ac-mode atomic force microscope imaging in air and solutions
with a thermally driven bimetallic cantilever probe
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An ac imaging mode for atomic force microscopFM) has been developed that employs a
thermally driven bimetallic cantilever to sense surface topography. Oscillations are induced in a
composite cantilever, comprising a;8j, layer and Au overcoat, by local heating with a resistive
wire heater placed in close proximity to the cantilever. Cantilever bending occurs upon heating due
to the difference in thermal expansion coefficients of th&lgand Au layers. The magnitude of this
bending is a function of the heat input, the cantilever geometry, the frequency of the excitation, and
the thermal properties of the surrounding medium. A commercially available contact mode AFM
has been modified to perform ac mode imaging by driving the cantilever with a peak-to-peak
amplitude of 5—-15 nm using resistive heating. The heating frequency was typically fixed near the
cantilever’s resonance frequency, which was in the range of 15-50 kHz in the air and 2—15 kHz in
solution for the cantilevers used here. Simultaneous cantilever deflection and amplitude
measurements during sample approach indicate that the cantilever free amplitude is damped upon
surface contact. While imaging, a fixed damping of the cantilever oscillation is used as a feedback
signal to maintain a constant tip-sample separation. Images with this ac imaging mode were
obtained in both air and liquid environments. Results show an improvement in image quality in the
ac mode over the corresponding contact images, which is the result of a decrease in lateral forces
with an oscillating tip. This provides a simple and robust method for ac-mode AFM imaging in air
and solutions that can be achieved with only slight modification to a commercially available
contact-mode microscope. @997 American Institute of PhysidsS0034-67487)04605-4

I. INTRODUCTION tion with near-field forces, much in the way a static cantile-
ver bends in response to these forces. Several ac-mode mi-
The atomic force microscopAFM) is a versatile tool  croscopes based upon an oscillating cantilever tip, which
for surface imaging that can be used in ambient, vacuumpglve either noncontact or intermittent contact between the
and liquid environments.In the typical imaging mode, a tip and sample while imaging, have been developed for use
flexible cantilever with a sharp tip is placed in close proxim-in 4ir and vacuunf” However, development of similar tech-
ity _to a sample_ _surface. Tip position is _monltored with niques that operate in liquid environments, where the re-
oppcat’- or capa_cnwe methgd%an_d syrface IMages are ac- g,ced forces associated with noncontact imaging are most
quired by physically dragging this tip across the surface o eneficial, has been somewhat limited. Methods that have

interest. Generally, a feedback mechanism is employed sug roved successful in producing sufficient tip oscillation for

that a system parameter, typically the cantilever deflectior ; . . : .

: ) J imaging in  solutions  include  magneticafiy,

and thus the applied force, is maintained at a constant value . 0 . . :
by varying the sample position and mapping the surface tO[_)lezoelectrlcallyl, and acousticalfy/driven cantilevers.

In the work reported here, an ac mode of AFM imaging

pography via the applied piezo voltages. The resulting im- _ :
ages reflect nominally constant force conditions. A majOtJS desc.nbed- that em_plpys a stan_dard contact mode micro-
limitation of this “contact mode” of imaging, where the tip scope in which a resistive heater is used to excite cantilever

is in physical contact with the sample surface, results fronfscillations. Cantilever bending is achieved by a bimetallic
the presence of lateral tip-sample foréehese lateral effect that is induced via the inequivalent expansion of gold
forces serve to increase sample degradation, which can E81d StNy4 layers in a composite cantilever probe as a func-

considerable for soft materials, and to obscure surface fedion of the temperature of the surrounding media. During
tures, which reduces microscope resolution. image acquisition, the cantilever is driven at resonance by

