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Abstract

Semiconductor materials are widely used in electronic industry but their electrical characteri-
zation remains complex to estimate without a good model. It has already been shown that an
elasto-electric coupling can be used to directly and non-destructively probe the electrical properties
at the external interfaces of semi-conductor structures. In this paper it is shown that such a cou-
pling can also be used to probe the inner interfaces of semi-conductor structures. This capability is
demonstrated by using a specific semi-conductor structure including a buried silicon p-n junction
720 um away from the external electrodes. The signal generated by the elasto-electric coupling
clearly shows separately the electric field at the electrodes and at the buried junction. The con-
tact potential at the buried junction estimated from the measurements is in accordance with the
semiconductor doping. This makes it possible to use an elasto-electric coupling for the complete

characterization of semiconductor structures.

* Corresponding author: stephane.hole@espci.fr



I. INTRODUCTION

Semiconductor materials are the basic elements of one of the largest industries in the
world: the electronic industry. Since the early days, many studies have been carried out to
understand the electrical properties of such materials in order to improve on performances
[1]. Characterizing these electrical properties requires measurement methods, for instance
the measurement of the capacitance or of the current as a function of the applied voltage.
These measurement methods are referred to as C-V and I-V methods respectively [1, 2|.
They are easy to use, relatively cheap and their experimental results can be rapidly ob-
tained. Knowing the signal, it is possible to reconstruct the trapped charge distribution
through the material which is a very important information since it controls the device be-
havior. Indeed many electrical properties of semiconductor materials directly depend on
the trapped charge density such as the conductivity [1, 2|. However, the characterization
of semiconductor materials with C-V and I-V methods requires an electrical model of those
materials. It is indeed necessary to know the law linking the charge distribution with the
capacitance, current and voltage. Therefore these measurement methods are only efficient
for well known materials, for control purpose for instance, but are not well adapted for
studying new materials since it would require a lot of samples for testing assumptions which
is time consuming and very expensive. Moreover the voltage sweep applied during measure-
ments prevents the characterization of semiconductor materials and structures in their real

operating conditions.

Direct methods exist for the measurement of space charge distributions. They are mainly
used for the characterization of insulating materials under high voltage stress or electron
beam irradiation [3, 4]. They consist of directly perturbing the charges in the material,
either by a local thermal or mechanical perturbation or by a pulsed electric stress. The

induced signal then gives an image of the charge distribution [5, 6].

Some of these measurement methods have already been used for the characterization
of semiconductor materials [7-9]. Though the spatial resolution is not yet sufficient to
distinguish the fine structure of the charge profile, it has been shown that they already
give precise information [8] and allow measurements under real operating conditions [10].
Contrarily to insulating materials, semiconductor materials contain a lot of mobile carriers.

When the material perturbation used to probe the sample acts on the trapped charge density



during the measurement, the mobile carriers of the semiconductor rearrange themselves as to
cancel the electric field far from the material perturbation. The distance on which the electric
field is canceled is called the screening length A and is of the order of tens of nanometers in
semiconductor materials. Close to the interfaces, that is to say at a distance smaller than
A, the screening is not complete and a signal is produced [8, 10]. However far from the
interfaces, it was not clear whether a signal could be obtained.

In this paper it is shown that a signal can be obtained from a semiconductor bulk, in
particular at a buried junction, by using an elasto-electric coupling. In the first section the
Pressure-Wave-Propagation (PWP) method, which is an elasto-electric coupling method for
measuring space charge distributions, is briefly introduced. In the second section the sample
is described and validated as to prevent signal misinterpretations. In the third section, results

are exposed and discussed before conclusion.

