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Abstract 

Two contact mode atomic force microscopic (AFM) 
techniques under ambient conditions are presented for 
the electrical evaluation of cross sectioned silicon de
vices. In the first technique, a conductive AFM tip is 
used as a voltage probe to determine the local potential 
distribution on the cross section of a silicon device under 
operation. The electrical potential is measured simultan
eously with the surface topography with nanometer reso
lution and mV accuracy, offering an easy way of corre
lating topographic and electrical features. A second 
method, nanometer spreading resistance profiling (nano
SRP), performs localized spreading resistance measure
ments to determine the spatial distribution of charge car
riers in silicon structures. The conversion of the resist
ance profiles into charge carrier profiles as well as the 
applied correction factors are discussed in more detail. 
Both methods are used to map electrical characteristics 
of state-of-the-art silicon structures . 

Key Words: Atomic force microscopy (AFM), poten
tiometry, spreading resistance profiling (SRP), carrier 
profiling, dopant profiling. 
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Introduction 

In the design and fabrication of state-of-the-art sili
con devices, knowledge of basic electrical properties, 
such as the potential distribution under operation and the 
electrical carrier distribution on a nanometer-scale is of 
great importance. Recent! y, different applications of the 
scanning tunneling microscope (STM) and atomic force 
microscope (AFM) have been developed to observe 
these electrical quantities with nanometer resolution, al
lowing a better understanding of the silicon device oper
ations. Each of these electrical characterization tools 
fulfills one or more of the requirements imposed by cur
rent and future silicon processing technologies: spatial 
resolution, accuracy, sensitivity, dynamic range of the 
electrical measurement, measurement speed, ease of 
transforming data into physical properties of interest. 
The surface potential distribution can, for example, be 
measured by contactless techniques such as scanning 
Kelvin probe microscopy (Nonnenmacher et al . , 1991) 
and scanning tunneling potentiometry (Muralt and Pohl, 
1986). Contact mode AFM has been used for the poten
tial mapping inside silicon devices under operation 
(Trenkler et al., 1995; Uchihashi et al., 1994). The 
carrier concentration profile can be determined by scan
ning capacitance microscopy (Huang et al., 1995), scan
ning resistance microscopy (Nxumalo et al., 1996), 
scanning tunneling spectroscopy (Yu et al., 1996), nano
spreading resistance profiling or nano-SRP (De Wolf et 
al., 1996), and dopant selective etching followed by 
AFM imaging (Barrett et al., 1996; Raineri et al., 
1994). A recent overview is given by Dagata and Ko
panski (1995). 

In this work, an AFM equipped with a conductive 
probe is used in the contact mode to measure both the 
carrier concentration and potential distribution. In the 
first method, named nanopotentiometry, the electrical 
potential on the sample cross-section is monitored with 
a conductive probe, concurrent with the cantilever de
flection, while the probe is scanned across the sample 
cross-section at a predetermined force. In this way, to
pographical and potentiometric images of the interior of 
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Figure 1. Schematic representations of (a) the potential 
measurement setup and (b) the nano-SRP setup. 

---------------------------
the device are being recorded simultaneously with nano
meter resolution. A second method, using the same set
up and named nano-SRP, determines the resistivity (and 
consequently, the carrier) distribution in silicon devices 
by performing localized resistance measurements, while 
the conductive probe is stepped across the sample . 
Doped diamond and doped diamond coated silicon 
probes were found to withstand the high mechanical and 
electrical stresses which are inherent to both operation 
modes . All measurements were performed on the cross
section of silicon devices, under ambient conditions. 

Experimental Procedures 

Local potential measurements and nano-SRP setup 

In the first method, the electrical potential distri
bution inside a silicon device under operation (i.e ., with 
the necessary voltages applied) is imaged. Figure la 
shows a schematic representation of the basic setup 
needed for the measurement of the potential distribution 
on a (reverse biased) pn junction . The potential distri
bution inside the silicon device is measured by a conduc
tive AFM probe which is connected to a high input im
pedance voltmeter (10 14 0). The repulsive force be
tween the probe and the silicon sample is held constant 
by the AFM feedback loop, while the probe is scanned 
across the silicon sample. In this way, the surface to
pography is mapped. This allows the potential distribu-

938 

tion to be determined with respect to other device char
acteristics such as mask edges, gate oxide, spacers or 
metallization layers. 

