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Conservative and dissipative forces measured by self-oscillator atomic force microscopy
at constant-drive amplitude
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The fundamental-mode oscillation of an atomic force microscope cantilever, operated in the self-oscillator
(SO) mode, is analyzed to interpret resonant frequeffegyand oscillation amplitud€A) in terms of probe-
sample conservative and dissipative forces. Measurements afd A versus probe-surface gap, for a
H-terminated silicon probe and surface in air, have been carried out in the constant-exc@&ip80O mode
for a variety of SO phases. We provide the faldependence oA and Af due to both conservative and
dissipative forces, evidencing a minimum value of tip-sample closest approach distance expected from theory.
The existence of such a minimum preserves tips from destructive interaction in CE mode.

DOI: 10.1103/PhysRevB.70.245414

I. INTRODUCTION

PACS nunier68.37.Ps, 81.40.Jj, 07.79.Lh

of the lever-deflection signal to the cantilever-base piezo,

i i ) with the feedback circuit maintaining a constafit Maxi-
Dynamic force spectroscopiDFS) is a scanning probe n,m oscillation amplitude occurs &t /2 that defines the

microscopy technique that is capable of measuring the locglgonance frequendly, with /2< ¢< 7 above resonance

interaction potential between a surface and the apex atoms gf,4 o <2 below.

an atomic force microscop@AFM) probe. This spectros-
copy, which is utilized here, can provide information on the

If the resonance width does not
change or¢=m/2, the cantilever oscillation frequency in-
stantaneously follows changesfipas it varies due to exter-

energy dissipation due to the dynamical interaction of thg 5| forces. The frequency shifhf,=f,—f,, wheref, is the

atoms in close contact.
Atomic force microscopyin the noncontact modés per-

free-lever resonangelue to the probe/sample interaction is
measured with a frequency-to-voltage converter, and this can

formed by oscillating a sharp-tipped probe mounted on ¢ feq hack to maintain the probe-surface gap during scan-

cantilever, in thez direction normal to the sample surface, at
frequencyf. This is usually done by periodically displacing
the cantilever basésketched in Fig. 1, “OPCS'with a pi-
ezoactuator slab, and the probe motion is typically detectec
by the optical lever metho#lIf the tip interacts with an ex-
ternal force field, as occurs in proximity to a surface, the
oscillatory motion will be altered by the interaction. This
provides a basis for maintaining a constant probe-surface ga
during scanning, as well as information on the conservative
and dissipative interactions between the probe and surface.

When the tip oscillation is excited by a constant-
frequency, constant-drive amplitudd,) motion of the can-
tilever base, this is referred to asncontact modehen the
oscillation amplitude(A) of the tip is below~2 nm and
smaller than the probe-surface ¢apor higher amplitudes
(ten to hundreds of nimit is named intermittent-contact
modeor tapping mode For a given lever stiffness increas-
ing the oscillation amplitude permits a closer approach dis-
tance before jump-into-contact ajc, since Frg(zyc) =kA,
whereF+g is the tip/sample interaction foréawith standard
values ofk for microfabricated cantilever$é1—100 N/mnm
and sufficient amplitude, the entire attractive and repulsive
regions of interaction can be studied without loss of oscilla-
tion. A measurement of oscillation phagge relative to the
excitation, is named phase imagifignd can provide quan-
titative information on the local surface dissipation.

An alternate to phase imaging is tBelf-oscillator (SO)

ning. For DFS measurements, the importance of using the
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FIG. 1. Sketch of the experimental set(ipp). The dashed box

delimits the self-oscillator section. I=integral controller of oscilla-

techniqué in which instead of using a fixed drive frequency, tion amplitude; rect=rectifier; PI=proportional-integral controller
the cantilever becomes the frequency-selecting element in ¢ z-position; OPCS=oscillating probe/cantilever system, sketched
self-oscillator circuit. This is achieved by positive feedbackseparately on bottorfproportions are not respecied
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SO mode, versus the fixedmode, resides mainly in faster in Fig. 1. The microscope is operated in the SO mode with
response, more straightforward DFS interpretation, and imadjustable feedback phasgp,). The cantilever is the
proved operation and approach stability. frequency-selective element in a positive feedback loop, de-
Two different operation modes are commonly employedpicted in Fig. 1 with the dashed box and composed of an
in the SO method; theonstant-amplitudéCA) modé and  adjustable-gain amplifier, a phase shifter, and the excitation/
the constant-excitatiof CE) mode® In the CA mode A is pletection system of the cantilever motion, named an oscillat-
held constant by an automatic gain conttalGC) feedback ing probe/cantilever syste@®PCS. The OPCS contains the
loop that controls the driving amplitud®, of the piezoslalf. ~ cantilever, with base mounted to a small, high-frequency pi-
The response time is not limited by ti@factor of the can- €zodriver, then to a copper mass and a tube piezoactuator for
tilever oscillation in this mode, so it is particularly useful in Z¢ontrol. A laser and split-diode detector measures the de-
vacuum. Information about dissipation may be extractedclec“On angle Of. the prot_)e end. Adplmonally, an .AGC circuit
from the AGC feedback signal,, which representg\/A.10 detects the oscillation signal amplitude and adjusts the sys-

