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ATOMIC FORCE MICROSCOPES

laser diode

support

photo diode
feed baCk a ntilever
control of
Z-piezo CX-Y-Z
piezo-electric

Minimum detectable cantilever deflection = 0.01nm
Spring constant of cantilever = 0.01 —100N/m
Tip-sample force control = 1 — 100pN

Force needed to break a hydrogen bond =

1 —10pN

typical cantilever parameters:

L = 100 — 200um
b=5-10um
tip = 5nm
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e Tapping mode image of
single-atom terracing and
fingering on an as-received
6" homo-epitaxial silicon
wafer. The terraces, which
step up from the upper
left to the lower right of
the image, are 0.14nm high

Image taken with NanoScope SPM
(Digital Instruments, Santa Barbara,

CA)



e

e Microcantilever employed to investigate
electron spin dynamics

— Applications to unraveling electronic
structure of material

— Quantum computers

e Applications to biology
— Cell dynamics
- Gene mapping



SAMPLE INTERROGATION
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cantilever parameters:
L = 200um

> da_t_a . b = 20um
acquisition temp = 300K

4 analyzer

al 2kpTe;

o S..(w,x) =
== jgl (kj — mjw2)2 + cjw

e [ he power spectral density plot can be used to estimate
cantilever parameters precisely.

Joint work with, Bergh, Lai, Majumdar and McFarland
Multimode noise analysis of cantilevers for scanning probe microscop, Journal of Applied Physics,



tip cantilever

sample \ . :

e Tip sample interaction force: long range attractive and short
range strong repulsive force

e | ennard-Jones potential a representative of the tip-sample
interaction

e [T he unforced dynamics has a homoclinic orbit which under
the sinusoidal forcing separates into stable and unstable man-
ifolds.

Joint work with Ashhab, Mezic and Dahleh

Ref (1). "Melnikov-based dynamical analysis of microcantilevers in scanning probe microscopy”, Nonlinear
Dynamics.;

Ref (2). "Dynamical analysis and control of micro-cantilevers”, Automatica,
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e It can be shown (using the Melnikov function) that for the
appropriate parameter region these manifolds intersect

e Conley Moser conditions can be used to deduce complex dy-
namics

o Experiments conducted demonstrate such rich behaviour

Ref. On the Dynamics of a Harmonic Oscillator Undergoing Impacts with a Vibrating Platform Work by
Srinivasa Salapaka, Igor Mezic and MohammediDahléh 9
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feedback
control of
Z-piezo

- XY-Z
piezo-electric
scanner

e In a wide range of operating conditions the
sinusoidally forced cantilever evolves into a
near sinusoidal orbit.
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gt? G+

Cantilever system

h p
e L

Sample system

Laser Diode

ntilever

e [reat the cantilever as one system
— Input = forcing (g) + sample force
— Output = tip deflection

e Treat the sample as another system
— Input is tip deflection

— Qutput is the sample force
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g 4+ p

h(t)

¢

e G IS assumed to be linear and can be identified precisely
(thermal noise based). It has sharp bandpass characteristics
about wq.

e ¢ corresponds to the tip-sample interaction which is nonlinear
(assumed time invariant)

e (G filters the higher harmonics of the signal hA(t) = ¢(p(t)).
Thus a near sinusoidal orbit.

1?9



e Define

_ 0 Jjwn +k
Nin) = (jam—l—k -2 )

e dJe > O such that

. _ —1 * _ . . -1
( (Gwl IA) B ) A(jw) ( (jwl IA) B ) < —el forall weR

~ cTnye ¢’ngs )
where 1 =
( My C M2

e If the IQC defined by INM(0) is satisfied by ¢ there exists a T periodic solution
that is globally asymptotically stable. (Circle Condition)

If 3, n» € R such that Tl(n), IQC is satisfied by ¢ then there exists a T
periodic solution. (Popov Condition)

Ref. Work by Abu Sebastian; Follows from work by Yakubovic, Rantzer, Megretski
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Il
e ¢ satisfies the IQC defined by Il

. ( G(j’wa) )* N(jkwo) ( G(ﬂf""O) ) < —¢ for all |k| # 1.

