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Optical lever detection in higher eigenmode dynamic
atomic force microscopy
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The optical lever detection scheme is widely used in atomic force microscopy for the detection of
the cantilever deflection. Laser spot size as well as adjustment of the laser along the cantilever
determine the zeros of the transfer function of the signal path from the tip-sample forces to the
optical readout. This can caugalmos) pole-zero cancellations which lead to a significantly
reduced sensitivity in the detection of higher mode vibrations of the cantilever. Physically, the light
lever detection integrates over the slope of the cantilever. However, the sign of the slope of higher
flexural modes varies along the cantilever. Thus, integration can lead to a significantly decreased
sensitivity to higher eigenmode vibrations. llluminating only the area between the free end and the
next zero crossing of the slope of the modal shape provides a good compromise between high and
low frequency sensitivity. €004 American Institute of PhysicDOIl: 10.1063/1.1808058

Higher eigenmodes of the vibrating cantilever havethe following, we assume that the tip is attached to the free

gained increasing interest in dynamic atomic force microsend of the cantilever.
copy (AFM). Some experimental techniques based on higher The components of the output vectge[y;,Y,], i.e.,
mode oscillations are atomic force acoustic microscdpy, the tip displacement outpyt and the photodiode signal out-
signal inverting dynamic AFM, higher harmonic puty,, are linear combinations of the states as defined in the
imaging®® and higher eigenmode dynamic force output matrix
spectroscopf/.These AFM methods require a detection band-
width covering several resonant frequencies of the cantilever. | - 2.0 - 2 0 3)
Apart from the design of the detection electronics the design ci/ng 0 -+ Cye/ng O
layout of the elementary sensing system—cantilever and de-
tection_ laser—is a crucial point in the realization of high—-l-he output of the optical lever sensor is described by the
bandwidth AFM systems. It was shown that for contact modeseonq row in the matri€. The coefficients; represent the
AFM and force spectroscopy the optimum sensitivity iS efective coupling of the respective statigenmodgto the
ach|eveq for a_lllaser spot of approximately the same size a(?Utput signal. Scalamn, is a normalization coefficient. Equa-
the canUIeyeP. ) . ) tions (1) model a dynamic system with the tip-sample forces

_ This raises the questions how to design an instrumentg qystem input and the tip deflection and the photodiode
with optical lever readout for higher mode detection and hOWsignaI as system outputs. In the following we will discuss the

to adjust an existing instrument for a good performanceyangfer function from the tip-sample force input to the opti-
From a system theoretic point of view this requires to tailor .. |ayer output

the transfer function of the sensing system by balancing the |, order to determine the coefficientsthe reflection of

static gain and the gain at higher resonances. the laser light on the curved cantilever has to be considered.

_ The microcantilever can be treated as a linear and tim&yg geometrical shape of a vibrating cantilever beam can be
invariant multiple-degrees-of-freedom-system employing theapproximately describédiby the eigenvectors of

state-space formalisii.The equations of motion are given

by - qzx)  Frx)

axt m at? ’ “@

with the normalized coordinatee [0, 1], the timet, the flex-
y=Cx, 2) ural stiffnesskl, and the mass per unit length, assuming
boundary conditions for a clamped endxat0 and free end
with the system matrid, the input vectob, and the output atx=1. For a free cantilever the eigenvectanodal shape
matrix C. The state-vector=(x;,Xy,...,X,,X, contains the of theith mode(eigenvaluek)) is given by
displacements and velocities formodes. For simplicity, the
quality factors of all flexural modes were set@-=100. In

The tip deflection output is represented by the first row.

X =AX + bu, (1)

cosk; + coshk;

. = k — hk -
¢i(X) = coskix - coshkx =~ |~ C

¥Electronic mail: stark@nanomanipulation.de X (sink;x = sinhk;x). (5)
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FIG. 1. (Color onling Scheme of the light lever detection in atomic force -3
microscopy. The insetop left) illustrates the illumination by the detection . . .
laser with a rectangular cross section. -860 o P 2

norm. frequency

For the detection laser we assume a normalized Gaussigfg, 2. (Color online. Bode plot of the transfer function§*(w) for w

beam profile with the irradiantk =0.9 (blue, short dash w=0.3 (red, dash andw=0.1 (black, solig. The
2 sum signal is 90% for all curves. The insétst to scalg highlight details of

1(X) = 1o exp — 8(X_ Xo) (6) the transfer  functions  where [|G®Yw)|<||G*¥w)|<[G>w)|,

c 0 W, [G*Yw)[|<[|IG* )| <[G*Hw), and [|G*Yw)]|<|GC*¥w)|<[GC*Hw)].