P L tem gain by means of a negative-feedback loop to stabilize it
In the CE.mod_e, the AGC circuit maintairs, ataconstant " = vaiugA..). When the “CA/CE” switch in Fig. 1 is in
value, whileA is allowed to vary. The amplitude response

L S L -~ the “CA” position, the lever oscillation is rectified is held
time is Q-limited in the CE mode, so that it is most useful in constant, and the system is in the CA mode. With the switch

air. However, the CE mode has a significant advantage com, o «cE” position, A, is detected and stabilized, and the
pared to CA mode, as has been previously pointed dut. .onsantexcitation mode is obtained. A frequency modula-

tends to preserve the probe tip from damage, saving experfion (FM) detector provides a signal proportionalftawhich
mental time and yielding reproducible measurements. In admyay pe utilized for DFS as well as for distance regulation
dition, as shown below, it is free of approach or scan instayzcontrol in Fig. 3 when the switch on the right side of Fig.
bilities at theA values used for DFS, making it convenient 1 is in the ‘f” position. Alternatively, with the switch in the
compared also to tapping mode. “g,” position the value ofy, is used forz-control. This yields
Theoretical studies and numerical simulations have preto constantA and A, scans with constant dissipation power.
dicted the effect of conservative and dissipative forces\on  The approach curves are recorded as follows. In CE mode
andAf in the CE modé}*?with ¢=7/2, mainly as an ex- and with a fixed¢,= ¢, the sample is approached with
tension of the established knowledge of the CAmbddere  A-feedback until stabilized at amplitud®,, typically with
we extend the analysis to alh values, and calculate the As=0.9 Ay, and free-lever amplitudeA;=30 nm. The
expected dependence &fand Af on the closest approach A-feedback is then disconnected, the tip is withdrawn a fixed
distancez, for model interactions. We provide experimental distance, next moved slowly forward to beyond the setpoint,
A andAf versusL and ¢, in the CE mode in ambient air, and then Withdrawn SlOle, and flna”y returned fofeedback at
reduce these to functions af. Comparing to the model in- Aser The acquired signals for eagh areAf(L) and the AGC
teractions then provides the conservative and dissipativéontrol voltage[Vagc(L)], wherel is the probe-sample gap
forces acting on the lever. In our approach-curves, for varifor an undeflected leve(Fig. 1). The SO feedback is still
ous ¢, we always observe a minimuzg versusL, and there- active and thg AGC maintains a const_aﬁatdurl_n'g thls ap-
fore a maximum interaction strength that is anticipated byProach and withdrawal, by variable-gain amplification of the
the theory. This explains the protection of the probe obtainedEVer-reflection optical signal. Thus, AGC galig,) is pro-

experimentally in CE mode, thereby leading to high repro-gglrig(r)gggtofédrls ﬁ's\(’ind ii séilnrgeaisgggr:]l;rll(;sr?a%g%e(\rlg;}or
ibili : ion i i a AGC
ducibility and low time consumption in experiments. 50 this providesA(L)=Ag/gy(L).

The paper is organized as follows: In Sec. Il the experi- . N . .
mental arrangement is described, along with a brief review of With the tip withdrawn, varying the phase in the SO mode

the SO method useful for better understanding of phase¥ieIdS A(f), the cantilever resonance curve. Thg phase is in-
locked, SO principle; next, approach curve data Ofdependently measured by a home-made, high-frequency

H-terminated silicon tips on silicon surfaces with CE, SOIock-m amplifier. As expected, this curve matches the reso-

A ; nance curve obtained by exciting the cantilever with an ex-
mode operation in air are presented. In Sec. lll, starting fro Y g

- ] Mernal function generatdiEq. (6), see Sec. I, so it is not
the accepted models that relate oscillation amplitude and fréspq\yn This indicates that the SO cantilever excitation pro-

quency shift to the conservative and dissipative forces, relyjjes the same behavior as monochromatic excitation, and
evant relations are carried out for the generic SO phase, ifh5t no spurious modes within the support structure are ex-

order to allow interpretation of our data. Based on thos&iied. For our AFM levers in air, this curve typically fig3
relations,A and Af are calculated for an example pair of —>q0_2g0.

conservative and dissipative forces, in order to fit our experi- The silicon probe and sample were alcohol-cleaned and

mental curves and characterize the operation of our tipfy.terminated in buffered hydrofloric acid, an hour or so be-
sample system in ambient air. Finally, in Sec. IV we summasq,e taking the data. They are also betiloped and held at

rize our findings. fixed potential difference, generally 0 V, unless stated other-
wise. The mounted probe and sample are exposed to an ion-
Il. MEASUREMENTS IN CE, SO MODE ized Ar flux to eliminate static charges before measurements.
A. Experimental setup B. Distance calibrations

