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Thin film characterization by atomic force microscopy
at ultrasonic frequencies
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We present a technique in which atomic force microscopy at ultrasonic frequencies is used to
determine the thickness of thin films. In this technique, the resonance frequency of a flexural mode
of an atomic force microscope cantilever is used to determine the tip-sample contact stiffness. This
allows the film thickness to be determined, provided that the tip and sample elastic moduli and radii
of curvature are known. We report experimental results for thin metal and polymer films deposited
on silicon substrates and compare them with the predictions of a theoretical mod€00®
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The introduction of the atomic force microscSgaAFM) eralized Hertzian contact thedfjintroduced by Fogden and
was soon followed by intense interest in its use as a probe fovhite!* includes the effect of the water meniscus. In the
the hardness and elastic modulus of very smalinf®) vol-  experimental conditions under considerathowever, the
umes. Techniques in which the AFM is used to measurddertzian load is simply the sum of the capillary fofeg and
local elastic properties include force modulationthe cantilever forcé-| :
microscopy? the force curve methotl,nanoindentatiof, B
pulsed force mod@ultrasonic force microscopyscanning Fo=FatFL. @
microdeformation microscopﬂléand a technique in which The contact stiffness is then given by
contact resonances are measti@kso referred to as atomic
force acoustic microscopy In the latter method, the reso- k=3V6F0RE*2, 2
nance frequencies of the cantilever flexural modes are used
to determine the tip-sample contact stiffness. Quadrant Laser

In this letter, we report the application of atomic force photodetector
acoustic microscopy to the measurement of the contact stiff-
ness of thin metalcopper and tungsteérand polymer(pho-
toresisj films on silicon substrates. This information, com- 4/
bined with the Hertzian contact model and surface ampifier ‘7 Zn0 actuator
impedance modeling of the layered structure, allows the film sampie
thickness to be determined.

The experimental apparatus used in these experiments is Network Andlyzer
illustrated schematically in Fig.(&). The cantilevers are : M
made of single-crystal silicon and have integrated piezoelec- ‘
tric (zinc oxide actuators. Their fabrication has been de- ———
scribed previously® The cantilevers are mounted in a com-  (2)
mercial AFM'* and the constant force mode is used to keep
the tip in contact with the sample with a constant average
cantilever deflection. A sinusoidal excitation signal is ap-
plied to the actuator by a network analyzer. The optical lever
method is used to sense the cantilever deflection. The signal
from the quadrant photodetecttrertical deflectionis am- evanescent
plified and input to the network analyzer, thereby allowing ¥
the cantilever frequency response to be measured from dc to —
3 MHz. The upper frequency limit is due to the attenuation siicon
of higher frequencies by the quadrant photodetector and am- substiate
plifier.

The tip-sample interaction is illustrated in Fighbl The (b)
forces acting C,m the tip include the cantilever deflecpon forceFIG. 1. (a) Experimental setup used to measure in-contact flexural mode
(FL). the capillary force F,) due to the water meniscu$,  resonant frequencies of an AFM cantilevéln) Forces acting upon AFM
and the normal forceHy) from the sample itself. The gen- silicon tip when it is in contact with the sample in ambient conditions.

F —force from cantilever.F ,—capillary force from water meniscus.

Fy—normal force from sample. Oscillations in cantilever foFgegenerate
@E|ectronic mail: kcrozier@stanford.edu an evanescent elastic wave in the sample.
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Py this figure that the contact resonances are higher in frequency
2 60+ /Silicon for silicon as compared to photoresist, which is due to the
E 401 higher stiffness of silicon. Furthermore, it can be seen that
g0)  Torsional modes the difference between the resonant frequencies of silicon
Photoresist (1.6 xm) and photoresistdenoted byAf) is not the same for all can-
00 5000k 1OM 1M 2oM  2.5M tilever flexural modes. Two torsional modes were observed
(b) frequency (Hz) around 1 MHz. However, torsional modes are expected to be

sensitive to the lateral stiffnegsee Ref. 8of the tip-sample
FIG. 2. (a) Free cantilever oscillation amplitud@rbitrary unit$ vs fre- interaction rather than the contact stiffness and therefore

quency.(b) Cantilever oscillation amplitudéarbitrary unit$ vs frequency. have not been studied extensively in this investigation
Cantilever resonances for tip in contact with silicon and in contact with ;

photoresis{1.6 um) on silicon. The two torsional modes, observed around The high sensitivity of this technique to contact stiffness
1 MHz, are largely insensitive to contact stiffness. suggests that it may be used to measure the thickness of thin
films. This has been carried out for photoresist, copper, and

