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In an optical lever set-up one or two modulated laser beams of 0,1 to 6 mW modulation amplitude at a wavelength of 670 
nm were focused at uncoated and gold-coated microfabricated cantilevers. The motion of the levers was analyzed by an 
optical lever set-up. The mechanical resonance (30 to 60 kHz) of the cantilevers was excited by the modulated light both in 
air and under vacuum conditions (10 6 mbar), The measured resonance frequencies and the width of the resonances were 
identical to the values found by exciting the cantilevers by piezo ceramics. At low frequencies under vacuum conditions, we 
found an increase of the oscillation amplitude with decreasing frequency. The time constant of this increase is of the order 
of 5 ms. At the resonance frequency of uncoated cantilevers light pressure effects dominate thermal effects; the resonance is 
thus excited by light pressure. Gold-coated cantilevers, however, are driven by the bimetal effect, even above 10 kHz. A 
possible application of the light pressure effects is the use of a modulated light beam in the attractive mode operation of a 
scanning force microscope to excite the cantilever oscillation. 

1. Introduction 2. Theoretical considerations 

Scanning force microscopy (SEM) [1-3] has 
proved to be a valuable  tool for invest igat ion of a 
vast array of different  systems, such as biological 
samples [4], magnet ic  s t ructures  [5] and local 
charges [6]. Many scanning force microscopes to- 
day use some kind of optical detect ion for the 
deflect ion of force sensing canti levers [2,3]. Opti-  
cal detect ion is simple and  efficient for both 
static and  dynamic measu remen t s  of forces. The  
investigation of samples by weak forces is often 
l imited by the noise in the detect ion system. The  
in terac t ion  of light with force sensing canti levers 
is usually neglected,  a l though a report  on the 
pho to the rmal  excitat ion of a canti lever  resonance  
has been  publ ished [7]. A bet te r  unde r s t and ing  of 
the physics of the force detec t ion will help to 
improve the accuracy and usefulness  of scanning 
force microscopes. 

The  in teract ion of light with the canti lever  is 
through mechanica l  and thermal  processes. The  

input  power Iin is partially reflected (Iref = r/in), 
where r is the reflectance coefficient and par- 
tially absorbed according to 

l ( z )  = (1 - r ) l i . e  vz  (1) 

where y is the absorpt ion coefficient. Since the 
thickness of the canti levers is of the order  of the 
wavelength of the light par t  of the light ( I  t . . . .  ) is 
t ransmit ted;  this intensi ty also includes the light 
which was diffracted by the cantilever.  The  me- 
chanical  m o m e n t u m  t ransferred by reflected pho- 
tons to the canti lever  is given by 

p = 2hk cos a ,  (2) 
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where o~ is the angle of incidence of the light. 
The momentum transfer of absorbed photons is 
half this value. Transmitted photons do not trans- 
fer momentum to the cantilever. Using the re- 
flectance coefficient r and the transmittance co- 
efficient t and neglecting multiple reflectance, 
the light pressure force on the cantilever is given 
by 

F =  (2r  + (1 - r -  t )  )n c o s ( a ) h k  

/ i n  
= (1 +r--t)--COS (3) 

C 

where n is the number of photons per second in 
the light beam and c is the velocity of light. 
(1 - r -  t) is the absorbed fraction of the inten- 
sity in the cantilever. 

The absorbed power raises the local tempera- 
ture T(x ,  y, z, t) until the steady state situation 
is reached, where the power transferred to the 
cantilever is balanced by the radiated thermal 
power and the heat power conducted to the base 
acting as a heat sink. The temperature distribu- 
tion in the cantilever is the solution of the heat 
diffusion equation [8] 