Experiments have been conducted with a home-made, The main reduction performed on thf and A data is
dynamic-mode AFM described elsewhtrand operated as from functions ofL to functions of “closest approach dis-
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tance” z(L)=L—-A(L)+AL[A(L),f(L)], whereL is obtained
from the z-distance piezovoltagé/;) and A from the AGC
control voltage(Vagc), as described above. Due to the cycle-
averaged force on the lever, it oscillates about a shifted
location, L+AL, with AL given by Eq.(10) of Sec. Il in
terms of A and Af. AL is usually a smalk correction in the

25 -

. . R .. . E 20 Phase [deg] H
attractive (negative Af) region, but is important in the (5 + 491 |
strongly repulsive regiorg; is the minimum tip-sample dis- X 647
tance reached during the oscillation; since onlyisplace- s 90.0 ]
ments are meaningful, we normally geto zero at its small- g o 1014 |
est value within a set of approach curves. 10§ : 1‘1’3-2 |

SinceAz; during approach is primarily the difference be-

tween two larger numberg\L and AA, and the surface in-
teraction occurs within a smallz. range, accurate calibra-

-8 -6 -4 -2 0 2 4 6 8

tion of AL and A (in absolute units, e.g., in hanometeis
essential. We utilize several techniques to calibrate the piezo-
tube expansion coefficieriL/AV,. We measureAL/AV,
interferometrically and by scanning a calibrated
lithographic-Si sample with 22 nm step height. These agree

30 -

25 -

within 5%, the typical variation due to hysteresis. To obtain — | Phase [deg] | |
the calibration factor betweeh andSyp, the ac signal onthe = £ 4941
split photodetector, the ac signal/dc signal combined with the i
laser-reflection geometry and deflected-lever shape may be 15 Tﬁ?{i .
considered. However, a more accurate determination of s 109.0
A/ Ssp (in nm/V) is obtained by changing the cantilever am- 10 |- 117.4
plitude byAA and measuring the correspondifiy while the . i . . ) ) . )
microscope is operating im-feedback. This is done in the 0 1 2 3 4 5 6 7 8
repulsive regime(positive Af), sincez, is then almost inde- ~ ®) z [nm]

pendent ofA. For example, ifSqp is decreased by 30% and T T T T T T T
AL=30 nm maintains the fixed\f, then AA=30 nm oc- 264500 fg Phase [deg]
curred to maintain the constart, and the originalA value § ZZ;
was 100 nm. This accuracy of this calibration is also limited 000 90.0
to ~5% by hysteresis i@-piezotube motion, which is appar- o 101.4
ent in forward versus backwamiscans. For this reason, the  _ 4 1000
approach data were taken with large forward scans, yielding £ Y,

a fairly reproducible and linear relation betwekrand V,

but still several percent variations occur depending on the
previousz-piezo motion. Varying either calibration by 5% in
the reduction ofA(L) data toA(z,) yields quite differentz,
ranges for the surface interaction, while adjusting one cali-

263000

262500

bration within this 5% range yield&(z,) and Af(z.), which () 0 L + AL [nm] "
look appropriate based on our theoretical expectations. : ; i . : : . :
Clearly, this does not allow us to accurately establish the ... Phase [deg] ||
steepness of the conservative and dissipative forces from our Fo494
current data. Accurate, hysteresis-free motion transducers are oot
available, and in hindsight this is a crucial component for [ 5 101.4
accurate CE dynamic force microscopy. 4 109.0
263500 |- 117.4

C. Results
263000

1. Approach curves
With the freely oscillating cantilever, we could adjust the
SO feedback phasgs.;within 40° either side of the 90° that
yields f,. We confirmed that, for the entire positive feedback
loop, the phase variation withf andAg, was negligible; all
phase/frequency dependence was due to the lever mechanical
resonance. Operation at all..seemed affected by the same

262500
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FIG. 2. Experimental approach curves for amplityda,(b)]

fluctuation and noise, at least in the steady state also
apparent from Ref. 15, Fig.)1Figure 2a) shows measured

and frequency[(c),(d)], plotted either vd_+AL [(a),(c)] and vsz,
[(b),(d)]. Different amplifier phaseg, were used.
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A versusL, for a range of¢e; For much of the approach
data,A¢,<<0.1° was observed, but occasionallyp, on the

tion time, p~0.01Qcm
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Ec~Rcf/At in one cycle, wheré\t~0.1 us is the interac-
is the silicon resistivity, d

order of 0.5° occurred, with the change more pronounced for-10 nm is the capacitor diameter, an@=4med?/z

b, below 90°(-0.14° at,=117.4° and —0.6° ab,=49.19.

=101 F for z.=1 nm. This yieldEc~ 1073 eV at 3 V bias,

Figure 2b) shows the same data versus the closest approadompared to the estimated free-lever dissipation of 2500 eV.