Figure lb shows the nano-SRP setup in detail. 
Here, the resistance is measured between a conductive 
AFM probe and a large current-collecting back-contact, 
while the probe steps across the cross section of the sil
icon device. When the applied force exceeds a certain 
threshold force, the measured resistance is dominated by 
the spreading resistance, which is dependent on the local 
carrier concentration underneath the probe-silicon con
tact (De Wolf et al., 1996). Because of the high 

stresses applied, the force is decreased as much as pos
sible when the probe is moved from one location to the 
next, in this way reducing the risk of damaging the 
probe. Consequently, no topography is obtained. The 
resistances are determined by measuring the current 
flowing through the probe at 10 m V bias as in conven
tional SRP. Since the current is proportional to the local 
carrier concentration, it may vary by several orders of 
magnitude when a silicon device is measured (typically 
from 10-5 to 10-11 A) and a high-performance current 
meter is required. 

Sample and probe preparation 

For both techniques presented, the same sample 
preparation is used. First , a cross section cutting 
through the silicon device of interest is made by cleaving 
or polishing . Second, all electrical contacts are attached 
to the sample by ultrasonic soldering or wire bonding . 
Note that the nano -SRP technique needs only one (large) 
current collecting contact, while two or more contacts 
are needed when one wants to map the potential distribu
tion . Finally, all samples are cleaned ultrasonically in 
isopropyl alcohol and deionized water . No special treat
ment was carried out in order to remove the native oxide 
or passivate the silicon . 

Two types of conductive AFM tips are used: boron 
doped diamond probes and doped silicon tips coated with 
a thin layer of chemical vapor deposited (CVD) doped 
diamond (Niedermann et al., 1996) . The conductivity 
of some of the diamond probes was further improved by 
deposition of a thin tungsten layer (40 nm). Cantilever 
spring constants varied between 1 and 300 Nim . Dia
mond is used so that the tips can withstand the mechani
cal forces while scanning in contact mode. Metal tips 
and metal-coated silicon or silicon nitride tips showed 
insufficient life-time for these applications. Care is 
taken that no external light or laser light (originating 
from the AFM deflection detection) falls on the silicon 
device and distorts the electrical measurement. All 
measurements were carried out on a commercial Nano
scope III AFM (Digital Instruments Inc., Santa Barbara, 
CA). 
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Figure 2. Force profile and measured potential on (a) 
a bulk silicon sample, (b) a Pt sample, and (c) a bulk Si 
sample with a 4.6 run oxide layer . A diamond-coated Si 
tip was used on a cantilever with a spring constant of 
68.5 Nim . 

--- ----------------------------------

Results and Discussion 

Potential mapping 

The forces needed for reproducible potential meas
urements on silicon devices under ambient conditions are 
determined by measuring force profiles while a fixed 
voltage is applied to the sample. The voltage on the tip 
is monitored simultaneously with the force profile, 
which shows the force acting on the tip as a function of 
tip-sample distance. Figure 2a shows a force profile in 
combination with the measured potential for a homogen
eously doped silicon sample under a bias of 1 V. A dia
mond-coated silicon probe with a spring constant of 
68.5 Nim was used. The data for increasing tip-sample 
distances (withdrawal) are omitted. When the probe 
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Figure 3. One-dimensional potential measurement over 
an abrupt pn junction under a reverse bias of 0.8 V 
(bottom curve) and 1. 7 V (top curve). 

jumps into contact with the silicon sample (distance 
0 run), the measured potential is still O V. The tip po
tentialjumps to 1 V when the tip-sample force is further 
increased by lifting the sample towards the probe. A 
similar response was observed when the bias voltage on 
the sample was decreased to values as low as 1 m V. As 
discussed previously by O'Shea et al. (1995), there are 
two ways to explain this behavior. First, the very apex 
of the tip might not be conducting. Second, a thin insu
lating layer on the tip or sample may be present, through 
which tunneling can occur, only when the force is in
creased. Similar curves measured with the same probe 
on a Pt sample (Fig. 2b) exclude the first explanation 
and indicate that the extra sample displacement needed 
can be entirely attributed to the native oxide (and any 
other insulating contaminants) on top of the silicon sam
ple. When using the same probe on a silicon sample on 
which an oxide layer (thickness 4.6 run) was grown, the 
extra sample displacement needed for potential measure
ments further increases (Fig. 2c). Since the thickness 
and the quality of the native oxide on a cleaved or pol
ished cross section are not constant, the force chosen for 
reliable potential measurements is a little higher than the 
threshold determined by the present method. All probes 
are inspected in this way both before and after scanning, 
to ensure that the electrical properties of the tip are not 
altered during the measurement. 