whereR is the tip radiusE* is the effective Young's modu- tungsten films on silicon. The substrates wpreype (100

lus of the tip-sample interaction and is given by 4-in. silicon Wafers._ T_he photoresi(ﬁh_ipley 3612was spun
on to hexamethyldisilazan@&MDS) primed wafers at vary-
11 N 1 3  ingspin speeds to achieve the desired thicknesses. In order to
E* EX EX’ © achieve thicknesses below 3000 A, it was necessary to thin
the resist(Shipley type P thinner The tungsten films were
where deposited by sputterind@alzers 450. The copper films were
= deposited by evaporation. A chrome sticking lay&s0 A)
ET= 1= 2 (48 was used for the copper films.
PT Figure 3 shows the measured resonance frequéatty
and hand axi$ of the first cantilever flexural mode as a function
E of photoresist thickness. The theoretical contact stiffness is
E% S (4b) also plotted(right-hand axis This was calculated using the

:l—pé'

ET andEg are the reduced Young’s moduli of the tip and 5., 41
I T

sample, respectivehEg, Et, pg, andpg are the Young's 2 4442 E 2500

s
moduli and Poisson ratios of the sample and tip, respectively. &>,~4440_; §
The equation forE only applies, however, for bulk sub- g 443'8_5 P 2400 £
strates. Layered materials require an approach based on sur- § F o300 P
face impedance tensof%. - 443'6_5 2

The tip-sample interaction stiffness may therefore be §443'4§ £ 2200 £
modeled as a lumped spring element, whose effect is to shift = § **23 _2100%
the resonance frequencies of the cantilever flexural modes & 44303 2
(Ref. 9. Figure 2a) shows the free cantilever resonances.  $ 44283 ®  Cantilever Resonant Frequency (data)t 2000 o
The first seven flexural modes are shown. Figuis 2lus- T 44261 Contact Siffness (theory) £
trates the difference between the cantilever resonances when & 0 200 400 600 800 1000 1200 1400 1600 1800
the tip is in contact with silicon and in contact with a Juf Tungsten Thickness (A)

phOtOI’eSISt film on silicon. The cantilever resonances |G, 4. Left-hand axis: resonant frequen@Hz) second flexural mode of

higher in frequency when the tip is in contact with the cantilever vs tungsten thickne¢8). Right-hand axis: theoretical contact
samnble than for the free cantilever case. It is also clear fronstiffness(N/m).
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e - T : - - Ty 1860 = The fourth flexural mode of the cantilever was used for
T e Cantilever Resonant Frequency (data E h fil The f f thi
= . Contact Stiffness (Theory) 1850 2. the measurements on copper films. The frequency of this
Z 100243 a0 mode is plotted as a function of film thickness in Fig. 5
c . . .

o é’ (left-hand axi$. The theoretical contact stiffness has also
g 0% . 1830 & been plottedright-hand axis From the figure, it is seen that

; 16022 1820 g the technique is very sensitive for samples thinner than ap-
g X 1810 O proximately 2000 A. The tip radiuR and Hertzian loadF,,

B 16021 . Eé were taken to be identical to the values for tungsten as the
% 102 same cantilever was used. The Young’s modulus and Pois-
© 16020 . 1790 © son ratio of copper were taken to be 126.2 GPa and 0.370,
§ : : : : : : k1780 = respectively. Copper is softer than silicon, so the contact
o 0 1000 2000 3000 4000 5000 6000 stiffness decreases with the copper thickness. The measured

Copper Thickness (A .
PP @ cantilever resonance frequency follows the same trend as the

FIG. 5. Left-hand axis: resonant frequen&z) of fourth flexural mode of theoretical contact stiffness, apart from the data point at 2480

cantilever vs copper/chrome film thickneds). The first 150 A of this film . )
is a chrome sticking layer and the remainder is copper. Right-hand axis':&‘ (which may be due to the hlgh surface rothness of these

theoretical contact stiffnes®\/m). samples.
In summary, we have used atomic force acoustic micros-
) ) i . . . copy to measure the contact stiffness of thin layers of metal
method outlined in Ref. 16. In this calcu!atlon, the tip radius g polymer films deposited onto silicon substrates. The be-
R was taken to be 220 nm and the Hertzian I8gdo be 300 1,5,i0r of the cantilever resonance frequency with film thick-

nN. The Young's modulus and Poisson ratio of the photoreyaqs s in agreement with theoretical calculations of contact
sist were taken to be 3.7151 GPa and 0.3712, respectivelyitnass.
For (100 silicon, the Young's modulus and Poisson ratio
were taken to be 169 GPa and 0.278, respectively. From the This work was supported in part by ONR and JSEP and
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