Z., obtained as previously describgd@he data versut are
smoothed by adjacent-averaging over a range of £0.5 lhm.
is evident that a minimunz, exists, with a reversal ds is
further decreased. Reproducibleapproach and imaging

measurements, including sharp images of nanometer-sized
quantum dots, were obtained over an extended time period
for each probe. This confirms that this mode preserved the

tips from damage, and probably also from loss of the _ ; .
b g b 4 tthe motion, and to allow for arbitrarg,, we summarize the

H-termination by hard contact with the surface. In contras

tip damage is often observed during atomic resolution imag-
ing using the CA mode, even under UHV conditions where'

less lever dissipation occu?s®

In Figs. 4c) and 2d), Af is plotted versu& andz. for the
bt Values in Figs. @) and 2b); the A and Af data were
obtained simultaneously. Note that, as mentioned békegv
(14), Sec. llI], Ais only slightly less tham\, at the minimum
of Af. From Fig. 2b), it is evident how all curves group into

Thus, we do not expect the lever amplitude to decrease sig-
nificantly through such dissipation.

IIl. MODEL
A. Theory

A theoretical description of the CE mode has been given
In Refs. 11 and 12. In order to emphasize certain features of

fundamental-mode theory here. We also generalize to CA
and fixedf modes, to allow comparative analysis between
modes with a consistent notation.

The AFM lever deflection is taken asL +A coq wt), the
surface-probe separation it) (see Fig. ], a conservative
surface-probe forceF.,,{z7 and a dissipative force
Faisdz,dz/dt) act on the lever, an@wfo)?=wy?=k/m", with
k the lever spring constant amd” an effective mass that

the same one in the repulsive region close to the minimunyields the free cantilever resonant frequenfgy Solution

Z.. Note that, for¢, nearm/2, A=A,/2 at the minimung,,
as predicted theoreticallsec. Ill). Also note that, except for

of the equation of motion of the AFM lever is available
from the literaturé?? although here we do consider

the ¢,=49° caseAf monotonically increases in the repulsive the solution for a generic phase, and insert the average bend-

region in Fig. 2d), even thougte, reverses direction. Thus,

ing AL for more accurate definition of.. Here only

if positive-Af feedback was used, the tip would normally be fundamental-mode components of the interactions are

protected, as in the case Affeedback.

In SO mode with¢,=7/2, any amplitude change is en-
tirely due to surface-induced dissipation, atfl is entirely
determined by the conservative forces. At otkgrincreased
damping also influencesf, since an “effective)” change is
induced[see Eq(5), Sec. Ill. Indeed, the amplitude versus
separation curvefg-igs. 4a) and 2b)] are less dependent on
¢, than the frequency shiffg-igs. 2¢) and 2d)].

2. Voltage dependence

The dependence aif(z.) and A(z;) on probe biagVp)
was measured for -5 to +5 V bias. If we define thdo-
cation of minimumAf, asz,,=4 nm, then fo’Vp=0 we ob-
servedAf, =0 for z,>7 nm. Applying bias, forz.>7 nm,
we measured Af=C,(nm/2)(Vp—Voised/ V1%,  With
[Voitsel <1 V and typically m~0.5 andCy ~3 Hz. Forz
<6 nm, an additional close-range increaseAifh occurred,
often with some asymmetry versip—Vygser Transmission
electron microscopéTEM) images of one of these probes,
after use, showed a very smooth and perfebD-nm-radius

hemispherical tip. This clearly indicated melting during
gentle contact with the applied voltage. The probe an

sample are similarly dopedi-type silicon, cleaned by HF
etch, so no offset is expected(z,>7 nm) increased with

[Vp| for one probe, but was essentially constant with several
others. Note that aA increase before the repulsive regime in

the CE mode has been also previously reported in Ref. 9.

One can estimate the expected dissipation due to the ca-

included: Fj cone(@/ ) [F(t)eonLOdwt)dt  and  Fy giss
=(wl m) [F(t)gisSin(wt)dt, where the integrals are over
one cycle and thet dependence comes fronz(t)
=L+AL-Acoswt. Thus,F; c;nsandFy gss are functions of
the closest approach distan@g=L+AL-A. With the ap-
proximations |f—fo|/fo<1, 1-f2/f2=-2(f-fy)/f, the
fundamental-mode solution has a resonant frequency

fr=fo(1 = Fy cond2KA), 1)
and an effectiveQ
1/Qe = (LIQ + Fy gisdkA), (2
to yield
tan ¢ = fo/2Qen(f — ;) )
and
AP = 4 (f = £ fol + [1/Qeq]?. @)

