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Abstract: A model for prediction the photostriction effect silicon microcantilevers is
built up based on the fundamentals of mechanics semiiconductor physics. By
considering the spatial distribution and surfacnebination of photoinduced carriers in
silicon, the model interprets the cause of the @induced bending. The results from our
model much more closely approximate the experiniealaes than the former model built
up by Datskos, Rajic and Datskou [1](APL, Vol.73998) No0.16, pp 3219-2321),
represented by the reduction of the error betwedculation and measurement from 25
times to 0.85 times.
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1. Introduction

The so called photostriction effect in semicondrgtgas found in germanium by Figielski in 1961
[2] and in silicon by Gauster and Habing six ydatsr [3]. Similar effects were also found in some
ceramic materials [4] and can be used as photostrictive actuators [5U6GHer that effect, the
photogeneration of free charge carriers (electrand holes) in a semiconductor, results in the
development of a local mechanical strain [1, 7,I8]the late 1990s, Datskos’s team investigated the
photostriction effect in a silicon microcantilevstructure [1, 7, 8]. It was also applied in photon
detection [1, 7, 8] and chemical gas sensing [BfyTconstructed a basic theory of the photostnctio
effect in a semiconductor cantilever structure. ifhessumption was that the density of the
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photoinduced excess carriers was homogeneous imittrecantilever, shown by the average density
they used to calculate photoinduced strain in egust2 and 3 in reference [1, 7, 8]. However, their
theoretical results were about 25 times larger thanexperimental values [1, 7, 8]. In this stubly,
considering the spatial distribution and surfacnebination of photoinduced carriers in silicon, we
have constructed a model for prediction the photiosed deformation in a microcantilever structure.
The calculated results are also compared with Datskheoretical and experimental data.

2. Modeling

Under illumination with light with an energy aboviee band gap of silicon, the lattice in the
microcantilever will be strained as the presencexafss electron-hole-pairs. Different from Dat&kos
assumption of homogeneous excess carriers, we séftpat the light intensity will be reduced along
the depth of the cantilever (x direction in Figdne because of the intensive absorption of phobyns
Si. Therefore, the density gradient of the excesseas causes a strain gradient in the cantilemdr a
thus the bending of the silicon cantilever.

Figure 1. Schematic of a Si microcantilever under incidegtttland the coordinate system
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Assuming that the light intensity at the top suefat the microcantilever is a constala,the light
intensity | along the x direction is as expressg{lo]:

1(x) =1ge™™ (1)

wherea is light absorption coefficient of silicon.
Following Datskos’s deduction, the density of phadoiced excess carriers is given by [10]:

An(x) =l (X)art (2)

wherey is the quantum efficiency ands the life time of the excess carriers in silicon
The photoinduced strain is given by

£(X) = fAN(X) 3
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wherep is the photostriction coefficient. [2]

Derived from equations (1-3), the relationship esw the light and the photoinduced strain can be
written as:

£(x) = Byl gar.e™™ (4)

For a cantilever with a rectangular cross sectiba,deformation curvature of the structure can be
given by [11]

1__M

R~ EI )
_WH?

=5 (6)

where W, H, and | are the width, thickness and the moment of inesfiathe microcantilever,
respectivelyE is the elastic modulus of the cantilever, giveneyy(1-v) with the Poisson’s ratio of
silicon ». M is the bending moment, which is the integral fonsement of the forces (against the
neutral plane) across the cross section of thetstei[11], given by

H/2 H
M= Ee(x)W(%—x)dx— [ EE(X)W(x—%)dx
0 H /2 (7)

= E@nl OW[% Qre)-1 (1—e_”H)}

The maximum displacemedt,.x due to photoinduced carriers can then be writtefl &)

61 0[2 (L+e M )—% (1—e_“H)}L2 ®

H3

In order to compare with Datskos’s expression ference [1, 7, 8], the above equation can be
rewritten as

_ 2a 2
36n1 0[(2 a)+ In(L— a)}l'

(9)

Zmax = H 2
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wherea=1-e" , which is the photo absorptivity of silicon [10kt

o 2
a=2 a+|n(l§a) (10)

