134

Journal of Automation, Mobile Robotics & Intelligent Systems

VOLUME 3, N°4 2009

IMPURITY-CONCENTRATION DEPENDENCE OF SEEBECK COEFFICIENT
IN SILICON-ON-INSULATOR LAYERS

Faiz Salleh, Kiyosumi Asai, Akihiro Ishida, and Hiroya Ikeda

Abstract:

We measured the Seebeck coefficient of P-doped ultra-
thin silicon-on-insulator (SOI) layers with thicknesses of
6-100 nm. The dependence of the coefficient on the impuri-
ty concentration was investigated, and was shown to be in
good agreement with that of bulk Si. In addition, it was
found to decrease with increasing impurity concentration,
as is usual in semiconductor materials. However, for doping
levels above 3.5x10% cm?, the Seebeck coefficient was ob-
served to increase. This is likely to be due to the influence
of an impurity band.
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1. Introduction

In recent years, thermoelectric devices have attracted
considerable attention due to their ability to produce
electric power from waste heat, and as a means of tack-
ling issues related to global warming problem. In addi-
tion, it is expected that such devices can be utilized in
noiseless, vibration-free refrigerators with zero green-
house gas emission. In the present paper, we investigate
the Seebeck coefficient S of P-doped ultrathin silicon-on-
insulator (SOI) layers from the viewpoint of refrigeration.
Such a thermoelectric material can be used as a cooling
system for Si-based devices such as central processing
units (CPUs) or field emission displays (FEDs).

2. Experimental
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fig. 1. Schematic diagram of the apparatus for Seebeck
coefficient measurement.

A schematic diagram of our experimental setup is
shown in Fig. 1. Two gilded Cu-plates were placed side by
side with a gap of 1 mm between them. Resistive heaters
were placed beneath the plates and could be heated
individually. The sample for measuring was placed across
the gap, in contact with both of the plates. Therefore, by
controlling the heater current, a temperature difference
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could be produced in a plane parallel to the sample sur-
face. A couple of probes and two K-type thermocouples
were directly attached to the sample surface. The time
evolution of the thermoelectromotive force was measu-
red by a digital multimeter (KEITHLEY 2700) equipped
with a switching module (KEITHLEY 7700), simultaneo-
usly with the temperatures at the high- and low-tempe-
rature regions. The Seebeck coefficient was evaluated
from the thermoelectricmotive force (AV=V,-V,) and the
temperature difference (AT=T,-T,) by S=AV/AT.

The SOI wafer consisted of a top Si layer (SOI layer),
a buried oxide (BOX) layer and a p-type Si substrate, and
it was cut to a size of 10x10 mm?. The SOI layer was thin-
ned to a thickness of 6 nm to 100 nm by repeated thermal
oxidation and HF etching. P atoms were doped into the
SOI layer by thermal diffusion to produce an n-type Si
layer. The impurity concentration ranged from 2x10" to
5x10* cm, determined by a four-probe method at room
temperature. The thickness of the BOX layer was 400 nm
and the impurity concentration of the p-type Si substrate
was~10"cm?3.

3. Results and Discussions

An example of the absolute value of Seebeck coeffi-
cient of the SOI wafer is shown in Fig. 2, as a function of
temperature. From this figure, the Seebeck coefficients
obtained during increasing and decreasing temperature of
300-400 K are identical. This indicates that the measured
Seebeck coefficient is valid. The Seebeck coefficient in
this temperature region is nearly constant. Therefore, the
average value of Seebeck coefficient can be estimated
from the gradient of the graph of thermoelectro-motive
force vs. temperature difference.
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Fig. 2. Absolute Seebeck coefficient of SOI wafer measured
during increasing and decreasing temperature as a function
of temperature.
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The absolute value of the average Seebeck coefficient
of the SOI layers is shown in Fig. 3, as a function of im-
purity concentration. The numbers adjacent to our SOI
data indicate the SOI layer thickness. In this figure, the
results for n-type Si wafers obtained from our measure-
ments and reported in the literature [1]-[3] are also
shown. The solid line is the theoretical Seebeck coeffi-
cient obtained from our calculations based on the elec-
tron transport [4]. From Fig. 3, the values of the Seebeck
coefficient appear to lie on a curved line (indicated by
a broken line in Fig. 3) and to be independent of the SOI
layer thickness. In addition, the values for bulk Si wafers
are very similar to those for SOI layers, which implies that
a Si film as thin as 6 nm has the same Seebeck coefficient
as a Si wafer. Hence, this facts suggests that an ultrathin
Si Film with a nanometer-scale thickness can replace the
bulk Si thermoelectric material.
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Fig. 3. Absolute Seebeck coefficient of SOI wafers as a func-
tion of impurity concentration. The Seebeck coefficient of Si
wafers obtained from our measurements and reported in the
literature [1-3] are also shown. The solid line represents the
calculated value and the broken line is an eye-guide.