Equations(3) and (4) describe the fundamental-mode
phase and amplitude with surface forces, and vijth: f
nd Q. — Q they describe the freely oscillating lever. As in
ef. 17, one can expreds as a function ofL and A, and
invert Eq.(4) to obtainf versusL, A andAy=QA,, whereA,
is the free-lever amplitude:

f=f(AL) + f[AYAZ - 1/Qeq(A,L)2]V?2

=f(AL) + fo cOt p/2Qc(ALL), (5

pacitive current through the tip apex. The capacitive chargevhere we have made explicit the dependencé, @nd Q¢
(q=CV) oscillating on the probe tip and substrate shouldon A andL. Equation(5) generalizes Eq4) of Ref. 17 to

dissipate, within the spreading resistafiRep/d, an energy

include dissipative forces. Combining E@3) and(4) yields
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Sin2 d)(A, L) = [A/AdQeff(Aa L)]Z' (6) Ediss: Eo[yd - 1]- (9)

where g,=A/Ay is also a function ofA and L. Since Qg Here oscillation is sustained even when a lakgg oc-
=Q in the absence of a surface dissipative force, &). curs in each surface collision, and as a result a larger range
shows thatA/ Ay is uniquely related tap if Fysdt)=0, even of Egsscan be studied. For the same reason, it is much easier
when a conservative force changes the resonance frequent¢y.damage the probe tip in this operating mode, particularly
Equation (6) can be used to experimentally establishin air whereE is large.
Qer(L,A), and thusF; gidA,L), from ¢ and A/ Ay versusA In CE modey=Q./Q, while in CA mode 1¥4=Qq/Q,
andL. In the SO methody is locked by the oscillator circuit and in both  cases Q/Qe=1+QF; gisdZ.,A)/KA
and is constant, so any variation X/ Ay is entirely due to  =1+EgisdZ:,A)/Egamp From Eq.(1), comparing the defini-
F1.4iss A measurement of.(A,L), and hence oF; ;,n{A,L),  tion of Fy ;onsto the cycle-averaged conservative force, and
is most easily done by measurirfigrersusA and L with ¢ equating this tok times the average lever deflectigAL),
=/2, since in this casé=f,. one obtains
In this fundamental-mode analysis, Ed) shows thatf,
is only influenced by the conservative force, even though the AL = AAf/fo. (10)
probe/surface interaction is concentrated in a small fractiorrhjs allowsAL to be easily established from experimentally
of the cycle. The lever emerges from this interaction withmeasured quantities, for usezn=L-A+AL, although in the
total energy decreased s and this energy is gradually present experimentL <0.2 nm due to limiting the size of
recovered during the remainder of the cycle. The energy jushe repulsive interaction and this is not a very important
before surface interaction i€ys/2 above the average, correction toz,=L-A.
speeding up the cycle, just after the interaction iEjgd 2 Combining Eqs(2) and(5) yields
below the average, slowing down the cycle, whilg is
gradually recovered during the remainder of the cycle. These f(Z., A, @) = fi(z, A) = (f/2Q)[1 + QFy gisd Zc, A)/KA]cot ¢,
are compensating effects and there is no net fundamental- (11)
mode frequency shift due to the dissipative energy loss. o
It is also well known, from fixed- theoretical Wheref«(z,A) is given by Eq.(1). Fyqis{Z,A) can also be
development4? that the energy relation between probe-€xpressed in terms of average power dissipation,
sample dissipated energy per cytig,.) and oscillation am-  PaisdZe,A) =fo EgisdZe, A) = 7oA Fy gis{Z:,A), and the substi-
plitude is tution 1+QFy gisdZe, A)/KA=1+(1/y*)Egisd 2, A)/Ey is use-
) ful, particularly in the CA mode wherg=1. Thus, the¢
EaisdEo=YYa~ ¥, (") dependence of-f, with fixed A results from theQ change

wherey=A/A,, V4=Ay/Ag, A, is the free-lever amplitude, caused by the dissipative energy loss. Theependence of
Ago is the free-lever base amplitudg,=mkA2/Q is the  A/Aqis given by Eq(6), with Qg a function ofA andz..
free-lever dissipation, an&game=7kA2/Q the actual lever Finally, for describing the constant frequency and excita-
dissipation per cycle. We note thBf;. equals the lever ve- tion mode(fixed-f mode or tapping modewhere phase is
locity [Aw sin(wt)] times Fyedt), integrated through a sur- MOt controlled, it is useful to combine the first part of £5)
face interaction, so tha = mAF; gss Using this in Egs. with Eq. (7) to obtainf(Ag,L) as