These limitations can be overcome by emp]oying nonltemperature fluctuations produced at a resistive heater. The
contact or ac operating modes. In ac-mode imaging, the cargXcitation frequency of the heater is set to the cantilever's
tilever is forced to oscillate via some external excitation,resonance frequency. Images are acquired by extracting the
which can be derived from piezoelectficmagneti®  amplitude of tip oscillation as a function of sample position
photo-thermal, or acoustic sourcésWhen driven at a con- and using that as a feedback parameter to drive microscope
stant input excitation, free cantilever oscillations will be operation. Imaging is achieved in both ambient and solution
damped as the tip approaches a surface through an interaeavironments. Results indicate an improvement in image
quality in the ac mode over the corresponding contact im-
aCurrent address: Department of Chemical Engineering, University of Vir-2J€S. This provides a simple and robust method for ac-mode

ginia, Charlottesville, VA 22902. AFM imaging in air and solutions that can be achieved with
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only slight modification to commercially available contact-
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A variety of substrates were used for imaging, including Biasod % !
graphite, freshly cleaved mica, and a polished NiCr/Delrin Algggl‘iglde Function :He“fl;H \| Cantilever
assembly. The Ni-Cr wire/Delrin assembly was sealed with Generator | vy
epoxy(Torr Seal, Variahand polished to optical smoothness

Piezo
Scanner

Microscope
Base

with successively finer grades of silica slufBuehler, Lake
Bluff, IL) so that a smooth Ni-Cr segment was left exposed
in the Delrin support. The wire had an exposed area of AFM Controller
7.06x 10 * cn? and served as both a substrate for imaging
and also as a source for resistive heating, which was accom-
plished by passing a current through the wire. The Ni—Cr b

wire had a resistivity of 10810 Q) cm and an exposed

area with resistance of 0.0782, as determined by a four- “ Au -
point resistance measurement. For imaging graphite or mica Vi Ru % SizN,
substrates, a wire heating element was placed near the can- “
tilever.

Break-Out
Box

B. Atomic force microscope FIG. 1. () Schematic diagram of thermally driven ac-mode AFM with

; : related electronics. The cantilever is excited thermally by a heating voltage
Al experiments were performed with a Nanoscope Il of Vy through a resisteRy . (b) Schematic of thermally driven bimetallic

atomic force _microsc_;opeéDigitaI Instruments, Sam_a B_"?‘r' cantilever probe. The cantilever comprises a bimetallic beam #,Sind
bara, CA equipped with probefNanoprobe, Park Scientific, Au with thermal expansion coefficients afs,n,=3.2x10° K™* and
Sunnyvale, CA consisting of triangular §N, cantilevers — «,,=14.2<107° K™%, respectively.
with integrated pyramidal tips. A piezo scanner having a
maximum scan range of BnXx15umx2 um was used for ) .
sample positioning. The cantilevers had a nominaNgi f_unctlon generat(_)r also served as the power supply for resis-
thickness of 600 nm, with an additional reflective Au coatingiVe heating. A sine or square wave excitation was used for
of approximately 40 nm and a Cr undercoat of 5-10 nmN€ating with a peak-to-peak heating voltazge\m‘ and a
Several cantilever sizes, with different spring constants anfi€ting frequency of,, . The heating power"R was deter-
resonant frequencies, were used. These included cantilevefdned by measuring the current through a standard resistor.
with manufacturer's reported spring constants of 0.56, 0.32, A lock-in amplifier served to rectify and filter the oscil-
0.12, and 0.06 N m* and resonant frequencies ranging from latory component of the deflection signal, giving a peak-to-
47 to 17 kHz in air. In purified KD, these resonance fre- peak amplitude. Alternatively, the deflection signal could be
quencies decreased to approximately 12 and 3 kHz for thBassed through a circuit comprising, in order, a full-wave
100- and 20Qum-long cantilevers, respectively. rectifier, low-pass filter, and voltage amplifier. This would
Solution measurements were carried out in a fluid cellConvert the ac deflection signal to a peak-to-peak amplitude

(Digital Instruments, Santa Barbara, C#ith Teflon tubing in a fashion similar to that of the lock-in. In the arrangement
[Fig. 1@)]. All fluid cell components were cleaned immedi- dePicted in Fig. (), the amplitude signal of the lock-in
ately before use by an extensive soak in purified water angMPlifier was fed back into the AFM via a home-built break-
rinsed in EtOH, rinsed with copious amounts of purified wa-OUt POX, which was placed between the microscope control-
ter, and dried under nitrogen. The substrate was mounted {§7 @nd base and allowed access to the feedback signal, mi-

the three-dimensional tube scanner via a magnetic sampfFOSCOPe bias, piezovoltages, and several auxiliary channels.