OT(x,  y, z ,  t)  
= A v 2 r ( x ,  y, z, t) pCp Ot 

+ p ( x ,  y, z ,  t ) ,  (4) 

where p is the density of the material, Cp the heat 
capacity at constant pressure, A the thermal con- 
ductivity and p( x, y, z, t ) =  i( x, y, t ) ( 1 -  
r)(O/Oz) e x p ( - y z )  the power density of the ab- 
sorbed light, i(x,  y, z,  t) is the time-dependent 
intensity distribution of the light perpendicular to 
the direction of propagation. The boundary con- 
dition on the cantilever is given by the Stefan- 
Boltzmann law 

,, . ( - ~ V T )  = ~(V 4 - Tg), (5) 

where n is the surface normal unit vector and 
o- = 5.67 × 10 -s  W m -2 K 4. The boundary con- 
dition implies, that the temperature increase de- 
creases with increasing input power. 

Using Sommerfeld's Ansatz [9] for an oscilla- 
tory heat input we can solve eqs. (4) and (5) for a 

cantilever with a uniform temperature in y and 
Z :  

~ c  

Z ( x ,  t)  = C 0 + 2  ~ ICnle -~t'" 
n I 

where the C,, are the Fourier coefficients deter- 
mined at the end of the lever, %, the relative 
phases, ~- the period of the signal, and q,, 
= ;,,'1 n lTrCpp/A'c. The exponential term in eq. 

(6) shows, that at high frequencies (>  1/~-) the 
cantilever is subject only to an averaged tempera- 
ture for most of its length. 

3. Experiment 

Fig. 1 shows the experimental set-up. A micro- 
fabricated silicon nitride [11] cantilever is 
mounted in the centre of a small vacuum cham- 
ber evacuated by a turbo-molecular pump to 10 ~' 
mbar. The laser diode modules LD1 and LD3 
[10] (670 nm) are focused on the cantilever (40 
# m  spot diameter). Their output power is ad- 
justable from 0.3 to 2 mW with a modulation 
depth from 2 to 70%. The modulation frequency 
can be controlled by an external oscillator and 
the relative phase of the modulation of the laser 
diodes is set to 0 ° (in phase) or 180 ° (out of 
phase). Laser diode LD2 (0.7 to 7 roW, 670 nm) 
supplies the light for the optical lever detection 
of the cantilever deflection [10]. Both uncoated 
cantilevers with a thickness of 0.3 /xm and gold 
coated (30 nm) cantilevers with a thickness of 0.6 
# m  were used with spring constants ranging from 
0.02 to 0.37 N/re .  The cantilevers were mounted 
on a piezo slab to have independent means for 
the excitation of their resonance frequency. 

4. Results and discussion 

The cantilever can be excited either by one of 
the laser diodes LDI  and LD3 or by both either 
in phase or out of phase. Fig. 2 displays the 
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where w 0 is the resonance frequency and Q the 
quality factor of the resonance. From fig. 2 we 
calculate a resonance frequency of to o = 32490.5 
Hz and a quality factor Q = 12000. The calcu- 
lated excitation amplitudes for uncoated can- 
tilevers (force constant = 0.02 N / m )  are 0.1 pN 
away from the resonance for single laser diode 
excitation with a power modulation of 100 tzW. A 
variation of the input power revealed a linear 
relation between intensity and resulting force. 
This behaviour and the size of the effect agree 
well with the hypothesis that light pressure is the 
dominating effect. The values of the resonance 

°° l 
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Fig. 1. Schematic view of the experimental set-up. The can- 
tilever mounted on a piezo slab (see inset) is positioned in the 
centre of a vacuum chamber. The light of laser diodes LD1 
and LD3 is focused on two sides of the cantilever. Laser diode 
LD2 is the source of the readout beam analyzed by the 
quadrant detector. Laser diodes LD1 and LD3 are driven by 
the same clock generator, either in phase or out of phase, 
depending on the position of SW3. SW1 and SW2 allow one 

to disable part of the driving laser diodes. 