Below 2x10% cm?, the absolute value of the experi-
mental Seebeck coefficient of SOI layers decreases with
an increase in the impurity concentration, as is generally
seen in semiconductor materials [5]. However, as seen in
the figure, the theoretical curve does not fit well to the
experimental data. This is considered to be due to the in-
fluence of phonon drag originating from momentum tran-
sfer from the phonon system to the electron system by
electron-phonon scattering [2]. The influence of such
phonon drag is known to become weak at high impurity
concentration [2]. On the other hand, SOI layers with im-
purity concentrations above 3.5x1010" cm are found to
exhibit unusual behavior in their Seebeck coefficients.
Theinset in Fig. 4 shows a magnified graph of this region.
It is clearly seen that the absolute value of Seebeck coef-
ficient increases with increasing impurity concentration.
Since phonon drag is no longer significant at these impu-
rity concentrations [2], additional factors such as the in-
fluence of an impurity band must be considered [6].

In order to confirm the influence of an impurity band,
the density of states (DOS) was calculated for highly-do-
ped bulk Si, based on a Baltensperger model [7]. This mo-
del assumes a regular close-packed lattice built of hydro-
gen-Llike impurities where the Schrodinger equation is sol-

ved inside a sphere occupied by an impurity atom. The
impurity band width AE is defined as the energy diffe-
rence between the band edges obtained from boundary
conditions for the wave functions. After obtaining the
band width, a Gaussian curve is used to represent the ac-
tual DOS across the impurity band, with the maximum ly-
ing at the energy level corresponding to the original im-
purity level [8]. We can express the impurity concentra-
tion N, as

AEN, _ N,
2N216

where G is a parameter characterizing the extent of the
Gaussian function. This expression corresponds to assu-
ming that the Gaussian function has a triangular shape
with a base of AF and a height of N,/\N2ntG. The DOS func-
tion for the impurity band can then be represented by
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where £, is the donor level and the conduction band edge
E.is set to zero.
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Fig. 4. (a) Density of states calculated for an impurity con-
centration of N,=5x10", 5x10%, 5x10" cm?, based on the
Baltensperger model, and (b) calculated Fermi energy and
impurity-band DOS at the conduction-band edge as a func-
tion of impurity concentration. The ionization energy is set
to E,=44 meV for phosphorus atoms and the Fermi energy is
evaluated from the charge-neutrality condition.

The wave function includes the confluent hypergeo-

metric series F(l+1-n, 2l+2; 2r,/na,) in the hydrogen-like
model [7], where g, is the Bohr radius and r, is the mean

Articles

135



136

Journal of Automation, Mobile Robotics & Intelligent Systems

VOLUME 3, N°4 2009

radius of the sphere occupied by an impurity atom. The
indices n and [ are the principal and the orbital quantum
numbers, respectively. In this paper, the impurity band
width is computed under the condition that the principal
quantum number n is approximately equal to unity for (=0,
which corresponds to a 1s band [9]. Figure 4(a) shows the
calculated DOS for N,=5x10", 5x10%, 5x10% cm?, in the
case of P atoms (E,=-44 meV).

The Fermi energy for, N;=5x10% cm™ evaluated from
the charge-neutrality condition, is also indicated by an
arrow. Below N;=5x10"® cm?, it is likely that the DOS over-
lap between the impurity band and the conduction band
is very small. On the other hand, for N,=5x10% cm?, the
DOS overlap becomes significant and the Fermi energy lies
near the conduction band edge £, The impurity band
undoubtedly influences the Seebeck coefficient at higher
impurity concentration since the Seebeck coefficient is
strongly dependent upon the DOS distribution around the
Fermi energy [10].

The calculated Fermi energy and the impurity-band
DOS at £, are shown in Fig. 4(b) as a function of impurity
concentration. The values of £, for P atoms and £, are also
shown in this figure. It is clearly seen that the Fermi ener-
gy rises with increasing the impurity concentration and
crosses the maximum of the impurity band DOS (£,) at
N,=5x10" cm™. In addition, the impurity band DOS at an
energy of £, also abruptly increase above N,=5x10" cm=.
These facts indicate that above N,;=5x10% cm?, a conti-
nuous distribution in DOS is produced by the overlap bet-
ween the impurity and the conduction band. The range of
impurity concentrations where the DOS distribution dras-
tically changes is in good agreement with the region of
abruptincrease in the Seebeck coefficient shown in Fig. 4.
Consequently, the complicated band structure in heavily
doped Si, which is quite different from that in weakly do-
ped Si, may be the origin of the Seebeck coefficient en-
hancement at higher impurity concentration.

4. Conclusion

We have investigated the Seebeck coefficient of SOI
layers thicknesses of 6-100 nm and found it very similar
to that of bulk Si for SOI layers above 6 nm. An enhance-
ment of the Seebeck coefficient was observed at higher
concentrations (N,=1x10% cm?). This phenomenon is be-
lieved to be related to the formation of an impurity-band,
and based on calculations of the impurity-band DOS, its
influence is likely to be significant above ~1x10% cm?,
which is consistent with the experimental result.
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