disk. Electrical connection to the heating element was mad&antilever oscillations in normal contact mode imaging were
through the back of the sample disk. monitored by feeding the amplitude signal into the micro-

scope through an auxiliary channel. For ac-mode imaging,
the deflection feedback signal was replaced with the ampli-
tude signal from the lock-in. The amplitude signal was bi-
A schematic of the thermally driven noncontact AFM ased with a set point voltage, corresponding to a fixed am-
appears in Fig. (B). Detection of cantilever oscillation was plitude damping, by subtracting a fixed voltage from the
achieved by extracting the deflection sigiadl—B)/(A+B)  amplitude signal with a simple adder circuit. For imaging,
from the sectored photodiode detector following the preampthe heating frequency was typically fixed near the cantilever
lifier. This signal was then fed into a lock-in amplifier resonance frequency, which was in the range of 15-50 kHz
(Model 5201, EG&G, Princeton, Ndvith a reference signal in air and 2—15 kHz in KO for the cantilevers used here.
provided by a function generatdModel 2400 AM/FM/  This limited acquisition time for imaging to approximately 1
phase lock generator, Krohn-Hite Corp., Avon, MAThe Hz and below. For a 256256 pixel image, this required

C. ac measurements
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approximately 20 min per image. Faster imaging was limited 40
to the resonance cycle of the cantilever and could be im- a
proved by using tips with higher resonance frequencies. The
separation between heater and cantilever proved a minor fac-

tor in the cantilever response, because the entire cell volume -40
was heated with the resistor and the distance between heater
and cantilever simply introduced a phase lag in the response
with minimal damping of the cantilever oscillations.

-80-

d (nm)

-1204

Ill. THERMAL RESPONSE OF BIMETALLIC -160-]
CANTILEVER

. . . . . -200
A difference in thermal expansion coefficients be- 025 0 025 05 095 1 125 15 175

tween the layers in a bimetallic beam leads to a bending t(s)
effect in response to changes in temperature. Theories con- 140
cerning the mechanical response of a bimetallic beam are b
well-developed and can be found in several standard téxts. 120
The cantilever in an AFM is simply a bimetallic beam of
small dimensions in which the bending effect can be mea-
sured to high sensitivity with the standard AFM tip-sensing  ~
mechanism. The temperature sensitivity of an AFM cantile- g
ver has been exploited to develop a femtojoule calorintéter, =)
to examine the heat generated during a gas-phase catalytic
reaction™® and for thermal imagind*

When placed in a constant temperature bath, the cantile- 20]
ver acts as a highly sensitive thermometer. A change in the

bath temperature results in a cantilever deflection governed 00 T T T T - b

by Heat (Volts)
d=3(ay— 1)

100

FIG. 2. Deflection of bimetallic cantilever in response to constant heat in-
ti+ts put. (a) Deflection vs time for heat steps¥f; = 7, 10, and 13 \(0.64, 1.31,

X t t\2 E./t.\3 E,/t ATI? 1) and 2.22 mW. (b) Deflection vs heating voltage for 2Q0m (filled circleg
2 1 1 11 2|2 d 100pm-long (em circleg cantilevers. The solid lines represent a
t54+6| | +4| =] +=—|—| +=—|— an mm-long (empty - p
ts ty E,\t, Ei\ty best linear fit of cantilever deflection versus powgower=12R). The best

. . . fit cantilever response ig (nm)=90+5 and 22-4 |2R (mW) for the 200-
whered is the deflection at the free end of the cantilever,m and 100.m cantilevers, respectively.

(x=0), | is the cantilever lengthAT is the temperature

change as a function oﬂsai IS fhe thermal expansion lcoef— perature sensitivities of the 2Q0m and 100um cantilevers
ficient (agin,=3.2X107° K™% aa,=14.2X107° K™%),  yged here were 97.2 and 24.3 nm ¥ respectively.
Ei is Young's modulus Egyn,=1.8<10" Nm™2, Ey, When a constant voltage was applied to the resistive
=0.8x 10" N m~?), andt; represents the thickness of lay- heater in air, the temperature near the cantilever increased
ers 1 and 2. Thus, the tip deflection is proportional to theand the response shown in FigaPwas obtained. In these
temperature changAT and the square of the cantilever experiments, a 1-s potential step to several different heating
lengthl. valuesVy was applied at=0. The tip responded by quickly