40 
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resonance curves of uncoated Si3N 4 cantilevers. 
The curves "circles" and "triangles" result from 
driving the cantilever with the respective laser 
diodes; curve "squares" shows the combined ac- 
tion of the two laser diodes in a push-pull  ar- 
rangement. The resulting amplitude is 1.95 times 
that of a single laser diode. Modulating the light 
of the laser diodes in phase (curve "diamonds") 
yielded a reduction of the amplitude. The ampli- 
tude relationships are as expected for light pres- 
sure. The resonance curves were fitted with equa- 
tion 

( )211J2 A ( t o ) = A ( 0 )  1 -  + , 

(7) 

20 
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Fig. 2. Resonance curves of uncoated silicon nitride can- 
tilevers at 10 -6 mbar. Curves "circles" (LD1) and "triangles" 
(LD2) refer to excitations with the respective diodes alone. 
Curve "diamonds" shows the doubling of the amplitude by 
the push-pull  action of the two counter-propagating laser 
beams modulated out of phase. Curve "squares" shows the 
cancellation of the light pressure induced motion by two 
counter-propagating light beams with equal intensity modu- 
lated in phase. The intensity modulation amplitude of both 

laser diodes was 100 ~W. 
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frequency and the quality factor were equal for 
light pressure and piezo driven excitation. Due to 
the increased damping in air and the disturbance 
by air currents no resonance curve could be mea- 
sured at ambient conditions with uncoated can- 
tilevers. 

Gold-coated cantilevers, on the other hand, 
could be excited at ambient conditions, although 
at a very low level. The relative size of the ampli- 
tudes for the different excitation modes were 
different (see fig. 3) from the results obtained for 
uncoated cantilevers. Curves "circles" and "trian- 
gles" excited by the respective laser diodes show 
again a similar amplitude. The amplitude of curve 
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Fig. 3. Resonance curves of gold-coated silicon nitride can- 
tilevers at 10 _6 mbar, dominated by the bimetal effect. Curves 
"circLes" (LD1) and "triangles" (LD3) refer to excitations 
with the respective diodes alone. Curve "diamonds" shows 
the reduction of the amplitude when LD1 and LD3 are 
modulated out of phase. The amplitude of the curve "squares" 
is enhanced due to the chopped heat input by the two diodes 
modulated in phase. The intensity modulation amplitude of 

both laser diodes was 100/zW. 

"diamonds" however is decreased below the sin- 
gle diode excitation value. This fact can be ex- 
plained by assuming a bimetal action due to 
heating. The out-of-phase illumination represents 
an almost constant power input to the cantilever 
suppressing the oscillation of the lever. Curve 
"squares" shows a larger amplitude because of 
the heating is pulsed at twice the power of a 
single laser diode. The slight shift to a lower 
resonance frequency might be understood as a 
softening of the cantilever due to the higher 
temperature.  Gold-coated cantilevers showed at 
low frequencies in vacuum a giant excitation of 
up to 10 nN (excitation power: 100/xW). A domi- 
nant time constant of (1.5_+0.5) ms was ob- 
served. Increasing the laser diode power above 1 
mW resulted in damage to the cantilever (fig. 4). 
Under ambient conditions the bimetal effect is 
reduced due to the efficient cooling of the can- 
tilever by air. 

When exciting uncoated cantilevers by single 
diodes or in the out-of-phase scheme, the light 
always incident on one side, is causing a tempera-  
ture gradient, which will induce a bending away 
from the light source according to equation 

AT L 2 

z ( L ) = - a  h 2 '  (8) 