II. PWP METHOD PRINCIPLE

The Pressure-Wave-Propagation (PWP) method [6, 11] is an elasto-electric coupling
method for the direct and non-destructive electrical characterization of insulators. An elas-
tic wave is transmitted to the material to be tested. During its propagation at the velocity
of sound, the elastic wave moves the trapped charges encountered which generates in turn
an electric signal between adjacent electrodes. When the elastic wave is a unipolar pressure
pulse, it locally moves the charges encountered at a speed OJu/0t, where u is the mate-
rial displacement produced by the pressure pulse. Under short-circuit conditions, the local
charge displacement gives birth to a current pAdu/0t, where p is the charge density at the
position of the pressure pulse and A is the sample tested area. As a result, the short-circuit
current at a time t is proportional to the charge density at the position x of the pressure
pulse inside the sample, time and position being simply connected by the velocity of sound
vs. Under open-circuit conditions however, the current is prevented to flow. Hence, each
charge displacement since the entrance of the pressure pulse inside the sample produces an
electric field variation dE = pu/e, where € is the permittivity. As the associated voltage
variation appearing across sample is proportional to the integral of d ' over space, it is also
proportional to the integral of the charge density over space and therefore to the electric

field at the position of the pressure pulse. That is illustrated in Figure 1.



As a measured signal can be the image of the charge density or of the electric field, it is
important to check the measurment conditions prior to any analysis. For that purpose, a
resistor R is added in series with the sample before the amplifier (see the difference between
figures 2a and 2d). As a consequence the cutoff frequency of the measurement system is
shifted toward a lower frequency (see the difference between figures 2b and 2e, and between
figures 2c and 2f). If measurements are carried out in open-circuit conditions, the signal is
multiplied by the factor of the bridge made by the resistor R and the 50-2-input impedance
of the amplifier. If measurements are carried out in short-circuit conditions, the signal has
the same amplitude because R is in the current loop. Eventually the signal can slightly
change in shape due to the modification of the cutoff frequency.

In this study the pressure pulse is generated by the impact of a high-power nanosecond-
duration laser pulse (100 MW during 5 ns) that strikes an aluminum target acoustically
coupled with phenyl salicylate to one side of the vacuum deposited electrodes of the sample.

Sample electrodes are connected to an oscilloscope via a 50-(2-input-impedance 400-MHz-

bandwidth 40-dB amplifier.

III. SAMPLE PREPARATION AND VALIDATION

Samples consist of two differently doped semiconductor wafers bonded together and vac-
uum deposited electrodes on both external faces. This sample structure presents thus 3
junctions, a Schottky junction at both external interfaces and a p-n junction in the bulk
of the sample. It is thus a convenient structure to assess the detection capability of the

elasto-electric coupling measurement technique.

A. Sample preparation

Two 720-pm-thick silicon wafers, one n-doped (4 to 7€ /cm) and the other p-doped (1
to 50€/cm) are bonded together by molecular bonding [12]. As a consequence a buried
junction is created 720 um away from the external interfaces. A thermal treatment at 900°C
is used to produce Si-Si covalent bonds. After the thermal treatment, the bonded wafers are
cut into 25 mmx25 mm pieces and 20-mm-diameter aluminum or platinum electrodes are

vacuum deposited by sputtering on each side.
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B. Sample validation

It is necessary to ensure that an elastic continuity exists at the buried junction between
the two bonded wafers. Indeed any elastic discontinuity would result in wave reflection and
thus could prevent a clear and definitive interpretation of the obtained signals. In order to
verify the elastic continuity of our samples, we have used two 50-MHz ultrasonic transducers
(Sofranel VF502FS) acoustically coupled with aqueous gel (Sofranel gel D) on each side of
a sample. Ultrasonic pulses are emitted from one side and received at the other side. Since
elastic discontinuities produce echoes, the delays between the ultrasonic pulses arriving at
the receiving transducers give information on the location of elastic discontinuities. In
the case of an elastic continuity at the buried junction, reflections occur only at external
interfaces. The delay between echoes is then equal to twice the transit time through the
sample (Figure 3a). In the case of an elastic discontinuity at the buried junction, reflections
occur both at external interfaces and at the buried junction. The delay between echoes is
then equal to the transit time through the sample (Figure 3b).

