resistivity
(dashed—dottedwith spacial invariance imposed in the direction perpen-
dicular to probe orientation. Original resistivity has a step frofl fo 100

) atx=28. Electrode spacing=8AX,. (c) As (b) for a singleAx, wide 10

() peak on a X) background(d) As (a) but using all principal configuration
of the linear four-point probe and fa=8AX,. (e) As (d) for a Axy wide

peak penetrating only half way into the sheet.

40
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ingss=8Ax, and penalty factor§;=0.1. The grid size is 21
Ayy by 123\x, and we useAyy=s. For penalty factors
from 0.01 to 0.1, the error is less than 10% and the step edge
position is accurately reproduced.

Figure 3c) shows the result of a similar calculation of a
highly resistive boundary between two low resistivity do-
mains. The errors are comparable to previous calculation.

G. Multiple four-point-probe configurations

The accuracy can be improved without penalty functions
and any assumptions of invariance, by combining different
voltage—current electrode configurations. Of the six possible
configurations, three is sufficient to give unambiguous re-
sults. The model for these simulations is straightforward to
derive from the aforementioned model by expanding the ma-
trices| andd, to also include these other configurations.

We simulated four-point conductivity maps for the cases
of (1) two neighboring domains with different conductivity
and(Il) a sheet of homogeneous conductivity with a highly
resistive barrier penetrating half the area. In both cases, the
four-point-probe orientation is perpendicular to the bound-
ary. Figures &) and 3e) show the results of deconvoluting
these maps. In both cases, the sharp features are retrieved to
within 10% of the original conductivity map, as shown in the
projections of the 2D data on the back plane of the graphs in
Fig. 3 (marked with arrows The original resistivity curves
are marked with dashed lines, while the deconvoluted curves
are marked with full lines.

lll. RESULTS

The deconvolution method has been applied to a poly-
mer system with artificially constructed defects. The system
consists of a silicon sample with a 30 nm thick poly-
thiophene film spun on top. Before spinning the polymer,
trenches of approximately 2zm width and approximate 2
um depth were laser etched using the method described in
Ref. 19. These trenches are seen as dark lines in the inset in
Fig. 4(a).

A four-point measurement map was obtained by scan-
ning a four-point probe, with an electrode spacing ofi20,
over the sample in steps of Bm by 5 um. From these
measurements we have picked the result of a line scan along
the white arrow in the inset of Fig.(d). Since the area can
be considered translational invariant in the direction perpen-
dicular to the probe orientation, we have used the method
described in Sec. Il F. In order to have the fitting errors in the
same order as the penalty function response, the measure-
ment values were normalized by dividing with>1Q before
deconvolution. The simulation grid was 302 by 27. The grid
spacingAy; of the simulation grid wady,=20 um for the
innermost 11 grid blocks, increasing gradually to 500 at
the edges along theaxis. The grid spacindx; in the inner
286 grid blocks waa xo="5 um increasing to 50@m at the
edge along thg axis. The penalty factof,;, was chosen to
be 0.1. The central area of the deconvoluted resistivity map
is shown in Fig. 4a) (solid line) along with the original
measurementdashed ling The values have been renormal-
ized by multiplying with 18 Q.
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— (b) 150 -On FIG. 5. Deconvolution of four-point resistivity measurements on a step-
G % bunched Si(113)3Xv3-Ag. The dashed—dotted line shows the measured
é © four-point resistivities, and the solid line shows deconvoluted resistivity.
> 2t 140 g- Constant conductivity constraints are imposed on each area, i.e., step bands
= -~ and terraces. The right-hand side most terrace is not sufficiently determined
k7 30 C;E’ due to lack of measurements in the area. A scanning electron microscopy
) 0. (SEM) pictures of a measurement on a similar sample is shown in the inset.
&’ 1 20 ,% The white bands are step bunches while the dark gray bands are terraces.
% 1=
3 ns Z
ﬁ i 10 = this can be taken as an indicator of the quality of the mea-
. / : (o) surement and the deconvolution in combination.
ezl R, W L H - i e . .
0 20 40 60 80 100 120 140 Finally, we have applied the method to measurements on
Position (um) a step bunched &3 X v3-Ag surface. Four-point-probe mea-

surements have been performed at various positions across
FIG. 4. () Deconvolution of a four-point scan along the line indicated by the sample, in the direction perpendicular to the step
the arrow in the insert. The dashed—dotted line shows the measured fougynches using a @m four-point probe at an angle of 45°

point resistance, and the solid line shows the deconvoluted resistivity. The . .
sample is prepared by laser etching trenches in silicon and subsequent spw-'th respect to the step bands. The changes in the voltage—

