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Scanning Force Microscopy, a non-destructive technique, has been applied to p-n
junctions (i) locate the metallurgical and the electrical junctions; (ii) determine the z-component
and gradient of the stray electric field; (iii) measure the width of the depletion region on the n- and
p-sides; (iv) work out the dopant concentration in both n- and p-sides.
Abstract.

2014

to:

1. Introduction

Semiconductor technology is developing electronic devices with structures in the sub-micrometer
region. A technique capable of testing and characterizing these components is therefore necessary. Scanning Probe Microscopy (SPM) [1], and in particular Scanning Force Microscopy (SFM),
is a powerful technique for the study of any kind of surface, both of electrical conductors and insulators, and its applications are being extended from the imaging of surface topography to the
detection and measure of various other properties, such as electric or magnetic ones. Contactless
techniques, such as SPMs are of paramount importance for device analysis because of their high
lateral resolution and ability to perform measurements in a non-destructive way.
In fact, the working principle of an SFM is independent on the nature of the interactive force
between the sample and the probe carried by the cantilever at its end. The SFM method may be
applied both to form topographic images and to detect magnetic and electrostatic forces. When
the probe is brought at a relatively small distance (typically 20-200 nm) from the specimen surface, the cantilever bends under the action of the extemal (stray) electric field emanated by a
suitable specimen. For a given tip geometry the long range probe/sample interaction controls the
lateral resolution. The use of an electrically conducting tip may provide information about the
surface potential of semiconductors [2], ferroelectric domains [3], localized charges deposited at
the surface of insulators [4] and on the dopant profile in semiconductors [5].
This work reports on some aspects of the investigations on p-n junctions by electric force microscopy (EFM), in particular, on the determination of the dopant distribution at the junction.
Article available at http://mmm.edpsciences.org or http://dx.doi.org/10.1051/mmm:1995147
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Fig. 1.
The

- Electric force topographic image ot the metallurgical junction obtained with a Tapping mode tip.
step’s height is about 300 nm.

2. Instrumentation

The microscope used is a Digital Nanoscope Multimode III AFM which has been operated in the
dynamic (Tapping) mode to achieve better sensitivity to electric fields; in addition, the high spring
constant of the Si cantilevers supplied by the manufacturer for the tapping mode renders the cantilever itself less affected by the electrically conducting coating which has to be deposited for EF
Microscopy. The coating was obtained by evaporating a gold film, at an angle of about 45°, while
the cantilever was rotating. The coating obtained in this way gives good electric performances.
The optimum thickness was found to be in the region of 20 to 50 nm. The cantilevers were always used earthed; their resonance frequency was, on the average, 300 kHz and the maximum
deflection amplitude about 100 nm.
A ±12 V power

supply was used to provide a bias voltage to both the p- and n-regions of the

specimen.
All the investigations were performed on commercially available power transistors (Motorola,
type 2N 3055). The surface of the devices was usually treated with 50% HF to remove the passivating thin oxide layer. Figure 1 shows the topographical step of the metallurgical junction before
removal of the Si02 layer.
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3. Results

3.1 p - n JUNCTION DETECTION. - Even at the lowest possible probe/specimen distance (10 nm,
dictated by the specimen irregularities) it was not possible to detect any leakage field from an un-

biased p-n junction.
By applying a suitable reverse bias voltage V to the junction, it was instead possible to "image"
the stray electric field, as can be seen from Figure 2; the tip and the n-region were earthed and a
negative voltage was applied to the p-region. The profiles of the electric images clearly show an
abrupt change in the proximity of the metallurgical junction. This change is due to the presence
of the electrical junction whose distance from the metallurgical one is about 1.5 ,um, in agreement
with other work performed in an STEM by the STEBIC technique [6]. In addition, on increasing
the reverse bias, both the cantilever deflection and the depletion region increase. The minimum
reverse bias voltage which enabled us to discern the presence of the electrical junction is, in the

present case, 2.5 V
3.2 DETERMINATION OF THE z-COMPONENT OF THE STRAY ELECTRIC FIELD. -The intensity f z and the gradient f’z of the z-component of the force applied to the cantilever by the stray
electric field in any given position (defined by the x-, y-, z-coordinates, z being taken perpendicularly to the specimen surface) are obtained by using the following expression [7]:

where ko 54 N/m is the spring constant of the free cantilever and Q 378 is the quality factor of
the resonance curve. AA, the change in the oscillation amplitude Ao (= 84 nm) of the cantilever,
is the experimental datum provided by the microscope.
In order to find the dependence of fez vs. z (tip to specimen separation) it has been assumed that
the electric field component along z follows an inverse square power law, with z replaced by an
effective distance (z + (3) [8]. Then:
=

=

where a is a scaling factor. The value of (3 has been determined by applying the leàst square
method to equations (1) and (2). It turns out (3
65 nm which is consistent with the value of
=

Ao = 84 nm.
In order to work out the dependence of the z-component of the electric field on z, the following
definition equation is used:

where

q(z) is the probe charge, which depends on the distance tip/sample. q(z) may be found by

assuming the configuration depicted in Figure 3, which shows the tip/sample system as three capacitors connected in series [8] of capacitance Cair, Cox and Cd. Cair is the capacitance of the
condensor formed by the tip (assumed to be spherical) and the natural Si oxide with air as dielectric, Cox is that of the parallel-plate capacitor whose dielectric is the oxide, and Cd refers to
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Fig. 2. - Electron force micrographs of an area of a semiconductor transistor, near a p-n junction, taken
with the oscillation (Tapping) mode. (a) Topographic image. Only the metallurgical junction is visible. (b),
(c), (d), Set of micrographs of the same area as for (a), recorded at constant distance, for three different
reverse bias voltages, 3 V, 5 V and 7 V respectively. The n-region is earthed and the p-region connected to a
negative voltage power supply. The resonance frequency of the cantilever was 298 kHz and the corresponding
(maximum) oscillation amplitude 105 nm. The working conditions were chosen at 298.2 kHz and Ao 84 nm.
To be noted the sharp change of the electrical signal along a line parallel to, and distant about 1.5 film from,
the metallurgical junction, corresponding to the electric junction.
=
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Fig. 3. - Schematic representation of the system tip/transistor as three capacitors connected in series, with
dielectric media air, Si02 and Si.