In the experiments performed here, the cantilever had dending downward with a characteristic decay length before
triangular shape with two legs, which approximated the re-approaching a steady-state deflection that was a function of
sponse of a rectangular beaiiThe cantilever comprised a the heating voltage. The deflection was greater for larger
SizN,4 layer of 600 nm thickness and a Au overcoat of ap-values ofVy . After removing the heating voltage, the tem-
proximately 40 nm thicknesfFig. 1(b)]. A thin Cr anchor perature near the cantilever decreased and the cantilever re-
(5—-10 nm is placed between the Au and;Nij, layers to  sponded by bending back to its initial geometry. The heating
improve adhesion. In these experiments, the cantilever waand cooling cycles exhibited a similar time constant.
housed in the AFM fluid cell, which had a fixed volume The steady-state cantilever deflection increased with in-
defined by the enclosure between the upper quartz surfaceseasing applied heating voltag€ig. 2(b)]. For the resistor
the lower substrate, and the sidewalls being an o-ring. Bevalue used hereR=0.0762 )), the response to heating
cause the thermal expansion coefficient of the Au layer isoltages between 0 and 12 V ranged from O to 130 nm for
higher than that of the §N, layer, an increase in tempera- the 200uxm cantilever and 0 to 30 nm for the 1Q0m can-
ture near the cantilever produced a downward bend at theélever. The increase in steady-state deflection in both fits a
free end of the cantilever. Temperature changes were praharacteristic parabolic increase with heating voltage, which
duced by resistive heating of a small Ni-Cr wire located inindicates that the cantilever deflection is linear with the heat-
the vicinity of the cantilever. According to Eql), the tem- ing power 12/R. A fit of tip deflection to heating power
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equation. For a constant temperature step at the surface of a
semi-infinite solid, the solution is given Hy

T=T, erfc( ZL\/E) 2

where erfc is the error function complementis the thermal
diffusivity, and T, is the wall temperature &t>0. In the
case of a constant temperature flux, which is equivalent to a
constant heating rate, the temperature distribution is gov-
erned by

. 2F okt o X
= ercl ——
i PP

whereF, is the heating rate per unit area givenlBR/A and

02 b K is the thermal conductivity. The response predicted by Eq.
(3) would be expected only for a perfectly insulating system.

The temperature response predicted by E2jsand (3) at a

fixed distancex from the wall is shown in Fig. @). The

Constant behavior corresponding to a constant temperature at the wall

d (nm)

()

&
S

0.5 0 05 1 15 2 25 K

0.21

g 0.4 [Eq. (2)] more closely resembles that observed by the canti-
= Constant lever deflection, suggesting that the bimetallic cantilever is
onstan! . .
0.6 ", Temperature responding to changes in system temperature, and heat losses

5 through the cell to the surroundings are producing a constant
" e O steady-state temperature. The electrical work input to this
system by resistive heating,, can be expressed as

™ t

0.5 0 0.5 1 1.5 2 25 2

£(s) Wy = f I5Rydt 4
0

FIG. 3. (a) Deflection of bimetallic cantilever in response to constant heatWhereIH _and R"_‘ ar_e the heat_lng C_urrent and resistance. If

input of 0.84 MW in airlempty circlesand HO (empty squarés (b) The-  the electric heating is done adiabatically and at constant pres-

oretical temperature response given by E@.and (3) for semi-infinite  sure, the work can be related to the enthalpy chakigeand
solid with wall at constant temperatuempty circlesand constant heat flux  thuys the heat capaci@p by the relation

(empty squares
~Wei=AH=Cp(To—T1). 5

Equations(4) and(5) assume a perfectly insulating environ-

22+4 nm mW ! for the 200xm and 100xm cantilevers ment, which is not a realistic approximation of the AFM cell.
respectively. According to Eq1), the cantilever deflection However, the system response should reflect the behavior
is proportional to the square of the beam length. This rethat, for a fixed heat input, a larger heat capacity should be

sponse is reflected by the observed sensitivities to heatin?en with a smaller apparent temperature change, assuming
power, where the ratio of sensitivities is 4.1:1 and the ratio ofhat the heat losses are similar. For the difference observed in
lengths is 2:1. air and watef{Fig. 3@], the larger heat capacity of water

