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Abstract: This paper theoretically investigates how a Si pn-junction rod offers the potential to develop rotating
motion. An analytical steady state solution of excess carrier concentration of the Si rod is derived from the
continuity equation. The solution is given by a non-linear differential equation. Numerical calculation results
strongly suggested that a 200-um-long Si rod should rotate with the acceleration of ~10° m/s*> under the
illumination of 1 W/cn?. This is very good performance. It is also shown that this performance holds even for
nano-scale rod rotors. It is expected that such rotors will suit various medical test chipsthat have no battery.
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1. Introduction

Micro Electro Mechanical System (MEMS)
technology was proposed in the last century [1-2], and
its fundamental potentiality has been technically and
commercialy examined in various applications [3-5].
Given the old-fashioned technology available at its
introduction, it was simply expected that MEMS
device scale would range from hundreds of
micrometers to few micrometers. However, this
simple expectation has been proven flawed in real
applications because achieving adequate
reproducibility in device fabrication demanded very
fine processing techniques, resulting high production
costs. These technical barriers are missing in the
“Nano-imprint technique” [6] and “3D printer
technique” [7-8]; they were proposed in the 1980s and
1990s, respectively, as advances from the original
MEMS technology. Their advancement continues as
well-known technologies.

http://www.sensorsportal.com/HTML/DIGEST/P_3092.htm

Unfortunately, the demands imposed on MEMS
devices in the health control and medical care fields
are becoming more urgent in various communities all
over the world. The MEMS devices created to meet
requests [9-11], must have better low-power operation
because most of them must work with very small
batteries, not with ac power supplies. In extreme cases,
cord-free operation is required. Such devices need a
built-in battery that is charged by an external energy
source. Although | proposed the advanced Schenkel
circuit for RF-1D applications[12], theidearemainsto
be confirmed in practical applications.

Recently, the author proposed an optical rotor
based on a pn-junction rod [13], and theoretically
predicted its performance [14].

In this paper, the author theoretically examinesthe
performance of the optical rotor in detail. It should
work when irradiated by green light. The fundamental
function and operation of the device are formulated
mathematically based on semiconductor physics. In
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addition, itstechnological potential and scalability are
also addressed.

2. Possible Device Structure and Rotation
Principle

2.1. Possible Device Structure

The Si-based pn-junction rod discussed here is
shown in Fig. 1. It is assumed to have length of 2L,
width of W, and height of H. H is the silicon layer
thickness (ts). The doping level of the p-type regionis
Na and that of the n-typeregion isNp. Thelight comes
illuminates the upper side of the rod with power of Pp,
(W/cm?). It is assumed to be monochromatic light with
wavelength of A; here green light is assumed.

i 3

Fig. 1. pnjunction rod.

When Nyn photons per unit area and per unit time
arrive at the surface of the rod, we have
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The photon energy should be larger than the
bandgap energy of the semiconductor material. The
resulting generation rates of electrons and holes (G
and Gy in units of scm®) are expressed as
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where R is the reflectance and |; is the absorption
length.

2.2. Rotation Principle

A schematic view of the rotor is shown in Fig. 2,
where the pn-junction rotor is located at the center of
the cavity space. It is assumed that the distance from

the center of the rotor to the externa electrode is D.
When the light beam irradiates the surface of the pn-
junction rod, electron-hole generation occurs in both
the p-type and the n-type region. The p-typeregion is
charged positively and the n-type region negatively.
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Fig. 2. Rotation mechanism. A and B denote the electrodes.

When the external electrodes, A and B, are
aternatively biased, the rod will continue to rotate as
long as the rod is irradiated. In order to ensure stable
rotation of the rod, the frequency of the ac voltage
must match the rotation period.

3. Theoretical Base of Rod Rotation

3.1. Carrier Generation and Recombination
under the Light Illumination

The electron generation and recombination process
in the p-type region generally follows the differential
equation shown below.

on,(xt) G- n,(x,t)—ng,
ot " T, @
+n oF +u,F Iy +D n,
P o T o T e

where ny denotes the electron concentration at
thermal equilibrium, G, denotes the generation rate of
electrons, 7, denotes the lifetime of electrons, F
denotes the local electric field, 1 denotes the electron
mobility, and D, denotes the diffusion constant
of electrons.