Then for |kg| # 1, the bound |p,| < Blg1| holds for all 3
that together with some 7 > 0 satisfies the inequality

0O 0 O Ky L; O
o>|0 —p2 0|+ Ly My O (1)
0O 0 1 0 0 Ky

K. Lp\ _ 1 0\ -, . 1 0
where ( Li M, ) = ( G 1(jkwy) —1 ) M(jkwo) ( G 1(jkwy) —1 )

Ref. Follows from work by Rantzer, Megretski
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Obtained using the Popov IQC
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Multiples of @,

e Higher Harmonics very small compared to
the free oscillation amplitude of = 24nm

e Useful for studying limitations.

Work by Abu Sebastian

10
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g(t) + h(t) R p(t) R

o G(jw)(gr + hr) = pi

e Because of the near-sinusoidal nature of p(t) the Harmonic
balance equations reduce to:

G(0)(g0 + ho)
G(jw)(g1 + h1)

Po
P1

16



Cantilever model

e From the interaction model hg(a,®) and
hi(a,®) are obtained as closed form func-
tions of model parameters (linear in the

parameters)

e From the harmonic balance equations hg
and hq can be evaluated from experimen-
tally obtained p(t) at different points of

ll
Ca

separation (1)

Ref. A. Sebastian, M. V. Salapaka, D. Chen, and J. P. Cleveland, "Harmonic and power balance tools for tapping-
mode atomic force microscope”, Journal of Applied Physics, June, 2001.
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e Using the above principles one can iden-
tify the equivalent attractive stiffness,
repulsive stiffness of various materials
at the nanoscale

e [ he harmonic bounds provide a means
of evaluating limitations on how well
sample characteristics can be identified

e [ he systems viewpoint provides new meth-
ods of imaging; Transient Force Imag-
Ing

20



NANOPOSITIONING
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(a)

Work by Srinivasa Salapaka. and Abu Sebastian.

Head

Top Base Plate

Base Plate

Small Scan Stage

(b)
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Work by Srinivasa Salapala. and Abu Sebastian.



e

e [ here is considerable change in the frequency
responses with varying operating conditions

e [ he response obtained about z = 0 is chosen
as the nominal response

e A model G is obtained to fit the nominal re-
sponse

G(s) = (s—[719.934+5736.16])(s—[719.93—5736.16])

s44+37535342.609x107s249.178%x109s+5.478x 1013

Work by Srinivasa Salapaka. and
Abu Sebastian.
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Experimental step response
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e Inverse response validates the presence of

RHP zeros

e Performance often evaluated in terms of
step response

Work by Srinivasa Salapaka. and Abu
Sebastian.
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o

(reference)
— > F LT > K > & L,
+ 4_
+
+ T
(measurement noise)
e =xr—x=Sxr—"Tn

where S :=(14+GK)™ !, T: =1 +GK)"1GK

T = Complimentary Sensitivity (transfer func.
between e and n)

Work by Srinivasa Salapaka. and
Abu Sebastian.
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e
e [iIme Domain constraints
— Control effort should not saturate
— Step response should be within given

specifications

e [ he variance of the output should be small
due to the noise.

Work by Srinivasa Salapaka. and
Abu Sebastian.
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e Recent developments have lead to a
computationally effective theory to ad-
dress the problem.

Joint work with Xin Qi, Mohammed Dahleh, Mustafa

Khammash, Petros Voulgaris,

320



e The only controllers employed at
present are PI controllers.

Work by Srinivasa Salapaka. and
Abu Sebastian.
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Work by Srinivasa Salapaka. and
Abu Sebastian.

H_ DESIGN
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e Hysteresis effects in piezo material.

e Present work with Ralph Smith
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POSITIONING RESOLUTION
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Work by Srinivasa Salapaka. and

Abu Sebastian.

50 100
Frequency in Hz

NanoDynamics Lab ISU

150

24



02-
—— ho control
—— with control
] TS E— ———
-02r

Position (p) in um

time(s)

Work by Srinivasa Salapaka. and
Abu Sebastian.
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Piezo movement in um
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Abu Sebastian.

—— output
—— reference
0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9
—— output
—— reference
0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9
time in seconds
and

7



EXPERIMENTAL IMAGE

X (um)

Work by Srinivasa Salapaka. and
Abu Sebastian.
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e Modern control and systems techniques
have provided for considerably faster imag-
Ing and unigue insights to the scanning
probe literature.
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