(2) and(6) also yields Eq(7). Egiss Will normally be a func- - 2\ _ _ 2271102

tion of A as well as the force, as will be evident in our PERAL £ (/LAY = (@ +y=y)H2. (12
example belowWEqg. (14)]. In CE modeyy=1 in Eq.(7), and  This describes operation with a dissipative force, while re-
inversion of this equation yields placing the factor 1y¥-y? with 1 describes purely conserva-

tive forces.
y=[1+(1-4E4dEp)*2)/2. (8

As L decreases frome in CE mode, the positive sign
applies in Eg.(8), z. decreasesEygs increases, andA
decreases towardAy/2, where Ege—=Eo/4. When A It bears repeating that no fundamental-maslehanges
<Ay/2 (y<%), the negative sign applies to further decreasesccur in SO mode for entirely conservative interactions, for
in L. ThisL decrease is accompanied Bydecreasing faster any ¢, but dissipation normally plays a major role and
thanlL, so thatz. increases ané,, s decreases. Thus, for  causesA/Ay to vary. In the CE modeA is observed to de-
<%, the probe/surface interaction weakens as the cantilevarease monotonically with decreasihg As shown previ-
base moves closer to the surface, and the maxirkygis  ously, in the CE mode the maximum power dissipation due
Eo/4. This tends to protect the probe from damage, althougio a dissipative surface interaction-s25% of the free-lever
the time to come to this equilibrium condition isQ/w and  dissipation, and this occurs whehis ~50% of the free-
this does not protect against a rapid decreasdever amplitude. This limits the maximum indentation of the

C. Experimental implications

in L. tip and the strength of the interaction, so tatan be used
o ] safely for distance stabilization during scanning.
B. Description of CA and fixedf modes We see in Eq(1) that in SO mode the resonance fre-
In the CA mode, wherd\ is held constant and, is var-  quencyf, depends only on the conservative force, and from
ied, Eq.(7) becomes Eq. (6) g.=A4/A depends only on the dissipative force, re-
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gardless of the chosen phase. Thus, in the SO mgaie, 109
adjustment will occur exclusively in presence of dissipation,
for any value of phasé\s has been generally recognized, in
the SO modeAf is entirely determined by the conservative
force only for¢,=m/2. Equationg1) and(2) show thatAf
reflects the fundamental-mode component of this conserva
tive force, versus the closest approach distaagel +AL

—-A. Equation(9) shows that in the CA, SO modey re- <
sponds to the dissipated energy/dissipative force vezrsus <
independent of the conservative force. Equatiohsand(8)

show thatg, similarly provides the dissipated energy versus

Z. in the CE mode, again without influence of the conserva-
tive force. Thus, quantitative interpretation of DFS data
taken in CE mode contains no additional difficulty with re-
spect to the more established CA mode, while it is still sSim- o7 . . |
pler than the fixed-mode. Therefore, in some sense, the CE -1000 0 1000
mode of the SO method maintains many of the advantages o.
tapping mode, while its employment in DFS is less likely to
damage probes than CA mode.

0.8 4

FIG. 3. Calculated oscillation amplitud@\) as a fraction of
free-lever amplitude on resonan€d,), versus frequency offset
from lever resonance\f) and the average probe-surface separation
D. Example with model potential (L). The example conditions ar,=30 nm, f,=300 kHz, and the

. . _ conservative force used in E€L3), which is minimum az=4 nm.
We will now apply the equations describing the SO mode ote that the probe’s closest approaches are 1, 2 and 3 nm for

and analyzed above to attempt a fit of our experimenta _ _ !
curves. We calculate hefeandA/ Ay in the SO mode for an /Ao=1 andL.=31, 32, and 33 nm, respectively.
example set of conservative and dissipative probe/surface . .
forces,Foond2) andFyed2), relevant to our system. The per- SUM of exponen'glals works_as well, but using the power law
turbations to sinusoidal lever motion are very small, so that ¥1€ldS an analytic expression fa(A). This yields, forA
superposition principle holds; the conservative and dissipa?>zm/n’

tive forces can be expressed as a sum of terms, and each term _ 1/2,1.5.-1.6 n-15

yields a frequency shift or energy loss vergushat is inde- Eaiss= 8foCasA' 2 11 a2, (14
pendent of the other terms. The data presented in Sec. Wyhere we have used an approximation valid for6:
yield a negativeAf (z;) that greatly exceeds that due to the [x?(1+x?)™"dx=0.7n"%6 To roughly fit the data, we take
Van der Waals attraction, and has a much shorter range. At6 and z,=4 nm, and use the sam®, in Eq. (13). For
smallerz; a positiveAf, occurs due to the strongly repulsive A=30 nm the data typically yieldEg =50eV and
interaction. To match the typicaAf,(z) behavior of the Af,=-80 Hz atz,. To obtain this from Eq(14) we take
data, we use a conservative force of the foFfg,{2)  Cgis=3X10°%nm/z,)1°kg/s for a typical lever, character-
=Ceond—M exd - (z—zy)/s]+M¥2 exd —M(z—-zy)/s]}, ized byk=40 N/m,Q=280, andf,=2.7x 10° Hz. The free-
whereCne M, Z,, ands are parameters of the potential. An lever dissipation Ey=mkA,2/ Q= 2500 eV, greatly exceeds
analytic approximation for the solution of the equation of Eyis{z,), SOA=A, at z,.