The hole generation and recombination processin
the n-type region generaly follows the differential
equation shown below.
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where pro denotes the hole concentration at thermal
equilibrium, G, denotes the generation rate of holes, 7,
denotesthelifetime of holes, 1, denotes hole mobility,
and Dy denotes the diffusion constant of holes. Holes
generated in the n-type region flow toward the p-type
region. In the p-type region, the whole holesincluding
those coming from the n-type region must follow the
following continuity equation.

app (X!t) =G _ pp(xlt)_ ppO
ot P T,
X ()
oF ap, 9°p,
—ppﬂp&—ﬂpFW P2

Thelocal electric field follows Poisson’ s equations
as shown below.
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where eisthe magnitude of the elementary charge, and
& isthe semiconductor’ s permittivity.

3.2. Steady State Solutions

At the steady state, we have

a _np(x,t)—npO
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Poisson’s Eq. (7) and Eq. (8) can be approximately
rewritten as

oF e
_&E_:(pp_NA)’ (12)

S
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These approximations are allowed based on charge
neutrality in the system. Eq. (12) means that the hole
concentration in the p-type region is ruled by the sum
of the holes generated in the p-type region and those
coming from the n-type region. Eq. (13) also means
the physical phenomenon for electrons is similar to
that of holes in the p-type region.

First we caculae the steady state hole
concentration in the p-type region using Eq. (12).
When Eq. (12) is integrated, we assume the local
gradient of (pp - Na) isnot so large. Hence, we have

e
=—(p, —Na)Lpp: (14)
Es

where Lpy is the Debye length in the p-type region.
Eq. (11) isrewritten as
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We replace the expression for py(x) with the
following function P(x), which represents the excess
hole concentration.

P(X)= pp(x)— N,—G,7, (16)
The aboveyields
d°P oP oP
Z— -AP—-B —-C,P=0, 17
ox? & ox "ox 1"
2elp,u,
=, 18
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Eq. (17) can be approximately solved for two
cases. Thus we have the following solution for P(x).
See Appendix A.
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We have the following solution for the excess
electron density profile N(x) in the n-type region by
using asimilar calculation.
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where

N(O) = nn(o) - ND _GnTn' (23)
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This expression for the excess electron density
exhibits complementary behavior against the excess
hole density as is shown in the following section.
Excess electron density in the p-type region and excess
hole density in the n-type region can’'t be anaytically
derived from the continuity equation because of its
strong non-linearity. It should be solved numerically
if necessary.

3.3. Force of Rotation

Coordinates to caculate the rotation torque are
shown in Fig. 3. In this system, for simplicity, we
assume that the potential difference of the two
electrodes is constant (Vapm) for —-n< @ <0. The local
force F¢(r) on therod is given by

Mr ( d?@
dFH(I‘) = —Z[FJ dr, (26)

where M is the mass of the rod. An approximate
expression of the force is given by (see Appendix B)
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Fig. 3. Force to induce the rotation of the rod.

4. Simulation Results and Discussion
4.1. Large Devices

Here the caculation results of some key
parameters are shown. It has been numerically verified
that the assumption of alinear approximation does not
result in an appropriate solution. This section,
therefore, adopts a non-linear differential equation for
the numerical calculations. Calculation results of
excess hole distribution in the p-type region of the rod
are shown in Figs. 4, 5 6 and 7, where device
parameters are listed in Table 1 and green-light
illumination is assumed.