. Note that forw=0.9 the third eigenmode is nearly undetectable due to an
with 19=v8/mPy/w. Parameters are the total light powBg,  almost pole-zero cancellatiaasterisk.

the 1/¢? width along the cantilever axis, and the position
of the spot center on the cantilever beggnas illustrated in
Fig. 1. The spot sizev is normalized to the cantilever length.
The corresponding real scalar field is

diameters ofw=0.1,w=0.3, andw=0.9 and normalized to
the maximum static sensitivity for a spot diameter vof
=0.9 (xg=0.59, sum signal 99.9%This leads to a normal-
Ec(xx) = \Io expl - [2(x - x)J* o ization with respect to the optimum static sensitivity. The
¢ 70/ = Vo w2 ' static gains were IG°%0)II=0.13, IG>%0)/I=0.38, and
IG®9(0)11=0.89. This is in line with observation that for low
frequency applications a #-spot diameter of approxi-
mately the length of the cantilever provides the optimum
sensitivity?'g'11 However, the amplitude response @f3(w)
outperforms that 06% 9 w) for the eigenmodes= 3 (arrow)

In the limit of small deflectiongA¢(x) <\ ,A is the oscilla-
tion amplitudg the modal output coupling factor ig(Xp)
=S /A, where the difference signdy, is given by Eq(10)
in Ref. 10. This leads to

1 r1 .
_ o eiX) = gi(X) and G%X(w) outperformsG®3(w) for n=6 (arrow). This can
Ci(Xo)—,Bfo fo dx dX E¢(X,Xp) Eo(x ,Xo)_x_xf : be understood considering the integrating behavior of the
light lever detection that measures the integrated slope of the
(8) illuminated region. The signal contributions from regions

The parameteg is a coefficient that corrects for loss in the with negative and positive slope cancel which leads to a
optics and includes the laser wave length. Equat®)nm- reduced signal. More precisely, the root ¢f(x)=0 is x

plies that the components of the output matBixlepend on =~ 0.7 ¢4(0.9 =0]. The 1/£% width of the laser spot is then of
both parameters, laser spot adjustmepniand laser spot size the same size as compared to the region of the modal shape
w. The detection optics is assumed to be constant. with the same sign of slop@ig. 1). Additionally, in G w)

For contact mode and force spectroscopy—both ar¢he third eigenmode is nearly canceled out. This illustrates
static applications—it was showhthat the maximum detec- that higher eigenmodes can even be undetectable if the laser
tion sensitivity can be obtained with a spot diameter of abouspot is not adjusted appropriately.
w=0.9. However, it is not immediately clear which spot size ~ Thus, the laser should only illuminate the region be-
w provides optimum sensitivity with respect to higher eigen-tween the free end of the cantilever1 and the next zero
modes. To compare the detection performance of differentrossing of the slopg with ¢ (x;)=0 of the highest flexural
spot sizes the following laser alignment procedure is asmodei to be detected. This provides a good compromise
sumedii) adjust the laser to obtain the maximum sum signalbetween low and high frequency sensitivity. A further in-
(i) move the laser to the free end of the cantilever until thecrease of the laser spot size would increase the static gain but
sum signal is reduced to 90% of its maximum value. Obvi-would also reduce the gain in the high frequency range. On
ously, this alignment procedure does not provide optimunthe other side, a reduction of the spot size would reduce the
sensitivity since 10% of the total laser power are lost. How-gain in the entire frequency band of interest.
ever, such a procedure allows the experimentalist to adjust Another question is the influence of laser adjustment on
the laser spot to the free end without the need of a highhe transfer function. Figure 3 shows the amplitude response
resolution viewing optics. (solid) for w=0.9 andw=0.1 for a laser beam adjustment at

The corresponding transfer functions are illustrated inthe free endxy=1.0 and in the middlgx,=0.5) of the can-

Fig. 2. The transfer functio®"(w), was calculated for spot tilever. The dotted lines indicate the idealized amplitude re-
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10° | (a) 1 _ W=09 x0=1'0'. Fig. 3@ with 3(b) and Fig. 3c) with 3(d)]. In Fig. 3d) the

second mode is nearly canceled and the forth mode is com-
pletely suppressed. This implies that the transfer function

strongly depends on the position of the laser spot along the
cantilever axis: Any adjustment of the laser positioning sig-

nificantly manipulates the transfer function of the force sen-

sor. As discussed before, a variation of the laser spot size
also manipulates the transmission zefosmpare Fig. &)

with 3(c), and 3b) with 3(d)].

Usually, the experimentalist cannot change the laser spot
size in a commercial AFM system. But even if theed/
width of the spot exceeds the optimum size there is still room
for improvement. Figures(d) and 3b) illustrate a guideline
that can be followed in that case. In low frequency applica-
tions such as contact mode and standard tapping mode the
sum signal should be maximizggig. 3b)]. In contrast, for
10° 10" 102 high frequency experiments the laser spot should be moved

norm. frequency to the end of the cantilever accepting a loss of the sum signal
in order to increase the high frequency sensitiyiig. 3a)].

norm. amplitude

FIG. 3. (Color onling Comparison of the amplitude responselid) for a

detection laser spot size ¢&),(b) w=0.9 and(c),(d) w=0.1. Dotted lines . .
indicate the amplitude response of an idealized slope detector with an infi- This work was supported by the Federal Ministry of

nitely small spot size(a) Sacrificing half of the laser power the transfer Education and Resear¢BMBF) under Grant No. 03N8706.
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