_ +1 1 H —

The cantilever responded to resistive heating by a down(Cgl_‘Lfll8 kJ kg = K%) compared to air €,=1.87 kJ
ward deflection in both gas phase and solution environment&9 ~ K™ ") is supported by the greater cantilever deflection
Figure 3a) depicts the deflection of a 2Q@m cantilever in observed in alir.1 Also, the larger thermal diffusivity of air
air and purified water following a step to a constant heating("zzf)l9 crn" s 7) when compared to water x(=1.46
value of 0.84 mW. The response in both environments €M S ) gives a faster temperature response, as governed
similar, but with a difference in both the decay length and?Y EA-(2). _ _ _
the steady-state deflection value. Because the AFM fluid cell  1he experimental data were fit to E@) to give a time
had a constant volume, a constant heating voltage shoufgPnstantr and a steady-state cantilever deflectigg where
produce a continuously increasing cell temperature. Howtihe cantilever deflection is assumed to correspond to the cell

ever, heat losses in the cell are expected because the qualggnPerature. With the time constant defined by the time re-
cell, substrate, and o-ring are not ideal insulators. Thus, thguired to reach a deflection of 95% of the final value, the tip

temperature near the probe increases until a steady-state cdRSPONSe gave = 2.52 s in BO andr = 0.465 s in air. Ac-
dition, where the heat input is equal to local heat losses, i§0rding to Eq.(2), the ratio of these time constants, which is
reached. This final cell temperature and the rate of temperd,0/ Tair=5-42, should be proportional to the inverse square
ture increase is a function of the thermal properties of thgoot ~ of  the thermal diffusitivies, ~which s
environment. This behavior can be approximated by treatin§<,o0/ <ar) ~*?=11.96. The steady-state cantilever deflec-
the cell as a semi-infinite solid and solving Fourier's heattions in air and water were found to kk; =67 nm and

[solid lines in Fig. 2Zb)] provides a sensitivity of 985 and
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tilever functions as a mechanical filter, where these fluctua-
a tions are filtered at low frequencies and focused at the
104 cantilever resonance frequency. For the 2080-cantilever,
the resonance frequency is located near 17 kHz in air. The
resonance frequency and fluctuation amplitude decrease
2 when the cantilever is placed in liquid environments as a
result of viscous damping. Cantilever fluctuations increase
when an oscillating heat input is applied. In Figay(lower
-6 curve, a heat input of 0.47 mWp-p) near the resonance
frequency €,=17.2 kH2 is seen to increase cantilever fluc-
tuations fran 5 A to approximately twice that value. The
-14 T T T ' ' ' ' magnitude of cantilever oscillation increases with increasing
heat input. This increase follows a similar increase with heat-
ing power as was observed for cantilever deflections at con-
100 stant heating rates. Thus, the magnitude of these fluctuations
b can be used to measure the system temperature response and
thermal properties as was demonstrated with the dc response.
In an ac measurement, however, signal drift can be elimi-
nated from the cantilever response, which suggests a method
for increasing the cantilever’s response as a calorimeter.
The cantilever response to a fixed heating value is a
1 function of the magnitude of heat input and to the frequency
of the temperature fluctuations. In Figib4, the frequency-
dependent response of a 200a cantilever is plotted at a
ol fixed input excitation of 1.89 mW. The theoretical response
1 10 100 1000 10000 100000 of the system temperature can be described, for example, by
f (Hz) the solution to Fourier’s equation for a semi-infinite solid
with periodic heat flux. The steady-state portion of this solu-

FIG. 4. (a) Time-dependent cantilever oscillations for the 200+ cantile-  tion takes the form
ver in air with no heat inputupper curvé and with heat input of 0.47 mw

(lower curve atf=17.2 kHz. The zero point is offset in both for clarit}n) FVrlw w T [0}
Peak-to-peak cantilever response to oscillating heat input at a constant heat- T= K exp —X Z Cos wt— Z -X Z
ing value of 1.89 mW as a function of heating frequency. A cantilever

resonance peak appears at 17 kHz in air. where F is the magnitude of the heat oscillation and

