
APPLIED PHYSICS LETTERS VOLUME 73, NUMBER 16 19 OCTOBER 1998
Photoinduced and thermal stress in silicon microcantilevers
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The photogeneration of free charge carriers in a semiconductor gives rise to mechanical strain. We
measured the deflection of silicon microcantilevers resulting from photoinduced stress. The excess
charge carriers responsible for the photoinduced stress, were produced via photon irradiation from
a diode laser with wavelengthl5780 nm. For Si microcantilevers, the photoinduced stress is of
opposite direction and about four times larger than the stress resulting from only thermal excitation.
In this letter we report on our study of the photoinduced stress in silicon microcantilevers and
discuss their temporal and photometric response. ©1998 American Institute of Physics.
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It is well known that absorption of photons by a sol
results in temperature changes and thermal expansion. W
the photon intensity is modulated, it can give rise to acou
waves at frequencies corresponding to the modula
amplitude.1,2 More recently, acoustic signals resulting fro
thermoelastic coupling have been used to obtain photoac
tic images of thin metallic films,2 and the authors discusse
the feasibility of a photoacoustic microscope. When pho
generated charge carriers are introduced in semiconduc
the photoacoustic generation is due primarily to the prese
of excess carriers3 and not due to thermoelastic effects.4

The photogeneration of free charge carriers~electrons
and holes! in a semiconductor, results in the development
a local mechanical strain.3,5 The heating and subseque
pressure buildup has been detected as acoustic waves
conventional photoacoustic techniques.2,4,6

For a semiconductor with a band gap energyeg , the
change in total surface stress due to photogenerated ex
charge carriers,Dn, and changes in temperature,DT, will be
the sum of the photoinduced stress,Dspi , and thermal stress
Dsth , given by,3,5

Ds5Dspi1Dsth5S 1

3

deg

dP
DnDE1aDTE, ~1!

where,deg /dP is the pressure dependence of the band
energy,a is the thermal expansion coefficient, andE is the
Young’s modulus. A hole~in the valence band! decreases the
energy of covalent bonds while an electron adds to the bo
ing ~or antibonding! energy. Sincedeg /dP can be either
positive or negative there can be a competing effect betw
the photoinduced and thermal stress. For example, w
deg /dP is negative, the photoinduced stress is of oppo
sign than that of the thermal stress which will tend to ma
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the semiconductor crystal contract. On the other hand w
deg /dP is positive, the photoinduced stress will tend
make the semiconductor crystal expand.

Assuming a semiconductor cantilever of lengthl, width
w, and thicknesst, the maximum displacementzmax due to
photoinduced and thermal stresses is given by7

zmax'
~12y!l 2

t

deg

dP
Dn1

3~12y!l 2

t
aDT, ~2!

wherey is the Poisson’s ratio. An absorbed power,Fe
abs, of

photons with wavelengthl,lc(5hc/eg) will produce a
number density of excess charge carriers,Dn, given by

Dn5h
l

hc

tL

lwt
Fe

abs, ~3!

whereh is the quantum efficiency,h is Planck’s constant,c
is the speed of light, andtL is the lifetime of the carriers in
the semiconductor. The maximum displacementzmax due to
photogenerated carriers can then be written as

zmax'
~12y!l 2

t S h
l

hc

deg

dP

1

lwt
1

3a

mcp
D tLFe . ~4!

Since the charge carriers can be generated in a very s
time the photoinduced stress can manifest itself much fa
than thermal stress. Of course, the overall change inzmax will
depend on the physical and mechanical properties of
semiconductor. From Eq.~4! we can estimate the relativ
contribution of the photoinduced stress and thermal stres
the bending of Si (eg51.12 eV)8 microcantilevers such a
the one used in the present studies having lengthl
5100mm, thicknesst50.5mm, and widthw520mm. The
amount of photon energy needed to raise the temperatur
a mass of Si equal to 2.331029 g by 1025 K is Fe

abstd

5(Nhn5cpmDT5)1.62310214 J wherecp for Si is 0.702
Jg21 K21. If the photon wavelength isl51.1mm then
8.943104 photons will be required. Therefore, the bendi
il:
9 © 1998 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



r-
en

e

f

du
si

it
se

in
e
e

he
f

T
ne
re
s
ile
ch

he
th
i
b
in

ho-

du-
he

.9

ver.
di-

er
e
the
s.

