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Local probing of thermal properties at submicron depths with megahertz
photothermal vibrations
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We demonstrate the imaging of buried features in a microstructure—a tiny hole in an aluminum thin
film covered by a chromium layer—with nanometer lateral resolution using a transient temperature
distribution restricted to withir~0.5 um of the sample surface. This is achieved by mapping
photothermally induced megahertz surface vibrations in an atomic force microscope. Local thermal
probing with megahertz-frequency thermal waves is thus shown to be a viable method for imaging
subsurface thermal features at submicron depths2083 American Institute of Physics.
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The scanning thermal microscope, making use of arhis produces additional contrast through the thermal expan-
probe tip composed of an ultrasmall temperature sensor @ion coefficient. However, such imaging with these ac local
resistive heater, has allowed the local imaging of thermathermal probing techniques so far has been done at frequen-
properties on lateral length scales down~+@5 nm*? Of  cies<100 kHz, corresponding to a thermal penetration depth
particular interest in this field are techniques in which a tranin insulators that is greater thanl um. This is still too low
sient temperature distribution is used. Thermal waves ara frequency for optimal ac thermal imaging of thin films or
sensitive to the heat capacity as well as the thermal condustructures of thickness in the100 nm range or below. There
tivity, providing an extra source of contrast. Moreover, un-is, therefore, a pressing need to extend such ac local thermal
like the case for varying elastic fields, the intrinsically imaging to significantly higher frequencies.
damped thermal wave propagation can be controlled through Toward this end, we make use of a technique that we
the oscillation frequency: the thermal penetration depth— term optical heterodyne force microscol@HFM), involv-
essentially the thermal diffusion length—decreases with ining the local probing of photothermally induced ultrasonic
creasing frequency as fi2 and so it is advantageous in Surface vibrations. Figure 1 shows the experimental setup,
microscopy with thermal waves to work at high frequenciesPased on a commercial AFNTM Microscopes, CP-M We
in order to achieve a high spatial resolution. Because of théluminate a region of the sample surfabe-2 pm in diam-
ongoing trend toward device miniaturization with featureseter directly below the tip at normal incidence with MHz
less than~100 nm in size, local probing of thermal modu- chopped light(at f;=4.223 MHz) of typical average power
lation phenomena is an area of paramount importance. P =0-7 MW and wavelength 830 nffiwe therefore choose

One approach that combines oscillatiftigat is, agtem- @ transparent silicon nitride cantileveof spring constant
perature fields and local probing is based on the use of 81 Nm*) and tip (of radius 20 nm In addition to a dc
modulated heat source in the fif Although useful images
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FIG. 1. Schematic diagram of the experimental setup and model used for
dpresent address: Symyx Technologies, Inc., 3100 Central Expresswagptical heterodyne force microscopy. PSPD means position-sensitive photo-

Santa Clara, CA 95051. diode and AOM means acousto-optic modulator. In the model, the phase
YAuthor to whom correspondence should be addressed; electronic mails the part of the phase not related to the phas# the thermal expansion.

assp@kino-ap.eng.hokudai.ac.jp Also shown is a scanning electron micrograph of the tip.
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FIG. 2. Tip vibration amplitude as a function @ the excitation voltage of pm
the piezoelectric transducer at constant average laser incident p@&wer (
=0.7 mW), and(b) the average incident laser power at constant piezoelec- 150
tric drive voltage amplitudé250 mV). The straight lines are guides for the 100
eye. The inset shows part of the microstructure cross section.
50
temperature risec10 K, the sample undergoes periodic tem- 0 } 5 4
perature variations~5 K, and the surface vibrates 4t P s T e ]
= wy/,, With an amplitudeAz~ 10 pm that depends on the 190 100!«MW
local optical, thermal, and mechanical properties of the ob— N 50t s Ll
sample. The cantilever base is vibrated with a piezoelectric g i 2 m a L 2 ym

transducer operating in thickness resonance at an.amplituqﬁ%l 3. Topography, UFM, OHFM amplitude, and OHFM phase images for
Ax~0.8 nm and at a frequendy, (=4.220 MHz), slightly  a 2.5umx2.5um region of the microstructure. The time for a single line