(w=2=f) is the heating frequency. Thus, for oscillatory

4 = di h i of cell heating with a resistive heater, the wall temperatuve=dl is
H,0= 53 Nm. According to Eq(5), the ratio of cell tempera- governed by

tures should be proportional to the inverse ratio of the heat _
capacities. Assuming the tip deflection represents the cell T] :F\/K/w )
temperature, the data give a ratio a/dy;,o=1.26, while wall™

the ratio of heat capacities i€ ai/Cp,n,0) ' =2.23. These Equation(7) suggests that the wall temperature should in-
results indicate that the cantilever deflection reflects a Ceu:rease and be proportiona| to increasing heat input while the
temperature response that is accurately predicted by(Bus. temperature should decrease with increasing heating fre-
and(5) The differences observed between the measured aﬂﬂjency and be proportiona| to the inverse square root of the
predicted thermal diffusivity and heat capacity ratios areheating frequency. The cantilever oscillation for a fixed heat
likely the result of differences in heat losses that occur whefinput as a function of heating frequen¢lig. 4(b)], mea-
the AFM cell contains air versus water. sured with a lock-in amplifier, reflects an~*/? behavior at
These results indicate that the cantilever of an AFM carfrequencies of 200 Hz and below. As the heating frequency
be used as a highly sensitive calorimeter. Previous reportg increased beyond this value, cantilever oscillations remain
suggest that as a bimetallic temperature sensor, an optimizeg|atively constant until the resonance frequency of the can-
AFM cantilever has a potential resolution of T0K and filever is reached. At this heating frequency, tip oscillations
10 *° W.** However, current experimental constraints, in-increase as a resonance condition is obtained. Thus, cantile-

cluding signal drift and the presence of nontrivial cantileveryer oscillations are highly sensitive to a fluctuating heat input
excitations from other noise sources, severely limit this proat low frequencies and near resonance.

jected resolution.

_ N0|_se sources m_the AFM at am_blent_conglltlons, mclud-lv_ IMAGING RESULTS

ing unfiltered acoustic and mechanical vibrations as well as

thermal noise, produce cantilever oscillations similar to that  In normal contact mode imaging, the static deflection of
depicted in Fig. &) (upper curvé. Typical peak-to-peak os- an AFM cantilever is used to detect and monitor surface
cillations approals 5 A in air atroom temperature. The can- topography. Typically, the tip is in direct contact with the

d(A)

p-p (nm)

(6
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%0 that occurs between tip and sample during contact. Under
a ambient conditions in air, the hysteresis is often considerably
larger between approach and retract because a thin film of
40 water present on the tip and sample produces capillary forces
that must be overcome to break from this film. This liquid

’ layer has proved somewhat troublesome for ac-mode imag-
ing in air in these studies. When imaging in liquids, the
_— hysteresis is reduced and a suitable set point is more easily
maintained. The set point condition generally employed for
407 contact imaging places the cantilever in the constant compli-
60 ance region indicated by the linear regions in Figg)5The
imaging force is defined as the force required to pull the tip
00 50 0 50 100 150 200 250 300 away from the surface.

z (nm) The primary advantage of ac-mode imaging is that lat-
eral forces can be completely eliminated between the tip and
b sample, which greatly reduces the force imparted on the
sample and generally improves image resolution. In ac-mode
imaging, the cantilever is forced to oscillate by piezoelectric,

d (nm)

6] acoustic, magnetic, or photothermal sourbede supra. In
=) the present configuration, resistive heating is used to oscillate
E 4] T the cantilever with a fluctuating heat input set to the resonant
E frequency of the cantilever. The peak-to-peak amplitude of
2 — oscillation can be set by the magnitude of the heating volt-
age. Generally, the free amplitude ranged from 1 to 15 nm.
0] In Fig. 5b), a heating input of 0.83 mW is applied to the

resistive heater at a frequency of 3.4 kHz, which is near the
resonance frequency of the 2@0n cantilever in aqueous
solutions. A similar response is obtained from the 10@-
cantilever, with the resonance frequency between 8 and 12
FIG. 5. Response of bimetallic cantilever probe ipCHduring approach ~ kHz. When the tip is far from the substrate, the cantilever
(thin Iine)‘ and retract(thick Iin(_e) to a_polished Ni—_Cr substrate with 0.83 gmplitude is near 3 nm. This oscillation is superimposed on
?n%lﬁizgngpagiﬁlgyoﬁ. Static cantilever deflection ari) peak-to-peak o static cantilever deflection. Therefore, Figa) mnd Fb)