ning of a 30 nm thick conductive polymer. The splitting of the left-hand side Current ratio depend on both the conductivity and the posi-
peak is attributed to short circuiting over the trench by the probe coritact.  tions of the step bunches relative to the electrodes in a non-
Deconvolutipn of a scan similar to the one (@) but with smaller step  trivial fashion, similar to the case of the conductive polymer
length. Again, the_ da_shed—dotted line shows the megs_u_red four-point re5|?i-|m. The experiment is described in detail in Ref. 8.
tance and the solid line shows the deconvoluted resistivity.
Because of the limited number of measurement points,
the method was slightly modified for this particular case. The
A high-density scan of such a trench is shown in themeasured value is shown as a dashed—dotted line in Fig. 5.
inset of Fig. 4b). In this case, the step size was only 8.  As seen in the scanning electron microscéS¥M) micro-
Using a simulation grid of 425 by 27, the trench is resolvedgraph insert the measurement area consists of terraces and
as a sharp peak, just two grid spacings wide, as seen in Figtep bands. By assuming the conductivity to be constant
4(b). This has to be compared with the width of the etchedwithin each of these areas, we can modify the method in a
trench of approximately Zum. manner similar to the one-dimensional translational invariant
From these results, we can calculate the boundary corcase. Thus, we have
ductivity, by which is meant the total conductivity across the <b
boundary or defect. If we ignore the conductivity in the vi- ~ %ijea,=%q for q=1,....m, (29
cinity of the boundary, its conductivity per unit length can be

Y Y
calculated from _SPBZ_ 2 —P (26)
. dog ifen, 90
gB=m, wherecrab is the conductivity in areé, andi,j € A, repre-

sents all grid blocks inside the arég, the number of areas
where the sum is over all the grid blocks that cover thebeingm, and the area index beirgy The measurement can
boundary. The resistivity of the grid block jg; andAx; is  be deconvoluted to give the resiglid line) shown in Fig.
the size of the grid block normally equal &x,. For thetwo 5. The sheet resistivity of the terraces appear to be approxi-
polymer systems, the boundary conductivity becomes 1.Tnhately 300(), which is approximately the same as measured
X102 Q0 'm™! and 1.5<102Q 'm™! for the low- on a sample without step bunches. The resistivities of the
resolution (left-hand side boundajyand high-resolution step bunches appear to be much higher. The band A has a
maps, respectively. As these values are expected to be equaheet resistivity around Zkwhile band B has a sheet resis-
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tivity around 4 K). This difference of a factor of 2 is easily resolutions of the order of 20—50 nm may be possible. This
explained by variations in step density. Also the high resisis a subject of further study.
tive step bunch is more narrow and thus is expected to have The resolution obtained by the presented method does to
higher step density to accommodate for approximately thesome extent depend on resistance lamdscape. Specifically,
same height difference. The increased resistance of the righthe sample may contain harmonic components that the probe
hand sidemost terrace, compared to the other terraces, is does not detect. In such cases, it is difficult to state an exact
artifact due to a lack of measurements in the vicinity of theresolution for the method. Further investigations using dif-
area. ferent test models are necessary to clarify these aspects.
For semiconducting systems, the metal—-semiconductor
contact interface perturbs a much larger area due to band
bending(Schottky contagt and therefore a poorer resolution
of the four-point method should be expected for semiconduc-
We have deve|oped a method for obtaining the real reIor SyStemS. Alternatlvely,hlghly dOpEd Silicqn prObeS could
sistivity map of 2D and quasi-2D systems, with a higherbe used to measure on SI|.ICOI’1 surfaces, which cogld Iea_d to
resolution than possible with a conventional four-point-probg’€arly ohmic contacts. This would require the native oxide
technique. This was verified with data derived from analyti-On both the probe and sample to be remoiresity, i.e., in
cal expressions for two cases of inhomogeneous resistivit{1€ ultrahigh vacuum system prior to measurement. The con-
landscapes. The original conductivity maps were retrievedaCt phenomena could in principle be incorporated in the
with less than 10% error far away from transitiofgomain ~ deconvolution method. However, because the admittance
and grid boundariesand to within 15% near transitions. ~ Matrix would be changed at each contact position, it would
For deconvolution of the measurement of the conductivd!ave to be inverted every time, which would increase the
polymer shown in Fig. @), we see that the left-hand a@mount of computational time tremendously.
sidemost defect is almost perfectly resolved to just a single ~One interesting feature of the model is the penalty func-
grid spacing. The measurements on the right-hand side déion which, to a certain degree, allows the method to be
fect give rise to a splitting of the deconvoluted peak. BecausgUstomized. With low penalty factors, the height and posi-
the defect is a trench in the sample the electrode drops int#ons of sharp features are reproduced accurately, whereas
the trench and short circuits the defect which causes a sidligher penalty factors effectively suppress oscillations in in-
nificant measurement error. This error appears as a splittinggrmediate regions.
in the deconvoluted resistivity plot. Since the defects are  The method may be integrated with a four-point conduc-
trenches, one may ask if the sample can still be considerdVity mapping station, so that nanoscale features are derived
two dimensional. The trenches however are shallow comffom resistance maps measured with microscale four-point
pared to the electrode pitch and an oxide layer between th/obes. This could lead to new insight in the properties of
silicon and the polymer prevents significant current from€lectron transport in individual grains of thin metal films,
running through the bulk of the sample. As long as the elecSurface state domains, and nanostructured systems.
trodes are not located directly on top of the defect, the
sample can thus be considered two dimensional. ACKNOWLEDGMENTS
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