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Abstract

Measurable electrical signal is generated when a gas flows over a variety of solids, including doped semiconductors, even at the modest speed
of a few meters per second. The underlying mechanism is an interesting interplay of Bernoulli’s principle and the Seebeck effect. The electrical
signal depends on the square of Mach number (M) and is proportional to the Seebeck coefficient (S) of the solids. Here we present experimental
estimate of the response time of the signal rise and fall process, i.e. how fast the semiconductor materials respond to a steady flow as soon as it is
set on or off. A theoretical model is also presented to understand the process and the dependence of the response time on the nature and physical
dimensions of the semiconductor material used and they are compared with the experimental observations.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The recent finding on the phenomenon of flow induced
voltage generation on semiconductors [1] is an interesting obser-
vation in terms of basic physics and its potential applications. It
was reported that a gas flow at modest speed of few meters per
second over a variety of solids generates finite voltages across the
solid sample. These classes of solids include single and multi-
walled carbon nanotubes, graphite and doped semiconductors.
The underlying mechanism is a nice interplay of Bernoulli’s
principle and the Seebeck effect.

When a steady flow passes over an inclined surface, the flow
velocity (v(x)) along with the length (x) on the surface measured
from the leading edge varies as a power-law in x, v(x) ~x™,
where the index m depends upon the angle (0) of inclination
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(for =45°, m=1/3) [2]. The velocity difference between the
leading edge and the rare end on the solid surface produces a
pressure difference (AP) due to Bernoulli’s principle. Pressure
difference along a streamline over an inclined plane gives rise
to temperature differences (AT) across the sample due to the
equation of state in incompressible gases (AP/P= AT/T, P and
T being the absolute pressure and temperature, respectively).
This temperature difference produces a finite voltage (V) due to
Seebeck effect, V=SAT, S being the difference in the Seebeck
coefficients of the semiconductor and the metal with which the
electrical contacts are made. The electrical signal depends on the
Mach number M as V~ M?, where M = ulcs, u is the gas flow
velocity and c; is the sound velocity in the gas.

In the present work, we report the measurement on the
response time of the flow induced signal generated across the
semiconductor materials to a steady flow. The response time is
a measure of the promptness of the flow induced signal to fol-
low the onset or offset of the steady flow. This is an important
parameter in terms of the flow-sensor design. Here, we present an
estimate for the response time and its dependence on the geom-
etry and material property of the semiconductor used, followed
by a theoretical understanding of the process.
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Fig. 1. Schematic of the experimental setup. se: sensor material, M: metallic

mount, C: connecting wires, V: multimeter, S: shutter, D: flow duct, R: flowmeter.
The arrows show the flow velocity.

2. Experimental details and results

The experimental setup [Fig. 1] consists of a flow duct (D)
which is connected to a Nitrogen Gas cylinder. The flow rate
is measured with the help of a flowmeter (R). The sensor (se)
attached to a metal mount (M) is placed in front of the open end
of the flow duct at an inclination of 45°. The sensor se is sep-
arated from the metal mount M with electrically and thermally
insulating adhesive material. A mechanical shutter (S) is placed
between the flow duct and the sensor to set the flow on and
off. The shutter response time is calculated to be <30 ms. The
connecting wires (C) are soldered to the two ends of the sensor
material (se) with indium and connected to the Keithley 2000
multimeter. The data acquisition rate is 100 Hz. Experiments
are done with semiconductors of different physical dimensions
(length (L) x width (w) x thickness (/)), e.g. n-type Germa-
nium (Ge) (6 mm x 3 mm x 1.2 mm, conductivity o = 10/Q2—cm,
S=-548uVIK), n-type Silicon (Si) (6 mm x 3 mm x 0.6 mm,
o =100/Q2—cm, S = —450 V/K) and n-type Bismuth Tellunde (n-
BiyTe3, o =1000/Q2—cm, S=—190uV/K) (area S mm x 4 mm)
samples of three different thicknesses (/=0.95, 1.2 and 1.5 mm).
In these sets of experiments, only n-type semiconductors are
chosen but the flow induced electrical signal generation is
observed both on n-type and p-type semiconductors and are
reported in Ref. [1].