different from f,. This vibration is transmitted down the scan of these 128128 pixel imagess 5 s for UFM and 3.3 s for the rest,
cantiever, which acts as an acousiic waveguide, and prafi & T the ot of 10 The pesesectic e otoge am
duces a vibration of the tip with a dominant component per+jyely. The scan direction is from the left- to the right-hand side. Cross
pendicular to the sample surface. Because of the nonlinearitections of the OHFM images are also shdeorresponding to the arroys
of the tip—sample force curve, a vibrati¢xt100 pm in am- The optica_l alignment for OHFM was improved compared to Fig. 2, leading
plitude) of the contacting tip is induced at a frequengy  '© 'a'9er signals here.
—f, (~3kHz). This is much lower than the fundamental
cantilever resonanc&8 kHz but much higher than the re- tation level in both cases. This behavior is consistent with the
sponse frequency of the AFM feedback loop maintaining thepredictions of a spring and mass model of the system if the
constant average deflection of the cantilefterough sample tip—sample interaction is modeled as a nonlinear sp(seg
stage motiop The differential output of the AFM photodi- Fig. 1 insef. One can show that, for fixetl, and f,, the
ode is fed to a lock-in amplifier tuned th —f, to obtain  amplitude of the tip at the difference frequenayy
OHFM amplitude and phase images. While scanning, only<k,AzAx, wherek,=?F/35% is the nonlinear coefficient
the sample stage is moved, ensuring a well-defined geometwof the force—distance curv8.This implies that OHFM fa-
for sample heating. The principle of OHFM is related to thatcilitates the measurement of the small sample vibration of
of ultrasonic force microscopgUFMm).*? amplitudeAz by the multiplication with the larger base am-
A cross section of part of the multilayer microstructure plitude Ax. Another important prediction is that the phase
sample is shown in Fig. 2. For the fabrication, polystyreneof the vibration aff; is transferred to the phase of the vibra-
beads of diameter 1@m are sprinkled onto a silica substrate tion atf,—f,. So the OHFM phase directly probes the high-
and a 180 nm layer of polycrystalline Al is then overlaid by frequency sample responéat f;).
electron-beam deposition. The beads are then removed by Figure 3 shows topography, UFM and OHFM amplitude
washing in distilled water, and a final 90 nm film of poly- and phase images for a 24nxX2.5um area overlapping
crystalline Cr is deposited in the same way. The thickness athe hole(lower region at an average force 5 nN and with
the Al was measured using AFM and that of the Cr usingP=0.7 mW. In both OHFM images the contrast between the
picosecond ultrasonicds. This microstructure provides a two regions is clear: the averaged amplitude ratio
good test for the detection of subsurface thermal properties Az,/Az;~1.3, and the averaged phase differenke
on submicron scales for several reasqgThe sample sur- =¢;—¢$,~21° (where 1 and 2 correspond to the one- and
face is optically and elastically homogeneous, allowing us tdwo-layer regions, respectively, angl, , are phase leagls
study thermal contras{The optical absorption depth of Cr at Thatr>1 is expected because of the higher thermal expan-
830 nm is{~15 nm, with optical reflectivityR=0.63.) (2) sion coefficient of Al. The phase differendeb was found to
The thermal diffusion length of the silica substrate~e4  be independent, to within the experimental erta3°), of
MHz is 0.25 um, restricting the thermal penetration to a the excitation conditions over the range proljsee Fig. 2.
submicron depthh? (3) The thermal expansion coefficient of The halo artifact between the two regions is caused by the
Al is ~5 times larger than that of Cr and is expected to giveslope and curvature of the sample th¥end indicates a
noticeable contrast. lateral resolution of a few nanometers. However, the effec-
We first measured the OHFM signals as a function oftive spatial resolution for thermal properties depends on the
incident laser power and ultrasonic excitation voltage on thehermoelastically excited elastic stress distribution and its ef-
two-layer portion of the sample. The results for amplitudefect on the surface displacement field.
are shown in Figs. @ and 2b). Within the experimental The UFM image was obtained with the same tip and