Table 1. Control Device Parameters and Material

Parameters Assumed.
Values [units]
Parameters L arge Devices Small Devices
L 100 [pum] 1 [um]
Y 0.1~2 [um] 10 [nm]
w 1[um] 100 [nm]
D 125 [um] 1.5 [pm]
N4, Np 10%5~10 [em9)
Tny Tp 0.01~1.0[pg]
I 0.55 [um]
Vab 1[V]

All simulations for the large devices indicated that
a rod length of tens of microns was most suitable.
Fig. 4 plots the excess hole concentration versus
distance from the rod center for three illumination
power values (Pgh, units of W/cm?). Fig. 5 plots the
same curves but three rod thickness values (H, units of
microns). Fig. 6 plots the same curvesfor three doping
concentration values (Na, Np, unitsof cm®), and Fig. 7
shows the same curves for three carrier lifetime values
(%, B, units of us).
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Fig. 4. Excess hole concentration with parameter
of illumination power.
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Fig. 5. Excess hole concentration with parameter
of rod thickness.
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Fig. 6. Excess hole concentration with parameter
of doping concentration.
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Fig. 7. Excess hole concentration with parameter
of carrier lifetime.

Fig. 4 reveals that excess hole concentration is not
sensitive to the illumination, with is counter to the
expectation. This suggests that very low power
operation is available. Fig. 5 reveals that excess hole
concentration is not sensitive to rod thickness, which
suggeststhat carrier generation is not sensitive to local
variations in rod thickness. Fig. 6 reveals that the
excess hole concentration increases with the doping
concentration, which suggests that care is needed in
designing the doping concentration. Fig. 7 shows that
the excess hole concentration profile is very sensitive
to carrier lifetime as expected. Since poly-Si film is
usually assumed, we must consider the crystallinity of
the film. All these results reinforce the high potential
for Si rod rotation under low-power light illumination.

We also calculated the force of rod rotation using
Eqg. (27). When we assume the parameter values
shown in Table 1, the rotation force is about 10° N.
Since the mass of the Si rod is about 9.2x10 kg, its
acceleration is about 10° m/s%. Since thisvalue is very
large, it is expected that the Si rod will rotate rapidly
even under weak illumination.

4.2. Small Devices

Here calculation results of excess hole
distribution in the p-type region of the scaled rod are
shown in Figs. 8, 9 and 10, where green-light
illumination is assumed. Devices parameters assumed
arelisted in Table 1. In nano-scal e devices, the photon
energy should be larger than the effective bandgap
energy (Ec*) of the semiconductor material; the
effective bandgap energy is larger than the
intrinsic bandgap energy (Eg) [15] because of the
physical confinement.

Fig. 8 reveals that excess hole concentration near
the rotor center is sensitive to the illumination power
because most holes come from the n-type region; this
behavior was not seen in alarge scale rotor [14].
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Fig. 9 reveals that the excess hole concentration
definitely increases with the doping concentration,
which suggests that care is needed in designing the
doping concentration.

Fig. 10 shows that the excess hole concentration
profile is amost insensitive to carrier lifetime in
contrast to the large scale rotor [14].

Thisis agreat merit of nano-scale rotor because a
poly-Si film has a very short lifetime. It is not
necessary to worry about the material quality. All
theseresultsreinforce the high potential for nano-scale
S pn-junction wire rotation under low-power
light illumination.

The force of rod rotation was calculated using
Eq. (27) [14]. When we assume that Va, = 1V,
H =10 nm, =7 = 1 us, Na=Np = 10% cm3, and the
distance of electrode (2D) is 3 um, the rotation force
is about 2.6x10* N. Since the mass of the Si rod is
about 2.3x10*° kg, its acceleration is about 107 m/s.
Since this value is very large, it is expected that
the Si wire will rotate rapidly even under
weak illumination.

It is expected that the device reveals very good
performance. Thus, thisdeviceis applicable asamixer
of chemical solutions in various robots for medical
diagnostics without any internal battery.

5. Conclusions

This paper introduced a theoretica model and
numerical simulations to investigate the potential and
scalability of using a S pn-junction rod as a
mechanical rotor. An analytical, but approximated,
steady state solution of excess carrier concentration of
the Si rod was derived from the non-linear continuity
equation. Simulation results strongly suggested that a
200-um-long Si rod should rotate with the acceleration
of ~10° m/s? under the illumination of 1 W/cm?.

In addition, when we assume that Vy = 1V,
H =10 nm, %=1 = 1 us, Na=Np = 10" cm3, and the
distance of electrode (2D) is 3 um, the rotation force
is about 2.6x10® N. Since the mass of the Si rod is
about 2.3x10°% kg, its acceleration is about 107 m/s%.