The mechanical shutter sets the flow on and off when
required. The rise and the fall of the signal voltage is measured
with time as soon as the flow is set on and off, respectively. Typ-
ical data obtained from the experiment on a Bi;Te; sample is
shown in Fig. 2 (for rise) and Fig. 3 (for fall).

3. Theoretical model

The theoretical understanding behind the growth and the
decay process of the signal voltage is due the heat conduction
from the gas to the solid. Fig. 4 shows the schematic of the flow
and temperature profile on the semiconductor when the flow is
set on. The temperature (7) of the flow in steady state near point
A and B are given by Tf (va) and T]{ (uB), respectively. Area
‘a’ on the top surface is the region where the electrical contact is
made and is assumed to be same for the contact at both ends A
and B. The thickness of the semiconducting material is . When
the flow is set on, the solid comes in contact with the tempera-
ture gradient generated in the flow due to the velocity gradient
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Fig. 2. The rise in the signal in a Bi;Te3 (/=1.2 mm) sample is plotted against
time for different mean flow velocities. The legend that represents each dataset
for different flow velocities is described in the figure. The solid lines are fit to
Eq. (7) to respective dataset. The inset shows the fitting parameter V, plotted
against M.
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Fig. 3. The fall in the signal in a Bi;Te3 (/=1.2 mm) sample is plotted against
time for different mean flow velocities. The legend that represents each dataset
for different flow velocities is described in the figure. The solid lines are fit to
Eq. (10) to respective dataset. The inset shows the fitting parameter Vj plotted
against M2,

(v(x)) and the gas acts as a temperature bath for the solid. The
temperature in the solid rises and comes in equilibrium with the
flow temperature. As the Seebeck voltage is generated due to the
temperature difference (A7) at two ends of the solid, the follow-
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Fig. 4. Schematic of the sensor material under steady flow from A to B (arrows).
Temperatures at different regions are shown in the figure. T : (UA)(Tér (up)) is
the temperature of the flow near end A(B) for a velocity va (vp). Tlf (1) (Tg (1))
is the temperature of the solid at time ¢ at end A(B). u(x) is the velocity profile
on the solid as a function of length, x.
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ing model only takes into account the temperature rise process
at two ends of the solid.

The temperature (7) inside the material at end A and B varies
with time (¢) and they are given by T;f (¢) and Tg (1), respectively.
Tf (1) is given by the heat conduction equation

dTR (1) N dT3 (1)
d

laC —
pa T

ey
where pla is the mass of the material at end A, p is the density of
the material, Cis the specific heat of the material, A is the thermal
conductivity of the solid, «; is the coupling factor which takes
care of the fact that a certain fraction of the heat that enters
into the material is used for the temperature increase and the
remaining part is diffused over the rest of the solid. For a small
temperature gradient across the gas and the solid interface, it is
assumed to be linear as

dT3 (1) N T3(t) — TE(ua)

di ! @

with this assumption Eq. (1) simplifies into
RO Kih g F kih g F
at = —%[TAU) — T (va)] = —IT[TA(I) — Tp (va)l
3)

where £ is the thermal diffusivity of the material (h=2A/pc).
Solution to Eq. (3) with the initial condition T/f (t=0)= Tamp

(Tamp being the ambient temperature without flow) gives the
temperature rise profile at end A as

_ 2
T(0) = TX (A) = [T () = Tample™ """ “
similarly temperature at end B rises as

_ 2
T§ (1) = Tg (vB) — [T§ (UB) — Tample™!"/! (5)
temperature difference between two ends A and B rises as

_ 2

TR() — Tg (1) = [T (va) — T (vp)I(1 — e 1"/ ©6)
hence, the Seebeck voltage developed across the material is

V(1) = kSITE (up) — T (up)1(1 — e <111y = V(1 — et/
©)

where k is a coupling factor which depends upon the specific
interaction between the flow and the solid surface [1,3]; Vo,
the steady state response voltage of the sensor is kS [Tf (va) —
T{ (vg)]and ) = 2/l is the time constant of the exponential
rise process. 71 is considered as the response time of the process
(rise time). The first order exponential rise function Eq. (7) is
fitted to each set of data recorded at different flow velocities in
Fig. 2.