error (~*20%), the amplitudes are proportional to the exci- average force by solely driving the cantilever base with a
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sinusoid at 4.2 MHz modulated/a 3 kHz saw-tooth wave- In conclusion, we have demonstrated that subsurface
form, and by mapping the 3 kHz tip vibration amplitutfe. thermal contrast on the submicron level can be locally
The one- and two-layer regions give approximately equamapped with a technique based on megahertz photothermal
signals, demonstrating that the surface is elasticallywibrations. The method in its present form should be invalu-
homogeneou$’ This verifies that the OHFM contrast must able for the nondestructive testing of buried nanostructures
be sensitive to differences in subsurface thermal propertiessuch as in integrated circuits. Useful contrast from variations
At 4.2 MHz, the thermal penetration into the sample isin surface optical properties remains to be explored. More-
only ~0.5 um **®*significantly smaller than the optical spot over, the potential for depth profiling by scanning the optical
diameter. As a first approximation, we therefore compare ouchopping frequency up to the 1 GHz range and beyond or by
results with a simple quasistatic one-dimensional therthe use of the pulsed optical pump and probe technique
moelastic model. The heat conduction equatienT/dz?>  should open the way to thermal tomography with thermal
=cpdTlat, is solved subject to the standard interfacialwaves of wavelengths down to the nanometer level, and aid
boundary conditions, where is the thermal conductivity)g  in the study of the physics of diffusive phonon and electron
is the specific heat, anglis the density £>0 regiong. The transport in quantum-confined geometries.
thermal diffusion length is given b= (2«/cpw;)*% As-
suming a surface-localized source,xdT/dz=I1[1+exp
(—iwqt)] at z=0, where | is the average absorbe
laser intensity (~P(1—R)/7D?), the surface vibration
is derived from Azexg—i(wt+¢)]=/o((1+1(2][1
—1(2)])a(2)T(z,t)dz, wherea(z) is the linear thermal expan- *A. Majumdar, Annu. Rev. Mater. Sc29, 505 (1999.
sion coefficient and(z) is Poisson’s ratio. Literature values >H. M. Pollock and A. Hammiche, J. Phys. B, R23(2000).
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OHFM signals to variations in the thermal properties Wortge, and G. zu Putlitz, Appl. Phys. A: Solids Sus8, 109 (1994.
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Further, we predict ~ (30 pm)/(4.4 pmjy6.8 andA ¢ 0Transmission of the light through tfikollow) tip, of refractive index~2,
~3.9°. Although these relative values have the same sign aswas found not to significantly change the diameter of (dqaproximately

in th xperiment. th r ignificantl ifferent. P ibl Gaus_siahoptical sp_ot at the sarr_lple relative to the_lt above the tip. We use
€ experiment, they are significantly differe ossible subpicosecond optical pulses with 82 MHz repetition rate, but we checked

reasons are(1) th? ﬁnite_ optical penet_ratio_n deptt?) the this had no influence on the sub-10 MHz dynamics here.
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boundary regstance may also play' a |%9Im addition, ther 15 American Institute of Physics Handbod¥rd ed., edited by D. E. Gray

mal expansion of the tip may contribute in general, although (vcGraw—-Hill, New York, 1972

simple arguments suggest that this effect is not significant if®0. B. Wright and M. Tomoddunpublishedl Ay is also proportional to a

the present case. term involving stiffness and damping parameters.

The transition in the OHFM signals between regions ofu(vav‘Ee':’;:' S;rﬁsms) penetration is a few tinaeshe tip—sample contact radius
different subsurface structure is remarkably st‘(aqmpared G, S. Kino, Acoustic Waves: Devices, Imaging and Analog Signal Pro-
to w), ~50 nm. When the optical excitation overlaps the two cessing(Prentice—Hall, New Jersey, 1987
regions, a 3D numerical analysis of the thermoelastic problgBased on the calculated 3D temperature field only. In the Cr and Al films
lem is clearly necessary to understand this lateral variationzo;selfji"‘;“l"":y gi '2fslfhf’l‘3”0:2:rb:'r']‘ d"%'”?:so 3;2‘:19‘; | Phes. 5314
This is beyond the scope of this letter. However, the length (1999~ ger - ’ ' - Aopl. PRES,
scale responsible for these abrupt transitions is likely to bé!The tip length prevents significant heating of the cantilever by thermal
strongly influenced here by the relatively small vertical ex- conduction in airu=1.3 um at 4.2 MHz. The thermal expansion of the
tent of the buried inhomogeneous regi@ompared tqu). In tip may contribute: For silicon nitridey~0.3um at 4.2 MHz anda
addition, the change in surface topography will play a role ~2.2X10 ° K™+, leading to an estimated maximum contribution to the

vibration amplitude af, equal touaAT~3 pm, assuming periodic tem-

because it impedes both lateral heat flow and lateral :stressperature variations equal to that of the sampd (5 K). However, the

transmis_sion. Experiments with a sgries of related sample smalier oHFM signal observed for the one-layer region of the sample,
geometries should help settle this point. whereAT is larger, suggests that tip expansion is not dominant.
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