Since the above values of acceleration are very
large, it is expected that the Si wire will rotate rapidly
even under weak illumination. This is very good
performance. Thus, thisdeviceis applicable asamixer
of chemical solutionsin various medical test chipsand
medical robots that have no battery.
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Appendix A: Solution of Eq. (17)

When the number of carriers generated is high, the
nonlinear term of Eq. (17) can’t be discarded.

2°P oP
e ApPa——CP 0 (A1)

By multiplying 9P 1o both side, we can integrate
oX

the equation.

el
Since the second term of the left-hand side can’t be

calculated as it is, we partialy integrate the term as
shown below.

aP oP
—dx -C,P? =0 (A2
A"-[ X oX X - ‘ (A2)

jxp‘lp‘lpd
09X oX

{2 2E)P} .[ 282

We replace 327': in Eg. (A3) with the other
oX
expression using Eq. (A2), where we apply the
following approximate relationship by neglecting the
last term of the left-hand side of Eq. (A1) because the
nonlinear aspect of Eg. (17) must be taken
into account.

(A3)

%P oP
~-APZ =0 A4
ox?2 PToox (A4)

Asaresult, we have

oP oP PT A L
—d PP —| -—2p*
-[0 X OX X = [2 oX l 8 o (AS)
Using Eq. (A5), werewrite Eq. (A2) as
oP ) aP A§ "
PP+ 2P
[ax) AP (A6)
-2C.P*(x)+ P, =0,
where
P \? oP
Pooz_[&j +A»P2(0)&
x=0 x=0 (A?)

2
-% P*(0)+ 2C,P(0)
We have the following equation from Eq. (A6).
cciiP 1APP (X)£+/2C,P*(x) - P, (A8)

and then we can have the integration form of Eq. (A8).

dP _ Ay
P?(x)~ P/ 2C;

P?(x) + 2Lﬁ (A9)
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However, the above integration can't be performed
analytically as it is. It is expected that Pgy << Na
because the primary part of P is the hole
concentration around the metallurgical junction.

Therefore we discard the term in Eq. (A9),
which yields
J ,dlzpc =l %dx’
P2(x) iziAP P JP3(X) (A10)

Thisintegration is easily calculated as

P(x)
log ————==|=%J/2C,x+ Ry, (A11)
P(x)£2Y"—"" 2Ce
A
P(0)
Py =logl ———F—=—| (A12)
P(0)+2Y""" if"

Thus we have the solution for P(X) as shown
by Eq. (22).

Appendix B: Force to Induce Rotation
of Photon-irradiated pn-junction Rod

It isassumed that the time-dependent voltage Van(t)
is applied to the electrodes A and B. In Fig. 3, the
excess hole charge (dQp(r)) in the small element with
the length of dr in the n-type region is expressed as

dQ,(r)=eWH|[P(r)+G,z, |dr, (B

where W and H are the width and the height of the
cross-section of the rod. The force component (dFe)
that establishes a rotation torque on the n-type region
of therod is expressed as

eWHV,_ (t)sing

2D (B2)
X[ P(r)+G,z, ]dr,

dF, (r,t) =

Integration of EQ.(B2) vyields the following
rotation force.

eWHV,, (t)siné
2D

XUOL P(r)dr + sz'pL]

F(Lt)=
(B3)

On the other hand, Newton's equation is given by

Mr ( d’0

where M is the mass of the rod. Combining Egs. (B2)
and (B4) yields the following differential equation for
thewholerod.

d’e rdr__eV\/I—|LVab(t):sin6?
dt? MD (B5)
x{P(r)+G,7, +N(r)+G,z,} dr,
where this expression takes account of the excess
charge in the p-type region. Integration of Eqg. (B5)

with coordinate r from O to L gives the
following solution.

(dze]__ZeVVHVab(t)sinH

dt? MD

x{G,7,+G,7,} (B6)
28WHV, (t)Sin@[ (L
e ane UO(N(r)+P(r))dr}

This gives the averaged acceleration factor.

(http://www.sensorsportal.com).
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