motion using the expansiox(t)=A cog§2nft+¢(t)], where Figure 3 shows resonance curves in CE mode calculated
X(t) is the probe position, and> s yields: for severalL values and the above assumed forces. These
C.. sV A(f) curves are calculated by using Ed.3) for f, in Eq.
Af( ):LO -M exfd- (ze-2z,)/s (12), and takingz.=L-A and z,=4 nm. This shows the
e 2(277)1/2|<A3’2{ ML= (zc = 2n)/s] Faiss=0 case; the dissipative form of E@L2), obtained by
+ext - M(ze - z,)/s], (13) means of Eq(14), yields a similar plot, but with a 10%—20%

wider half-height width due to the low&p.s. The peak am-

wheref, is the lever resonant frequency. As will be shown plitude occurs on resonance, with(f,)=A,=QAq and ¢
below, withM=1.1,s=1 nm, C.,,<=100 nN, and any value =/2. As was pointed out above, the double-valued charac-
for z, (the minimum ofAf)), this yields the typically ob- ter of A(f) can lead to instabilities in fixeélimode. However,
served negativef(z,). since eachA/A, value and branch corresponds to a unique

For the dissipative force we choose a power law times th¢phase, there is no instability in SO mode. This is consistent
probe velocity:Fgedz, dz/ dt) = Cysdz/ dt(z,,/2)". Again ex-  with Eq. (6), where the phase depends only AnAy, or
panding x(t) as Acog2nft+¢(t)], and keeping leading equivalentlyA/A,, independent of the value @f. Thus, with
terms, yields an analytic lever energy loss per cyélg.J. ¢, constant during approach in SO mode,s constant if
For an exponential force this approximation agrees with &4iss=0, andg, increases smoothlgwithout instability) dur-
previous result? but in the present case a power law with ing approach in the CE, SO mode wifss# 0.
n=6 better represents the steepening of the measured TheAf(z) andEys{z,) that result from Eqe13) and(14)
Egis{z.) and the relation betweeAf and E4s, Note that a are shown in Figs. 4 and 5 for the CA mode and examples of
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FIG. 6. Normalized frequency shifty) vs z,, from the data of
FIG. 4. Calculated angular frequency shift and dissipative enfig. 2.
ergy loss versug, the probe-surface gap, for CA operation and the

forces described in Sec. Ill. The lever-damping energy loss pepre sensitive tap. Since the¢ dependence oAf is entirely
cycle (Ep) equals 250028 000 eV for A=30 (100 nm. due to the dissipative force, this can be used to establish
Egis{Z:), as canA/ Ay versusz,.

To describef(L,Ay, ) and A(L,Aq, ¢) for SO operation
in CE mode, in addition to replacing with L+AL-Ain Eq.
(14), A must be replaced by its dependence/Qn ¢ andL.
S alls) ! . : While this can be done, the result is neither analytic nor
this situation only changes iEys>Ep. Thus Af(z,) is necessary since data can readily be reduced(zp, Ay, #)
largely independent o# in Fig. 4, although, at smallex,  g,q f(z.,Aq,#) Using the measuret, A(L), and Af(L) to
than shownEise> Eo and largeg dependences occur due 10 ggiaplishz =L +AL-A versusL. In essence, if SO data is
the changingQ. This strongly repulsive regime is not yeqyced to a function df., then either CE or CA mode can

sampled in the present, lo@-air experiment, as it would e compared to a calculation versys The primary differ-
damage the probe. For vacuum operation, wih00 times  gnce s thai varies withL in the CE mode. Of course, the

larger Q and 100 times smallef,, this regime may be ac- peasyrements yield changes onlyzinthe surface “contact”
cessible without probe damage; E@1) then yieldsAf that  |,cation is estimated only from the character of the close-

range, positiveAf(z.), which reflects the repulsivE yndz.).
To obtainA versusz. in the CE mode for the model poten-
tials of Egs.(13) and(14), we takey=A/A, in Egs.(7) and
(8), whereEi{z.,A)/Eg=y-y?; using EgisdZ.,A) from Eq.
(14  vyields  z=z,UA)Y™ 19, where U(Ay)
=8Qf CuisZ> N 16/kA,>?. This establishes the, axis in
Figs. 4 and 5. To emphasize that the surface energy domi-
nates ay decreases, we have also plotEeg.y E;q, in Fig.
5, where Eia=Egisst Egamp IS the total dissipation and
Edamp=Y?Eo is the lever dissipation.
Comparison of experimental data fé(z,) [Fig. 2b)]
with the theoretical curvéA/ Ay in Fig. 5) provides reason-
able agreement in the explored regig0 to 30 nm. The
modelF.,,shas been adjusted to have a much larger Van der
Waals attractive interaction, and a slower repulsive barrier
! versusz., than is expected between a pair H-terminated Si
z, (nm) surfaces. That may indicate tip or surface contamination, a
nonideal shape of the probe tip, or some different nonideal
FIG. 5. Calculated frequency shifAf in kHz), surface-induced ~behavior.
energy loss(Egisd as a fraction of initial lever dissipatio(E,
=2500 eV per cycle and total (lever plus surface dissipation
(Etota), @nd oscillation amplitud¢A) divided by free-lever ampli- ) )
tude (Ag), all as functions of the closest approah). The CE The quantityy=k(Af/f)A*? called normalized frequency
mode withA;=30 nm and the sample conservative and dissipativeshift,> can be used to compare approach curves at different
forces described in Sec. Il have been used. The arrows show th@mplitudes, to correct for amplitude and thus highlight the
direction of response to decreasing role of the conservative tip/sample interaction. This quantity