To illustrate the strength of this method, one-dimen
sional measurements were performed on an abrupt pn 
junction which had been prepared by epitaxial deposition 
of a boron-doped layer (1 x 1017 atomslcm 3) on an 
n-type substrate with a doping level of 1 x 1015 

atomslcm 3• Contacts were ultrasonically soldered at the 
front and back side of the sample. An ion-implanted 
diamond tip was used at a force of 7 µN. Figure 3 
shows the potential distributions measured when either 
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Figure 4. (a) Potential distribution inside a two
dimensional junction under 8 V reverse bias, measured 
with a ion-implanted diamond AFM probe in contact 
mode. (b) Corresponding topographic image showing 
the masked region on the left, the implantation window 
on the right. 

0.8 V or 1.7 V reverse bias is applied across the junc
tion. One can clearly observe the potential drop across 
the depletion zone and its extension into the (lowly 
doped) n-type substrate for higher voltages . 

Figure 4 shows the surface topography and potential 
distribution simultaneously measured on a two-dimen
sional silicon diode under a reverse bias of 8 V. The 
diode was made by a 20 ke V boron implantation (2 x 
1015 atoms/cm2) into an n-type substrate, through a SiO2 
stripe pattern (10 µm alternating mask and window) , fol
lowed by an annealing step (30 minutes, 900°C) . One 
large contact was soldered to the substrate, another wire
bonded to the window area contacting the implantation 
zone. The topographical image (Fig . 4b) clearly shows 
the edge of the implantation mask, while the potential 
image (Fig. 4a) reveals the two-dimensional extension of 
the depletion zone in detail. 

Since the potential measurement is performed on a 
device under operation, the electrical characteristics of 
the device (for example, junction leakage currents) might 
be disturbed when the conductive probe is brought into 
contact with the cross section of the device. Therefore, 
the electrical characteristics were monitored while the 
potential mapping was performed. No change in leakage 
current was observed during the potential measurements 
on the junctions, presented in Figures 3 and 4. On the 
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Figure 5. Measured resistance on bulk silicon (p-type , 
0.01 {km) as a function of force. A CVD diamond 
coated silicon probe was used. 

other hand, the device characteristics might be changed 
because of the sample preparation steps needed to ex
pose the inner structure of the silicon device . Not only 
is the active area smaller after partial removal of device 
material, but also a large number of surface states are 
introduced on the cross section , possibly leading to in
creased leakage current. Consequently, the probe is not 
imaging the original voltage distribution inside the de
vice (before sample preparation), but a voltage distri
bution which is influenced by the presence of the cross
section through the device. Further study will be re
quired to specify the importance of this effect and its in
fluence on the potential distribution which is being re
corded. For the case of a simple pn junction, it has al
ready been demonstrated that the experimental results 
are in close agreement with theoretical predictions 
(Trenkler et al., 1995). 

Nano-SRP 

The minimum force needed for reliable resistance 
measurements can be determined in a similar way, as is 
done for nanopotentiometry. For this purpose, the resis
tance is measured while the force acting on the probe is 
increased by changing the AFM feedback setpoint. Fig
ure 5 shows the resistance measured on a uniformly 
doped sample (p-type, 0.01 0cm) plotted as a function 
of the applied force for a diamond-coated silicon probe. 
A large change in resistance is observed when the force 
exceeds 10 µN. When measuring on different uniformly 
doped samples at forces below this transition force, no 
correlation between resistance and carrier concentration 
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Figure 6. (a) Nano-SRP profile measured with a W
coated doped diamond probe (at 90 µN) on a p-type epi
taxially grown staircase calibration sample. The filled 
circles show the raw resistance data while the full line 
shows the smoothed data. The dashed line shows the 
carrier concentrations as derived from conventional SRP. 
The resulting calibration curve is shown in (b). 