The transit time through the sample can be estimated by successively measuring the
delay of the direct ultrasonic pulse, that is to say the first pulse in the signal, when there
is no sample between the transducers (Figure 4a) and when there is a sample between the
transducers (Figure 4b). Measurements are averaged when there is a sample between the
transducers in order to reduce the noise level and then to detect lower amplitude signals.
Results presented in Figure 4 are similar for all samples. It can be deduced that transit time
At is 171.5 ns and that delay between echoes is twice that transit time. As a consequence it
can be concluded that no significant reflection occurs at the buried junction and thus that
samples are acoustically continuous. Knowing the sample thickness, the velocity of sound
is estimated to vy = 8397m/s, which is consistent with the theoretical values, between

8388.3 m/s in doped silicon and 8432.8 m/s in pure silicon [13].

IV. PWP MEASUREMENTS AND DISCUSSION

Figure 5a shows a PWP signal obtained with one of the samples. It exhibits 3 peaks.
The first peak is generated when the pressure pulse enters the sample. The second peak,

which is about 85 ns after the first one, is generated by the pressure pulse at the buried



Table 1. Peak amplitude in Figure ba, Figure 6a and Figure 6b.

Amplitude (mV) for|First peak|Second peak|Third peak

Figure 5a 327£07] 3.9+£0.7 |294+£0.7
Figure 6a 524+0.7| 494+07 | 6.2+0.7
Figure 6b 6.2+£0.7| 50£0.7 | 3.3£0.7

junction. The third peak, which is about 170 ns after the first one, is generated when the

pulse leaves the sample.

The measurement conditions are determined by inserting a resistor R = 1502 in series
with the sample before the amplifier as illustrated in Figure 2d. The result presented in
Figure 5b clearly shows that measurements are carried out in open-circuit conditions. Indeed
the signal is reduced by a factor 4 which corresponds to the bridge factor coefficient 50/ (504
R) = 0.25. As a consequence, signal has to be interpreted as an electric field distribution,

each nanosecond corresponding to 1ns x vy = 7.86 um in the material.

The first and third peaks in the signal are due to the Schottky diodes made by the metal-
semiconductor interface at both sides of the sample [8]. The second peak, which is clearly
visible, is due to the buried junction. Amplitude of the peaks are reported in Table I. In
order to ensure that the second peak in the signal is not due to an artifact and does not
depend on electrode material, aluminum (Al) is replaced by platinum (Pt) and measurements
are carried out in both directions of the sample, that is to say when the pressure pulse goes

from n to p and from p to n.

It can be seen in Figure 6a that using platinum electrodes instead of aluminum electrodes
alters the interface peak amplitude but not the buried junction peak amplitude (see Table I).
The work function of Pt is indeed larger than the one of Al, which changes the Schottky
barrier at the electrodes interfaces [8]. In addition, when the sample is flipped so that
the measurement is carried out with a pressure pulse propagating in the other direction,
Figure 6b, interfacial peaks do not change but the one at the buried junction does. The
direction of the electric field at the junction has indeed been flipped whereas the symmetry
of the sample structure does not effect the interface structure, i.e. metal first at one side

and metal last at the other side.

The amplitude of the peaks at the interface is proportional to the contact potential be-



tween the metal and the semiconductor because the pressure pulse extent is much larger
than the electric field extent. This contact potential depends on the electrode work func-
tion, semiconductor affinity, semiconductor doping, but also on surface state density (see
section 5.5.1 in [1]). Taking into account the peak amplitudes and the work function of the
electrodes, 4.28 eV for Al and 5.65€eV for Pt [14], and also a surface state coefficient of the
order of 0.36 [8], measurements can be calibrated as (5.65 — 4.28)/(0.36 x (32.7 — 5.2)) =
0.138 eV/mV. The contact potential at the buried junction can therefore be estimated to
0.138 x (3.9+4.9)/2 = 0.61 V. This value can be compared to the one calculated from each
wafer doping using the relation between resistivity and impurity concentration (see sections
1.5.2 and 2.3.1 in [1]). One obtains a concentration from 0.57 to 1 x 10'® cm™ for the n-
doped wafer and from 0.2 to 10 x 10 cm ™3 for the p-doped silicon wafer, which leads to a
contact potential between 0.55 and 0.66 V at room temperature. This is consistant with the
measured results considering doping uncertainties. Notice that an estimation of the contact
potential with the C-V method would have been biased by the interface Schottky diodes in

series with the buried junction.