4.

Experimentally measured intensity of the z-component of the stray electric field above the p-n
the tip/specimen distance z. The experimental points are plotted as squares. The continuous
line represents the z-1trend. The specimen is a power transistor (Motorola 2N3055) and the applied voltage
between n- and p-regions was 0 and -8 V respectively. The probe was earthed (0 V).

Fig.

-

junction vs.

the parallel-plate capacitor Si02/Si-surface, separated by the semiconductor
thickness td. Thus, the effective capacitance C, follows from

depletion layer

of
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Fig. 5.

Topographic image (left) and electric force image (right) of a region containing a p-n junction.
scanning probe is earthed; a reverse bias voltage of +4 V and -4 V is applied to the n- and p-regions
respectively. The topographic image (on the left) shows, practically, only an etched surface; the metallurgical
junction is located at the left of the micrograph, and excluded from the image. A strong electric contrast is
present in the image at the right, which allows an accurate location of the p/n transition region.
-

The

where

S is the "effective" area of the tip given by 203C0R2, dox is the thickness of oxide insulator, and td is
function of de bias V and local dopant volume density [9].
The results are shown in Figure 4. The continuous curve represents the z -1 trend, which is in a
good agreement with the experimental results (indicated by squares) especially in the high range
of z.
a

3.3 DOPING MEASUREMENTS. - Each of the AA electric images (or profiles) of Figure 2 have
been obtained with both probe and n-region earthed, and the p-region at a negative voltage. The
electric field distribution is therefore expected, as it actually happens, to be strongly asymmetrical.
By applying the same reverse bias voltage to the n- and p-regions (but with opposite signs) while
keeping the probe earthed, a different electric field distribution is produced, with a deep minimum
at the n/p boundary.
In this situation the change of amplitude AA as a function of x, for a given z, is of the type shown
in Figure 6 (squares), which refers to a total reverse bias voltage of 8 V applied between the nand p-regions. The experimental points drawn in Figure 6 are, in fact, obtained by averaging the
line scans which form the image of Figure 5 (right). It is clear that the trend is different from those
of Figures 2b, c, d. The depletion region corresponds to the strong change of amplitude, where
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6. - The squares represent the experimental amplitude change DA (averaged over 2 um) of the
cantilever as a function of the probe position along a line (x-axis) normal to, and crossing, the p-n junction.
The experimental data are taken from Figure 5. The p/n boundary is located at the minimum. The width
of the depletion region can be found from this curve. Note the slight asymmetry of the minimum which
indicates a difference in the doping level at the two sides of the p/n boundary (the n-region is on the left).
The continuous line represents the fitted theoretical curve.

Fig.

the force

acting on the cantilever changes rapidly, whereas the two regions outside the depleted
region
represented by a constant amplitude. From the experimental curve of Figure 6, slightly
asymmetrical, it is possible to measure both the total width, W Wn + Wp of the depletion region
and the widths Wn and Wp corresponding to the n- and p-regions respectively. The latter values
are related to the dopant concentrations in the two regions. The trend of the experimental curve
of Figure 6 can be worked out theoretically [9] and the fitting is done by adjusting the values of the
dopant concentrations in the n- and p-regions. The rather good fitting given by the continuous
curve in Figure 6 has been obtained by assuming a donor concentration of 3.0 x 1016 cm-3 for
the n-region and an acceptor concentration of 2.0 x 1016 cm-3 in the p-region. These values are
typical for the type of transistor doubly diffused under investigation. We have estimated that the
accuracy of this method is about 10/15 % and depends mainly on the evaluation of the position of
the boundaries of the depletion region.
are

=

4. Conclusions

It has been shown and confirmed that the scanning force microscope can be used as a nondestructive method to derive some information about semiconductor devices, such as:
(i) the location of the metallurgical and of the electrical junctions. Truly, the passivating oxide layer, 0.2 sum thick, was partly removed from the surface of the device under investigation;
however, the sensitivity of the method is such that an oxide layer of the order of 0.1 lim can be
tolerated. As the miniaturization of the electronic devices proceeds, thinner layers will be used;
(ii) the trend of the derivative of the stray electric field along the z-axis and, with the help of a
model, of the z-component of the stray electric field of a p-n junction. So far a minimum reverse
bias voltage of 2.5 V has been applied in order to increase the detection sensitivity, which helped in
setting the technique; however, the results obtained indicate that the intrinsic stray field should be
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detectable in devices presenting a smooth surface (in particularwith metallurgical junction heights
smaller than 0.1 03BCm). A practical solution to improve the sensitivity would be the application of a
suitable de voltage to the tip; in this way the interactive force between the sample and the probe
increases, thus inducing a greater charge on the tip (see Eq. (4));
(iii) the width of the depletion region on both sides of the p-n junction;
(iv) the dopant concentration in both the p- and n-regions. The latter result is based on an
original method, alternative to the usual and conventional methods of resistivity measurements
and of electron microscope investigations. The new method has the advantage of being simple,
non-destructive and of high resolution. The last two properties are of paramount importance
where the size of the semiconductor devices is beyond the capabilities of traditional methods.
More work is planned in this area on the examination of various materials and levels of dopant
concentration present in commercial devices.
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