--- - ----------------------
is observed. Once above the transition force, the meas
ured resistance increases monotonically with sample re
sistivity and can therefore be used for carrier profiling. 
Higher forces are required for nano-SRP than for poten
tial measurements (Fig. 3). Also, plastic deformation of 
the sample is observed only if the threshold force is 
exceeded. Hence, one may conclude that the plastic de
formation, which is accompanied by a pressure-driven 
phase transformation of the silicon into a b-Sn structure 
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with metal-like electrical properties (Clarke et al., 
1988), is necessary. As a consequence of the high 
forces, the contact size is much larger (typically 30 nm 
radius) than for conventional contact mode AFM 
(Snauwaert et al., 1996). Obviously, this sets limits to 
the range of materials and spring constants of the probes 
suited for nano-SRP. 

As with conventional spreading resistance profiling 
(SRP), an n-type and p-type calibration curve, showing 
the relation between the resistivity and the measured 
(spreading) resistance values for a range of resistivity 
values, is needed for nano-SRP. Typical nano-SRP cali
bration curves , obtained by using a set of homogene
ously doped silicon samples, were already presented in 
earlier work (De Wolf et al., 1996). In order to im
prove and speed up the inevitable calibration process, 
special samples were prepared. These samples (one n
type and one p-type) are composed of a stack of epitaxi
ally grown layers each with a constant carrier concentra
tion. The stack covers the entire concentration calibra
tion range (10 15-1020 atoms/cm 3). A typical example, 
obtained with conventional SRP measurements is shown 
by the carrier profile in Figure 6a. A nano-SRP resis
tance profile, measured on the cross-section of the sam
ple is also shown in Figure 6a. The profile was meas
ured with a doped diamond probe at a contact force of 
90 µN. The corresponding p-type calibration curve, ob
tained by plotting the measured resistance levels versus 
the resistivity levels, is shown in Figure 6b. This figure 
illustrates that the nano-SRP is sensitive and has a high 
dynamic range compared to other AFM-based carrier 
profiling techniques . 

When measuring a one- or two-dimensional carrier 
profile by nano-SRP , direct interpolation of the cali
bration data can in principle be used to convert the 
measured resistance values into local resistivity values. 
However, when measuring on the cross-section of a 
sample, other regions of the profile (containing different 
carrier concentrations) are very near. Current might be 
mainly carried through the highly doped parts of the 
profile leading to a decrease in resistance . Data points 
in poorly doped regions or in the proximity of a junction 
will be particularly sensitive to this effect. Hence, there 
is a need to introduce a correction factor , denominated 
a, taking this effect into account. The measured resis
tance on a non-homogeneous sample at a position Xo is 
then given by, R(x0) = a•Rbulk• where ~ulk represents 
the resistance measured on a semi-infinite bulk sample 
with a concentration equal to the one at position Xo, and 
ex, a factor correcting for the current spreading. The 
correction factor a will depend on (i) the shape of the 
carrier profile, (ii) the probe radius, and (iii) the dis
tance to insulating or conducting boundaries. The evalu
ation of the importance of the current spreading effect 
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Figure 7. Nano-SRP correction factors for a homogene
ously doped sample as a function of the distance to an 
ideal conducting (bottom curve) and isolating (top curve) 
boundary. The results were obtained by 3D finite ele
ment device simulations. 

requires a detailed three-dimensional calculation of the 
current distribution around the nano-SRP point contact, 
ultimately leading to a deconvolution algorithm which 
translates the measured resistance profile into the exact 
carrier profile. A 3D device simulation package (DES
SIS, ISE Integrated Systems Engineering AG, Zurich, 
Switzerland) was used to calculate the variation of a for 
homogeneously doped samples as a function of the dis
tance to an ideal conducting or insulating boundary (Fig. 
7). The effect of the probe radius was taken into ac
count by scaling the distance to the boundary with the 
probe radius. Several conclusions can be drawn from 
Figure 7. First of all, the correction factor a seems to 
be limited to values between 0.1 and 2 for reasonable 
distances. Secondly, although the appearance of a 
boundary (in particular, a conductive one) near the 
probe has a strong influence on the value of the correc
tion factor, its effect dies out quickly when the probe is 
moved away from the boundary. Third, decreasing the 
size of the contact radius will decrease the sampling vol
ume, and thus reduce the effect of nearby layers. Based 
on these correction factors, a detailed correction algo
rithm was constructed which allows transformation of 
the measured resistance profile into the exact carrier 
profile (De Wolf et al., in preparation). 