By comparing our Eq. (9) with equation (8) in [1],

Z max = slH‘—z” pnmalgl? (11)

Two obvious differences between the two equati@mshe seen. One is that in our equation, there
is @’ but nota as in Datskos’s equation. In equation (10), th&t fiem 2a indicates the effect of the
photo absorptivitya on the part of the microcantilever above the rayitane, while the second item

2a
In(l-a)
denote two different strain generation mechanisras,the density of photoinduced excess carriers i
the cantilever is asymmetrical in our theory whilemogenous in Datskos’s. The other is that in our
Eq. (9), there is no item including the Poissordior as in Datskos’s equation. The reason is that
because photostriction effect directly results acal mechanical strain. That indicates the photo-
induced bending is caused by lattice contractiat,hy stress. Therefore, the elastic modulus of the
cantilever is eliminated from the deformation egurat

Furthermore, the recombination of the photoindueeckss carriers at the top and bottom surfaces
must be considered in the prediction of the deftionabecause the thickness of the microcantilever
as thin as some hundreds nanometers (e.g. 500 rjfr})inThe recombination of the photoinduced
excess carriers has a great effect on the caraesity and thereafter the photoinduced strain. In
addition, the surface recombination velocity isfetént at the two surfaces, which also plays an
important role in the photoinduced bending. From\tewpoint of fabrication, one of the two surfaces
of the microcantilever is formed by etching withugh surface, and the other is formed by the orlgina
polished silicon surface. The surface recombinatielocity at the rough surface is much faster than
that at the polished surface.

Suppose that excess carrier density at the etchefhce equals to 0, while the carrier
recombination at the polished surface can be odhittender this assumption, the bending monidnt
and deflectiorZmax can be approximated as follows.

indicates the effect of the photo absorptiatgn the part below the neutral plaméand a

M:%ammwmﬂ (12)

4 In(1-a)L2
. ozH(2 ) 13

3. Verification of the modd

To verify our model, the calculated results fronr owodel are compared with the theoretical and
experimental data in [1, 8]. The experimental patams are listed in Table 1. It should be noted tha
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the photo absorptivity of silicon was setaa€.95 in [1, 8], which is about ten time largerrihts real
value. From [12], foh=780nm,a can be derived as 0.0952-0.1393 with the lighbgiign coefficient
of silicon in the range of2L0° to 3x10°cm™. In our calculation, we setas the average value of 0.117.
The results shown in Figure 2 are the calculated by Datskos’s model (Eq. 11) and our model (Eq.
13), in addition with Datskos’s experimental data[i, 8]. The experimental data in Figure 2 is
obtained from the fitting line shown [1, 8].

The x ordinate of the plot is power density P iadtef absorbed power used in [1, 8] because we
have to put theoretical data wikr0.95 anda=0.117 both in the plot for comparison. Power dgnii
is given by =1,hC/A, whereh is Planck’s constant an@ is the velocity of light. The y ordinate
shows the maximum deflection on a logarithmic scale

Tablel. The experimental conditions in [1, 8]

L W H A a
100pm 20pm 500nm  780nm 0.95

From the figure, higher accuracy of our model igiobs. Fora=0.117, our theoretical data is 0.85
times the experimental one, while the results fidatskos’s model are about 25 times wiae0.95
and 3 times when=0.117 larger than that they measured. The difterdretween our calculation and
the experimental data most likely comes from treuagption on the carrier recombination velocity of
the top and bottom surfaces of the microcantilever.

A Theoretical results from Dastkos's model with ¢=0.117
v Theoretical results from Dastkos's model with a=0.95
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Figure 2. Theoretical results from our model wigx0.117 and from Datskos’s model
with a=0.95 andh=0.117, and the experimental data in [1, 8].
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4. Conclusions

In summary, we have introduced a model to calculiie photoinduced bending of a Si
microcantilever, based on the theory of the gradanphotoinduced excess carrier and the carrier
recombination at the two surfaces of the microtewdr. The result from our model is 0.85 times that
of the measurement, which is much more accurate ttharesults from the former model. It has been
revealed that the photoinduced bending is indugethé gradient of photoinduced excess carrier and
the different recombination velocity between topd &ottom surface on the cantilever.
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