Similar treatment is done for the fall in signal voltage when
the steady flow velocity is set off. Fig. 5 shows the tempera-
ture profile on the semiconductor when the flow is set off. The
temperature on the surface of the solid comes to the ambient tem-
perature and the solid loses excess heat to the ambience. With
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Fig. 5. Schematic of the sensor material and temperatures at different region are
shown in the figure when the flow is set off. T/f (t)(Tg (1)) is the temperature of
the solid at time ¢ at end A(B). Tamp is the ambient temperature over the solid
surface when the flow velocity (v(x)) is zero.

an assumption similar to Eq. (2) the heat conduction equation is
written as
d73(1) TR = Tamo

dr [
where k» is a coupling factor similar to «1. The solution to Eq.
(8) with the necessary initial condition TAS(t =0)= T/f (va) is
given as

—plaC —KoA 3

— 2
T3(t) = Tamb + [TE (UA) — Tample™2"/! ©

Hence, the Seebeck voltage developed across the solid is given
by

V() = kSITS (ua) — TE (up)le /7 = Voe /™ (10)

7o =Plhicy is a quantity similar to 7 and is considered as the
response time of the process (fall time).

4. Conclusions

Measurements are done for the rise time on n-Ge, n-Si, n-
BiyTes and for the fall time on n-BixTes of three different
thicknesses. Fig. 6 shows the values of the rise time and fall
time for different materials used at different flow velocities. In
Fig. 2 and Fig. 3, the inset shows the parameter Vj obtained from
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Fig. 6. Response time for different materials at different velocities. Rise
time (7r;) half shaded circle: BiyTes (1=0.95mm); inverted triangle:
BixTes (1=1.2mm); half shaded star: BipTes (1 =1.5mm); open circle: Ge
(1=1.2mm); solid circle: Si (1 =0.6 mm); fall time (77) circle with cross: Biy Tes
(1=0.95 mm); open hexagon: BixTes (1 =1.2 mm); square with cross: BiyTes
(1=1.5mm).
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Table 1
Material parameters and measured response time

Material A (m2/s) [4]  [(x1073m) 11() T12(s) K K2
n-Ge 35%x107° 12 014 - 029 -
n-Si 0.9 %1073 0.6 0.11 - 036 -
n-BiyTe;  29x1075  0.95 0.18 0.63 0.17  0.05
n-BisTe; 2.9 x 1073 1.2 0.23 0.81 020  0.06
n-BiyTe; 2.9 x 1073 15 0.37 0.94 021  0.08
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Fig.7. Variation of t1 and t, with /2. Solid circle and square represents the values
of 71 and 77, respectively. The solid lines are the linear fit to the respective data.

the fitting of Eq. (7) and Eq. (10) to the respective dataset plotted
against M? and dependence is linear as expected from Eq. (1).
Table 1 shows the values of t; and 1, for different materials and
hence the values of x| and «; are calculated which are in good
agreement with each other for three n-Bi Tes samples of differ-
ent thickness. From the theoretical analysis it is expected that
the response time is dependent on the thickness of the solid as
T~ 2 and Ty~ 2. The measured values of 71 and 15 for three
different thicknesses of n-BiyTes are plotted against /> (Fig. 7)
and the linear dependence is evident.

The agreement between the experimental results and the the-
ory outlined above gives an understanding of the temperature,
hence signal rise and fall process across the semiconductor mate-

rial. It also gives an estimate for the response timescale of the
materials. The rise and the fall processes are first order exponen-
tial processes. The theoretical model predicts that the response
time is inversely proportional to the thermal diffusivity (/) of
the material. The rise time for a given material is always less
than the fall time. Thickness of the material has a crucial role in
determining the response time and the dependence is shown in
Fig. 7 which is also supported by the theoretical model.
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