where a is the thermal expansion coefficient, L 
the length of the cantilever, h its thickness and 
AT the temperature  gradient from top to bottom 
[17]. To estimate the size Of the effect, we assume 
that all the light is absorbed at the surface of the 
cantilever. The heat transport to the other side 
compensates the power loss by blackbody radia- 
tion.The size of the heat current is given by the 
actual temperature  of the cantilever, and not by 
the temperature  gradient AT. The actual temper-  
ature can be found solving eqs. (4) and (5). The 
main difficulties solving this partial differential 
equation stem from the nonlinearities in the 
boundary conditions and the excitations. We note 
that the absorption constant for silicon nitride is 
y = 105/m [14], i.e. the light intensity is reduced 
to 0.97 times the input intensity upon traversing a 
cantilever of 0.3 ixm thickness. Therefore we as- 
sume a constant light intensity across the un- 
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coated cantilever. This argument  does not apply 
to gold-coated cantilevers, since a gold layer of 30 
nm thickness absorbs > 10% of the incoming 
light at 670 nm [12]! We fur thermore neglect the 
loss of energy due to thermal radiation and will 
justify this assumption in a moment .  Since the 
focal spot of our laser diodes is at least a factor of 
2 bigger than the width of the cantilevers, the 
intensity distribution of the laser beam is as- 
sumed to be constant. 

Eq. (4) can then be solved and yields 

r ( x )  = 

P o d ( L  - x )  
T° + h hb ' x > d,  

PodL Po( dZ + x 2 ) 
To+ - -  , x<_d ,  

(9) 

Ahb 2hhb  

where d is the diameter  of the light beam, b the 
width of the cantilever, h its height and L its 
length. P0 =/in( 1 - r ) / d  is the line density of 
power. 

Substituting the dimensions and physical prop- 
erties of uncoated cantilevers (L  = 100 / ,m, b = 

20 / ,m, h = 0.3 / ,m, y = 10S/m, h = 32 W / K m  
[15], P0 = 1 mW (taking into account reflectance 
and spot size) and d = 4 0  ~m)  we calculate a 
temperature  rise of 25 K and a total emitted 
power of 0.4 /~W, assuming an emissivity of 1. 
Compared to the total absorbed power of 3 0 / , W  
we can neglect this heat leakage. Using Wien's 
law we find that the tempera ture  difference from 
top to bottom of a 0.3 /~m thick silicon nitride 
cantilever is 1.4 /,K. Substitution of this result 
into eq. (8) yields an upper  limit for the transver- 
sal bending of 0.64 fm for a cantilever with a 
force constant of 0.1 N / m ,  equivalent to a force 
of 0.064 IN. Since this effect is negligible for 
uncoated cantilevers, they ar driven by light pres- 
sure at the resonance frequency. 

The increased temperature  causes the can- 
tilevers to bend due to inhomogeneities, such as a 
metal  coating. Since it can be assumed that the 
temperature  distribution is homogeneous over the 
cross section, this effect can be directly measured 
with two light beams of equal intensity (and hence 
equal light pressure) which are turned on and off 
in phase (see fig. 3). Using Young's modulus for 
gold (E  = 80 GPa [13]) and silicon nitride (E  = 

Fig. 4. I m a g e  o f  a g o l d - c o a t e d  can t i l eve r  d a m a g e d  by _< 1 m W  of  l a se r  r a d i a t i o n  a t  670 n m  in a v a c u u m  of  10 6 m b a r .  
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180 GPa  [15]) and the respective thermal  expan- 
sion coefficients (a  = 14.2 x 10 6 / K  [13] and a 
= 3.0 x 1 0 - 6 / K  [15]) we calculate a deflection of 
the canti lever  of 0.3024 n m / K  [16] because of the 
bimetal  effect. 

5. Conclusions 

We have demons t ra ted  that mechanical  and 
thermal  effects are present  in scanning force mi- 
croscopy with optical readout ,  be it in ter feromet-  
ric or of the optical lever type. We have shown 
that uncoa ted  silicon ni tr ide cantilevers,  due to 
their low absorpt ion of laser light at 670 nm, are 
driven by light pressure.  The  largest ampl i tudes  
ob ta ined  with 2 m W  modula t ion  ampl i tude  are 35 
pm (spring constant  k = 0.02) away from reso- 
nance  and Q times more  at resonance.  In our  
case, we reached ampli tudes  as high as 420 nm at 
resonance.  These ampli tudes  are sufficient to 
perform scanning force microscopy with vibrat ing 
cantilevers to detect,  for instance,  magnet ic  fields 
or electric charges. We used a th ree-beam set-up 
to be able to dist inguish mechanical  from thermal  
light effects, but  a s ingle-beam set-up is sufficient 
to excite the canti lever and as an optical lever 
detect ion beam. Ano the r  possible applicat ion is 
for local stiffness measurement ,  where the well 
def ined impulse of photons  will lead to more 
accurate measurements .  