A=30 and 100 nm. From Eq9), the normally measured
feedback gain ig3,=Aq/Aqo=1+Eqsd Eo, SO thatg, can be
obtained from theEss versusz, plotted in Fig. 4. IfFyiss
=0, Af(z.) is independent of for eachA, and from Eq(11),

1.0 9
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|
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FIG. 8. Energy dissipation per cycl&gsd Vs z, from the data
of Fig. 2.

FIG. 7. Measuredopen symbolsand calculatedsolid pointg compared to expected repulsive atomic overlaps. This type
normalized resonance frequency shify=kAf,A%?/f;), versus of behavior is often observed, and attributed to the presence
probe closest approadiz,). The zero ofz. is arbitrary. Data are of weakly bound adatoms on the crystal surfadln this
shown from four probes, operated A= 30 nm, that are different case of H-terminated Si, this extra attraction could be pro-
than the one used for Figs. 2 and 7 data. duced by hydrocarbons on the probe tip.

is particularly useful when operating in the CE mode, where F. Energy dissipation

amplitude varies within a single approach curve, as also evi- Figure 8 shows s as a function ofz, using Eq.(7). As
dent from the theoretical developments of Efn Fig. 6, y expected, a maximum dissipation 6f% of the free-lever
is plotted as a function o, showing a negative extremum gjssipation is attained at the closest range. The higAest
at higher separation@ttractive regiopfollowed by a maxi-  hence highest surface dissipation, occursdge 7/2, where
mum positive value at smaller separation in the repulsivghe energy dissipation per cycle-isL0® eV. This large value
region. The repulsive interaction is bounded in the CE modejs gptained due to the high lever dissipation of our IQw-
whereas in the CA mode it would increase monotonicallyajr-operated AFM. An exponential fits well and provides a
with decreasing.. The two extrema are reached within a yecay distance of 1.2 nm .. Thez**form in Eq.(14)
smaller separation interval fag,=m/2, indicating that for  provides a better fit to a variety of data with many probes,
such phase value higher sensitivity is obtained. . and fits the lower half of the data in Fig. 8 but is steeper than
Data were taken with a variety of probes, four of which inis gata at smalk.. As has often been pointed citthis

were later imaged in a TEM and found to have tip radii yigsjpation could also be influenced by weakly bound ada-
varying from 8 to 30 nm. Nonetheless, a relatively consisyoms on the crystal surfaces.

tent form of attractiveAf,(z.) was measured, although its
magnitude and the steepness of the repulaifigz.) varied IV. CONCLUSIONS
by factors of >2. Some of thesé\f,(z.), obtained withA

=30 nm andde.= 7/2, are shown as(z,) in Fig. 7 with the In this paper we establish the following advancements on

T . _ the understanding of SO method, and particularly of its CE
minimum y set toz;=4 nm. The theoretical(z,) is shown mode: (i) we show fullz dependence oA andAf, and cal-
for comparison, as obtained from Eq$3) and(14). culate conservative and dissipative surface forces, versus
The abrupt onset of negativkf, implies an abrupt onset g4, that are consistent with the observatigiiswe observe
of the conservative force, as in th@.d2) given above Ed. 5 minimum in the closest approach distance, in agreement
(13). The Van der Waals and capacitive forces vary muchgitp theory of CE mode extended to any phase value, and
more slowly withz, anpl are also ml_Jch small_er than the ob-que to the double-valued relation betwe&rand Egics and
served force. A possible explanation of this strong, closgjiiy we stress the importance of accuratontrol for correct
range attraction is charge dipoles on the probe surface. Suyantitative DFS evaluations. We conclude that the self-
face states within the silicon bandgap probably exist on thgyggillating, constant-excitation technique investigated here
probe tip, and should be negatively charged in thisdoped 35 some advantages relative to alternate methods, particu-
silicon. This charge is shielded within the silicon by an OP-|arly for AFM operation in air. In essence, improvements in

posite charge distributed within the Debye length, which isjp preservation, measurement reproducibility, and imaging
~1 nm in the bulk silicon but could be somewhat larger nearsiapility can be achieved.

the probe tip. We estimate that 10—30 such dipoles, interact-

ing with the silicon substrate, could yield the observed at- This work has been supported by the Quantum Physics
tractive force. The repulsive interaction, associated with théivision of the National Institute of Standards and Technol-
positive frequency shifts at smai, grows relatively slowly — ogy (NIST).
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