ate
ani-
im-

ce
nW

sent

ith

the

2320 Appl. Phys. Lett., Vol. 73, No. 16, 19 October 1998 Datskos, Rajic, and Datskou
due to thermal stress iszmax
th 51.39310210 cm. In order to

estimate the bending due to the photoinduced stress we
sume the quantum efficiencyh51 and that the charge ca
riers are uniformly distributed. Then, the carrier number d
sity is Dn58.94631013 cm23. Using deg /dP522.9
310224 cm3 for Si ~Ref. 9! we get zmax

pi 55.19310210 cm
which is about 3.7 times larger than the bending due to th
mal stress for the same power.

In Fig. 1 we calculated the photoinduced deflection o
Si microcantilever with length l 5100mm, width w
520mm, and thicknesst50.5mm as a function of photon
wavelength for an absorbed power of 1 nW. The bending
to photogenerated charges increases linearly with increa
wavelength up to the cutofflc51.1mm.

The bending of microcantilevers can be measured w
high sensitivity using detection techniques commonly u
in atomic force microscopy ~AFM!.10 For example,
Hansma11 and Binnig12 have demonstrated that changes
cantilever bending of 5310212 m can be measured. Mor
recently even smaller microcantilever deflections were m
sured with a resolution of;0.4310212 m.13 We have per-
formed studies on the effect of photoinduced stress and t
mal stress on silicon microcantilevers with dimensions ol
5100mm, w520mm, and t50.5mm. The microcantile-
vers used had a 30 nm Al layer deposited on one side.
bending of such microcantilevers can readily be determi
by a number of means, including optical, capacitive, piezo
sistive, and electron tunneling. In the present studies we u
an optical readout technique for observing the microcant
ver bending. The experimental setup used is shown s
matically in Fig. 2. The location of a probe laser beam~re-
flected off the tip of the microcantilever! is detected using a
position sensitive photodiode in which the bending of t
microcantilever depends linearly on the current output of
photodiode. A narrow bandpass optical filter is placed
front of the photodiode allowing the probe laser beam to
detected while preventing other wavelengths from reach
the photodiode.

FIG. 1. Calculated deflection of a Si microcantilever due to photoindu
stress as a function of photon wavelength for an absorbed power of 1
Downloaded 13 Jun 2001 to 128.219.132.32. Redistribution subject to A
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The microcantilever was exposed to near infrared p
tons from a diode laser with wavelengthl5780 nm and us-
ing a mechanical chopper, the infrared radiation was mo
lated at a frequency of 1000 Hz. In Fig. 3 we show t
temporal response of the Si microcantilever@curve~a!# to the
modulator signal~b!. The absorbed optical power was 3
nW and was calculated usingFe

abs5aabsFe
incAcant/Aspot,

whereaabs('0.95) is the absorptivity of Si at 780 nm,Acant

is the cantilever area, andAspot(51.53 mm2) is the area of
the focused laser beam at the plane of the microcantile
The observed bending is attributed to the fact that the irra
ated side~Si part! of the microcantilevercontractsdue to
photoinduced stress while the Al layer of the microcantilev
will tend to expand. Because of the bimaterial nature of th
microcantilever, after a steady state condition is reached
microstructure will remain bent while exposed to photon
As it can be seen from curve~a! in Fig. 3, the Si microcan-
tilever responds rapidly to incoming photons that gener
charge carriers which, in turn, cause a measurable mech
cal bending. In these experiments, photons continued to

d
.

FIG. 2. Schematic diagram of the experimental setup used in the pre
studies.