The  data on the l ight- induced forces on the 
canti lever can be used to est imate the uncer ta in ty  
of the force due to intensi ty f luctuat ions of the 
light source. Taking a 1 m W  laser diode with a 
power stability of 1%, we est imate a f luctuat ion 
of up to 1 nm for gold-coated canti levers in 
vacuum and 6 pm for uncoa ted  cantilevers. 

Our  results show that gold-coated canti levers 
are not  suitable for work in UHV.  The  gold 
coating absorbs enough power to melt  the can- 
tilever. A bet te r  choice would be silver, which has 
a higher reflectance and a lower absorbance  for 
30 nm films [12]. 

Acknowledgements 

We would like to thank H. Takuma,  M. V61ker 
and W. Krieger for valuable discussions. G. 
Krau the im was kindly providing us the data on 
the physical propert ies  of silicon nitride.  The  help 
of S. Hahn  to bui ld the mechanical  parts of the 
set-up is gratefully acknowledged. The work was 
in part  supported by the Deutsche  Forschungsge-  
meinschaft  (SFB 306). 

References 

[1] G. Binnig, C.F. Quate and Ch. Gerber, Phys. Rev. Lett. 
56 (1986) 930. 

[2] R. Erlandsson, G.M. McClelland, C.M. Mate and S. 
Chiang, J. Vac. Sci. Technol. A6 (1988) 266. 

[3] N.M. Amer and G. Meyer, Appl. Phys. Lett. 53 (1988) 
1045; 
S. Alexander, L. Hellemans, O. Marti, J. Schneir, V. 
Elings, P.K. Hansma, M. Longmire and J. Gurley, J. 
Appl. Phys. 65 (1989) 164. 

[4] P.K. Hansma, V.B. Elings, O. Marti and C.E. Bracker, 
Science 242 (1988) 209. 

[5] Y. Martin and H.K. Wickramasinghe, Appl. Phys. Lett. 
50 (1987) 1455. 

[6] B.D. Terris, J.E. Stern, D. Rugar and J. Mamin, Phys. 
Rev. Lett. 63 (1989) 2669. 

[7] N. Umeda, S. Ishizaki and H. Uwai, J. Vac. Sci. Technol. 
B 9 (1991) 1318. 

[8] J.E. Parrott and A.D. Stuckes, Thermal Conductivity of 
Solids (Pion, London, 1975) p. 4. 

[9] A. Sommerfeld, Partielle Differentialgleichungen der 
Physik (Harri Deutsch, Thun, 1978). 

[10] LDA2011 and LDA2015 from ILEE, Urdorf, Switzer- 
land. 

[lll Park Scientific Instruments, Mountain View, CA, USA. 
[12] H. Mayer, Physik diinner Schichten (Wissenschaftliche 

Verlagsgesellschaft MBA, Stuttgart, 1950) p. 239. 
[13] H.L. Anderson, Ed., A Physicist's Desk Reference 

(American Institute of Physics, 1989). 
[14] F.M. Nazar, Jpn. J. Appl. Phys. 18 (1979) 1181. 
[15] G. Krautheim, Herstellung und Eigenschaften DC-reak- 

tiv gesputterter Siliciumnitridschichten, Dissertation B, 
Zwickau, 1990. 

[16] E. Philippow, Ed., Taschenbuch Elektronik Bd. 5 (Carl 
Hanser, Miinchen, 1981) p. 717. 

[17] D. Riidiger and A. Kneschke, Technische Mechanik Bd. 
2, Festigkeitslehre (Harri Deutsch, Ziirich, 1966) p. 183. 