were recorded simultaneously. When the tip approaches the

sampleg Fig. 5(b), thin line], the cantilever oscillation is rela-
sample during imaging in the contact mode. Thus, the tigively constant at its undamped amplitude. As the tip reaches
lightly drags across the surface and topography is mapped &e surface, the cantilever oscillation is damped. Damping
a feedback loop attempts to maintain a constant force, a@ccurs at a separation just slightly larger than the snap-in
determined by a constant tip deflection. This imaging mechaposition observed in the static deflectipRig. 5a]. The
nism is limited by the presence of lateral forces, which servegpoint at which damping occurs is dictated by the magnitude
to damage soft samples and reduce image resolution by olef cantilever oscillation, with larger oscillations being
scuring normal forces that are associated with purely topodamped further from the surface. Once in contact with the
graphical information. Also, the tip frequently sticks to fea- surface, the amplitude drops to zero. If the cantilever is
tures and skips across the surface; this degrades microscop&ced directly over the heater, the oscillation amplitude is
resolution and creates characteristic streak features in an infrequently seen to increase on surface approach before damp-
age. Although lateral forces are frequently used to imagéng occurs. This is likely the result of an increasing tempera-
frictional properties on a surface, they are detrimental to puréure as the tip approaches the heater. As the sample is re-
topographical imaging. tracted [Fig. 5(b), thick line], the cantilever remains

In contact-mode AFM, a sample surface is detected byeffectively damped until the tip begins to snap away from the

cantilever deflection. During approach to a sample in aquesample. At this point, the oscillations increase again until
ous solution[Fig. 5a), thin line], the cantilever will deflect they reach the magnitude corresponding to an undamped
toward the surface with a characteristic snap-in feature wheoantilever.
van der Waals attractive forces exceed the spring constant of The damping of cantilever oscillations at a fixed fre-
the cantilever. Once in contact with a surface, the deflectiomuency can be used as a feedback signal in ac-mode imaging.
versus distance data become linear, reflecting a region dilternatively, as the tip and sample begin to interact, the
constant compliance. When the sample is then retracted fromesonance frequency will shift to lower values and the phase
the samplgFig. 5a), thick ling], the tip will snap away from between oscillation and excitation will change. Thus, fre-
the surface as van der Waals and tip-sample bonding forcemiency and phase-shift detection systems can also be used in
are exceeded by the cantilever. The hysteresis between apencontact imaging’*® The amplitude signal is used as a
proach and retract curves represents the additional bondirfgedback signal for images presented here.

'2 T T T T T T T T
-100  -50 0 50 100 150 200 250 300

z (nm)
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flection signal in the feedback loop with one derived from
6 a 1o the cantilever oscillation amplitude. This is achieved by in-
verting the amplitude signal and feeding it through the feed-
back channel of a homebuilt breakout box in the microscope

50

2 40 > s [Fig. 1(@)]. A set point for imaging, which is defined as a

£ 309 < fixed decrease in oscillation amplitude, is produced by off-
.'ED 20 4 E setting the amplitude signal with a set-point voltage using a
2 L, simple adder circuit. When imaging with the 100- and 200-