Figure 8a shows the contour lines of a two-dimen
sional concentration profile. The sample used was 
prepared by a double implantation (As: 5 x 1015 

atoms/cm2, 80 keV and P: 5 x 1014 atoms/cm2, 50 keV) 
through a regular stripe pattern (300 nm thick, 0.7 µm 

alternating mask and window) into an n-type substrate 
with concentration 3 x 1014 atoms/cm3. The sample was 
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annealed for 21 seconds at 1020°C. A 3 µm polysilicon 
cap layer was deposited on top of the structure. It took 
about 30 minutes to perform the nano-SRP resistance 
measurements on a 50 nm spaced grid covering an area 
of 2 µm x 0.5 µm. No contour lines were obtained for 
concentrations above 5 x 1017 atoms/cm 3 because the 
particular diamond probe used in this experiment showed 
insufficient conductivity (checked on a Pt sample) limit
ing the dynamic range in this experiment (De Wolf et 
al., 1996). The carrier depth profile, as obtained by 
conventional SRP on a larger structure, is shown in Fig
ure 8b. The result of a dopant selective etch followed 
by AFM topographic imaging of the same structure is 
represented in Figure 8c. The etching conditions 
(HNO3:HF:H 2O 1:3:8 by volume, no light, T = 21 °C, 
10 seconds) expose the carrier profile down to a level of 
1019 atoms/cm3 (Raineri, 1994). From Figure 8, it is 
clear that none of the three techniques (SRP, nano-SRP 
or selective etching) is presently capable of measuring 
the two-dimensional carrier profile, with nanometer res
olution, high sensitivity and over a high dynamic range 
(1014- 1021 atoms/cm3). The conventional SRP technique 
is limited to one-dimensional profiles. The chemical 
delineation combined with AFM imaging provides the 
most visual information but lacks sensitivity and dynam
ic range. The nano-SRP technique is by far the more 
sensitive, quantitative and reproducible of the three, 
although at present, it is limited in spatial resolution by 
the 30-50 nm contact radius required by the force 
threshold, and in dynamic range by the conductance of 
the probe . Elimination of native oxide on the samples 
and further tip improvement will alleviate the minimum 
force requirement and improve the resolution and 
dynamic range. 

Conclusions 

The AFM, equipped with a hard conductive probe 
is emerging as an appropriate tool for the electrical char
acterization of silicon devices. The characterization is 
performed on the cross section of the devices under in
vestigation, allowing measurements inside the device. 
The nano-SRP is a sensitive, easy to quantify carrier
profiling technique. Data interpretation is straight
forward when calibration curves, measured on specially 
prepared samples, are used in combination with a newly 
developed deconvolution scheme. The electrical potenti
al mapping by AFM in the contact mode is a comple
mentary method, providing extra information on the de
tailed functioning of the device. In addition, it is a truly 
scanning technique, providing a combined image of top
ography and electrical potential distribution. The low 
forces required as compared to nano-SRP allow smaller 
contacts and higher spatial resolution ( < 10 nm). 
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Figure 8. (a) Contour lines of a two-dimensional carrier profile measured with nano-SRP. In (b) the in-depth carrier 
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Discussion with Reviewers 

C.-K. Shih: The local potential mapping is very inter
esting. It is nice to see that the potential distribution of 
a pn junction under reverse bias can be mapped out in 
real space. I presume one of the keys to this technique 
is the use of a very high input impedance (10 14 0) volt
meter in order not to disturb the potential distribution by 
the probe itself. The ultimate challenge of this technique 
is to see if it can be used to map out the two-dimension
al potential distribution in an ultra-shallow junction. 
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Unfortunately, the dimension of the device being used in 
this study is rather large, and it is hard to assess the 
ultimate potential of this technique. Please comment. 
D.J. Thomson: Figure 4a is a potential map of a pn 
junction. There is some streaking of the potential in this 
image that seems hard to understand. 
Authors: The experiments illustrate the one- and two
dimensional capabilities of the local potential mapping 
technique. In Figure 4, the probe moved up and down 
over the edge of the sample cross section in the im
planted region, but did not go over the edge in the thick
er, masked region. Potential mapping was severely af
fected by topography in the transition zone between both 
regions, resulting in the streaks. When the scan direc
tion was rotated by 90 degrees, no streaking of the 
potential was observed. 