FIG. 3. Deflection of a Si microcantilever as a function of time@curve ~a!#
due to photogenerated charge carriers when exposed to photons wl
5780 nm and an absorbed power of 3.9 nW. The dashed curve~b! repre-
sents the signal from the modulator and shows the amount of time
detector was exposed to photons. Curve~c! corresponds to deflection of the
microcantilever due to absorption of 2 nW power of photons withl
51300 nm and is purely due to thermal effects.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



in
e’

ct
an

d
n
n
n

wa

he
.
ns
n

ve
e

l
on
-
r
th
r
ed

oi

i b
he
fe
g

an

h
e

F
r a

ue
a
of

m
a
t

cts
de-
st

ar in-

t of
ith
the
FB

R.

i-

s

hem.

and

ack,

. E.
um.

wer
th

2321Appl. Phys. Lett., Vol. 73, No. 16, 19 October 1998 Datskos, Rajic, and Datskou
pinge on the detector surface for;531024 s, while the
bending reached its maximum value in;131024 s. The
time that the microcantilever reached its maximum bend
corresponds nicely to the lifetime of photogenerated ‘‘fre
charge carriers in Si.

In contrast to the photoinduced effects, thermal effe
have been found to play a role in a slower time scale
have a time constant.1023 s.14–16In order to determine the
effect of the thermal stress under our experimental con
tions, we illuminated the Si microcantilever using photo
with l51300 nm. Since Si is transparent to these photo
we had deposited a thin aluminum coating of 30 nm alo
one side of the Si microcantilever. The absorbed power
estimated usingFe

abs5aabsFe
incAAl /Aspot whereaabs50.01 is

the absorptivity of Al andAAl(5231025 cm2) is the area of
the Al layer. We modulated the infrared radiation for t
1300 nm diode laser at a frequency of 1000 Hz. In Fig
curve ~c! we plotted the measured microcantilever respo
as a function of time due to absorption of 1300 nm photo
for an absorbed power of 2 nW. Of course, the obser
microcantilever bending depends on the difference betw
the coefficient of thermal expansion of Si and Al~bimaterial
effect!. Since Si is transparent to photons withl51300 nm
the Al layer heats up and the thermal stress causes the A
expand forcing the microcantilever to bend in a directi
opposite to that shown in curve~a! which is due to the photo
induced stress. From curve~c! in Fig. 3 it can be seen that fo
1300 nm photons and 1000 Hz modulation frequency,
observed thermally induced bending of the microcantileve
smaller ~over 2 times after correcting for the absorb
power! compared to the photoinduced bending@curve ~a!#.
Furthermore, the microcantilever response to the phot
duced stress@curve ~a! in Fig. 3# is much faster than the
response due to thermal effects@curve ~c! in Fig. 3#.

Sincedeg /dP is negative for Si,9 it is straightforward to
separate the photoinduced from the thermal effects in S
simply observing the direction of bending indicated by t
phase shift of the signal waveform with respect to the re
ence signal. When photons with energies above the band
are used to irradiate the Si microcantilever, Si contracts
deflects in one direction@curve~a! in Fig. 3#. However, when
photons with energies below the band gap are used, bot
and Si will tend to expand and the microcantilever will d
flect in the opposite direction@curve ~c! in Fig. 3#.

We also measured the microcantilever bending due
photoinduced stress as a function of absorbed power. In
4 we plotted the measured bending of a Si microcantileve
a function of absorbed power using a diode laser withl
5780 nm. The microcantilever deflection was primarily d
to photoinduced stress and was found to increase line
with increasing power with a deflection sensitivity
0.099 m/W.

Our present studies demonstrate that irradiating Si
crocantilevers with photons having energies above the b
gap results in a photoinduced mechanical stress. When
Downloaded 13 Jun 2001 to 128.219.132.32. Redistribution subject to A
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photon energy is below the Si band gap thermal effe
dominate. The photoinduced stress in Si was found to
pend linearly on the input optical power and exhibit a fa
response. Such a mechanism can be used to detect ne
frared photons using a Si microcantilever.
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