10 pm triangular cantilevers, the imaging speed was limited to
o near 1 Hz and below for a scan size of 2886 pixels. This
resulted in image acquisition times of approximately 20 min
T e e eto so0 1000 1200 tso0 160(')2 per image. Faster scans speeds were limited py the osqlla—
x (nm) tion period of the cantilever. However, cantilevers with
higher resonant frequencies could easily be used to increase
60 the scan speed, because the corresponding increase in spring
b constant with these cantilevers would have less of an impact
40 on the applied force during ac-mode imaging. The higher
spring constant of such a cantilever would also reduce the
hysteresis between approach and retract curves, which is
0 beneficial in non-contact imaging.
An example of a one-dimensional line scan in both nor-
-20 mal contact and noncontact imaging modes in aqueous solu-
tion is shown in Fig. €). The sample is a polished Ni—Cr
wire. The substrate acts as both a surface for imaging and
‘ ‘ ‘ ‘ also as an excitation source for thermal heating. The line
0 500 1000 1500 2000 2500 3000 3500 scan at normal contact mode conditions, where the cantilever
x (nm) deflection is used as a feedback signal, is shpkig. 6(b),
thin line]. The tip is scanned over a crevice feature on the
FIG. 6. Line scans of a p_olyc_rystalline_ nickel-chromium sample jOHa) surface with a depth of about 50 nm. In ac mode, where the
Normal contact mode height image with feedback on at constant force con- . g . .
ditions (thin line) and peak-to-peak tip oscillations with feedback off under cantilever OSCI||<’?1t|0n IS .used a_S a feedbaCk.SIQr_]al’ a compa-
constant height conditiorghick line). (b) Normal contact mode height im- rable topographic scan is obtaingelg. 6(b), thick line]. The
age with feedback on at constant force conditicthén line) and ac-mode  essential features of the contact scan are retained when using
height image with feedback on at constant damping conditimiek line..  ne cantilever oscillation as a feedback parameter. However,
ac-mode images were acquired with 0.83 mW heating at 3.4 kHz using th?he resolution appears to have improved. Features on the
200-um cantilever. :
relatively flat regions away from the crevice are more clearly
defined, as are structures located on the side walls of the
Figure Ga) depicts a typical trace of sample heigtitin  crevice.
line) and cantilever oscillatiotthick line) as a polished poly- An example of a two-dimensional height image in both
crystalline Ni—Cr sample is rastered below a 2@ canti- normal contact and non-contact imaging modes in agqueous
lever. The height datéhin line) was acquired during normal solution is shown in Fig. 7. The sample is a piece of polished
contact imaging and corresponds to the sample topograpHyelrin that was located approximately 1 mm away from a
as the microscope feedback mechanism forces imaging tesistive heater. In general, the heater could be placed several
occur with a constant tip deflection. With the tip located neamillimeters away from the surface of interest and still pro-
the surface and the feedback mechanism turned off, the thevide sufficient energy to excite the cantilever at resonance.
mally driven cantilever also responds to changes in surfac&his is a result of the heater raising the temperature of the
topography. In this mode, the oscillations decrease from theientire cell volume, not simply the region directly adjacent to
free amplitude. The magnitude of this decrease depends upthe cantilever. The 10@sm cantilever is used for imaging
the height of the surface features encountered. Thus, the conith a heating input of 1.89 mW at a frequency of 8.7 kHz.
trast of this imaging mode is inverted from the topographicAt this heating value, the free peak-to-peak cantilever oscil-
information, with large values for cantilever oscillation cor- lations are approximately 7 nm, as measured with the lock-in
responding to sample recesses and a decrease in cantilewggnal. During imaging, the bias is set so that cantilever os-
amplitude occurring when sample protrusions are encoureillations are damped to approximately 30% of their free
tered. When compared to the height data, the tip oscillationsalue. The contact image is shown in Figaj7and the ac-
appear to have a lower resolution and are less sensitive tmode image is given in Fig.(8). The general features of the
surface features. However, this is partially a result of thewo images are the same. However, the ac-mode image is
feedback mechanism being turned off, which leads to again of higher resolution, with finer surface structures being
variation in the tip-sample separation during scanning. resolved. The contact image, in contrast, appears blurry. The
True topographic imaging can be achieved in this therblurriness of this image is concentrated along the raster di-
mally driven cantilever system by replacing the existing de-rection, which is from left to right in the image, and results

204

Height (nm)

404

-60

2088 Rev. Sci. Instrum., Vol. 68, No. 5, May 1997 Atomic force microscope

Downloaded-06-May-2003-t0-128.83.63.96.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://ojps.aip.org/rsio/rsicr.jsp



AFM into an ac-mode microscope with the simple addition

100.0 nw of a break-out box, resistive wire heater, wave form genera-
tor, either lock-in amplifier or rectifier circuit, and a simple
adder circuit. When a rectifier circuit is used, all signal pro-
cessing can be performed with homebuilt circuitry and only a
wave form generator is required to excite the cantilever. The
0.0 nw utility of this method is that it may be used in both gas and
liquid environments, with the latter benefiting considerably
from the elimination of lateral forces during imaging.

Improvements in this manner of ac-mode imaging may
be achieved by using a cantilever with a larger spring con-
stant and higher resonance frequency. A higher resonance
frequency would allow data acquisition at faster rates and
reduce the time required to obtain an image. A higher spring
constant would decrease the hysteresis between approach
and retract curves, which degraded the performance of the
feedback loop for topographical imaging. This study has
demonstrated the ability of an AFM cantilever to character-
50.0 ize thermal processes, and this area of research is being ac-

tively pursued by several group%:142°

50.0 nm

100.0 nm
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