Ultra-shallow structures demand even more careful 
sample surface preparation and need wires to be attached 
to the different parts of the device in order to apply the 
necessary voltages. Future experiments will help to as
sess the ultimate resolution of this technique, which we 
believe to be limited only by the size of the probe/sam
ple contact. In this work, the contact was estimated to 
have a diameter of 40 nm (by point contact measure
ments on uniformly doped samples). Further improve
ment of the tip geometry is required to reduce this to a 
smaller value . 

D.J. Thomson: What type of current meter was used 
for the measurement of 10-11 A currents in nano-SRP? 
What is the noise level in the measurement of these 
small currents? 
Authors: In the nano-SRP technique, a Keithley 237 
source/measure unit (Keithley Instruments, Inc., Cleve
land , OH) was used with a resolution of 10-14 A. For 
optimum performance, a special test fixture providing 
guarding and shielding should be used . In our setup , 
currents as low as 10-10 A were measured with a noise 
level of 10-11 A. 

C.-K. Shih: I am somewhat confused regarding the dy
namic range of the nano-SRP work. In the measurement 
of the two-dimensional carrier profile on the test device 
(Fig . 8), the authors mentioned that no contour lines 
were obtained for concentrations above 5 x 1017 atoms/ 
cm3 because the diamond probe being used showed in
sufficient conductivity, limiting the dynamic range. On 
the other hand, in their measurement of a one-dimen
sional carrier profile on the epitaxial layer (Fig. 6), they 
clearly show the ability to measure carrier concentrations 
up to 1019 atoms/cm 3 . Please comment. 
Authors : The conductivity of the nano-SRP probes var
ied from probe to probe. Therefore, some of the probes 
were coated with a thin layer of tungsten ( 40 nm), which 
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improved the dynamic range considerably. The particu-
lar probe used for the two-dimensional measurement un-
fortunately was not conducting as well as the one used 
for the one-dimensional work. 

M.D. Johnson: The authors mention scanning tunneling 
potentiometry (STP) as a technique capable of measuring 
carrier profiles, but fail to discuss the fact that this 
technique has been successfully used to measure silicon 
devices. Ultimate sensitivity, resolution, and reproduci
bility should be addressed and contrasted with the work 
of this paper. I believe, like the authors, that to date 
there is no clear winner. 
Authors: Using the scanning tunneling spectroscopy 
(STS) technique (Yu et al., 1996), silicon structures 
such as pn junctions can be characterized by measuring 
localized current-voltage spectra. Qualitative differences 
in measured STS spectra for n-type and p-type material 
were found to be consistent with theoretical simulations 
and are used to delineate depleted layers, n-type and p
type material regions with nanometer-scale spatial reso
lution. A problem encountered while extending the STS 
work to actual profiling is the dependence of the tunnel
ing current on the Fermi-level, rather than on the carrier 
concentration. Since the former scales with the logar
ithm of the concentration, the sensitivity of the STS
approach to subtle profile variations is limited. In the 
nano-SRP technique, the measured resistance linearly 
scales with the resistivity of the underlying material, re
sulting in a high sensitivity and a high dynamic range as 
illustrated by the calibration curves. The ultimate spatial 
resolution of the nano-SRP technique is limited by the 
size of the probe/sample contact. At present, it is not 
clear whether conductive probes can be made with a 
smaller contact radius which are hard enough to with
stand the high stresses involved in the nano-SRP. 

Authors' late addition: The reference mentioned in 
text as "De Wolf et al., in preparation• has now been 
accepted for publication, the bibliographic details are: 
De Wolf P, Clarysse T, Vandervorst W (1998) Quantita
tive nanospreading resistance profiling. J Vac Sci 
Technol B, accepted for the Jan/Feb 1998 issue. 
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