Thus, it appears that, in contrast with what one may think, the signal is not completely
screened far from the interfaces. In fact when the pressure pulse enters the buried junction,
trapped charges in the space charge region are compressed which results in a variation of
the electric field distribution. However, there is still the same amount of trapped charges
on both sides of the junction and therefore, the electric field remains zero outside the space
charge region. As a consequence mobile carriers do not move, so no screening occurs. And
as the integral of the electric field distribution has changed, a voltage variation is detected
across the sample. This is illustrated in Figure 7. Finally the signal obtained at the buried
junction is an image of the electric field at that junction. Of course the duration of the
pressure pulse is not yet sufficiently short to resolve the fine structure of the electric field
distribution but is already sufficiently short to separate interface and buried junction signals
of the semiconductor structure. It is then possible to characterize independently and at the
same time these regions of the semiconductor structure contrarily to C-V and I-V methods

that give a single signal over the whole semiconductor structure without any discernment.
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V. CONCLUSION

In this paper we have shown that the Pressure-Wave-Propagation (PWP) method can also
be applied for studying semiconductor structures containing buried interfaces. Experimen-
tal measurements have been carried out with p-n junctions made of two wafers molecularly
bonded together. This sample structure has been specifically designed to assess the capabil-
ity of the measurement technique. The elastic continuity of the structure has been tested to
avoid misinterpretation of the PWP signals. Though at 720 ym away from electrodes, there
is no effect of the screening on the buried junction signal which can be directly interpreted as
the electric field distribution through the structure in open-circuit measurement conditions.
The estimated voltage barrier from the signal is consistent with the doping used. Contrarily
to indirect measurement techniques, the elasto-electric coupling measurement method can
discriminate the influence of the various regions of a semiconductor structure. As no elec-
trical model is required, the elasto-electric coupling measurement method already offers a

powerful tool to study new semiconductor materials ans structures.
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Figure 1. PWP method principle. A laser pulse produces a pressure pulse that moves the charges
encountered and induces an electrical signal correlated with the electric field distribution inside the

sample.

Figure 2. Identification of the measurement conditions. (a) Measurement set-up, equivalent circuit
and corresponding frequency response in (b) short-circuit and (c) open-circuit conditions. (d) Mea-
surement set-up with a resistor in series, equivalent circuit and corresponding frequency response
in (e) short-circuit and (f) open-circuit conditions. In open-circuit conditions, the amplitude of the

signal is reduced by the bridge factor contrarily to short-circuit conditions.

Figure 3. Ultrasonic echoes in a position-time diagram. (a) In the case of elastic continuity, the delay
between echoes is twice the transit time At in the sample. (b) In the case of elastic discontinuity,

the delay between echoes is equal to the transit time At in the sample.

Figure 4. Validation tests. (a) Measurement without sample between transducers. (b) Averaged
measurement with a sample between transducers, where At corresponds to the transit time. Echoes

in the sample are separated by twice the transit time.

Figure 5. (a) Measurement of a p-n junction bonded at 900°C with aluminum electrodes. (b)
Determination of the measuring conditions using a 150-Q-resistor in series. The signal is divided

by 4, then open-circuit conditions apply.

Figure 6. Measurements of a p-n junction with platinum electrodes. The pressure pulse propagates

(a) from n to p and (b) from p to n.

Figure 7. Schematic process involved at the origin of the signal generated at the buried junction.
(a) Before the pressure enters the space charge region. (b) The pressure pulse compresses the space
charge region. The electric field distribution is modified but remains zero outside the space charge

region. Mobile carriers do not move (no screening) and a voltage variation v,, is generated.
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Basil Salamé — Figure 2
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Basil Salamé — Figure 3
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Basil Salamé — Figure 5
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