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J. Hartmann, P. Voigt, and M. Reichling®
Freie Universita Berlin, Fachbereich Physik, 14195 Berlin, Germany

(Received 21 June 1996; accepted for publication 27 November) 1996

A photothermal microscope that provides micrometer lateral and submicrometer depth resolution
was designed. Thermal conductivity measurements with modulation frequencies up to 12 MHz on
single grains in polycrystalline diamond demonstrate its lateral resolution power even for a highly
conducting material. Measured conductivities strongly depend on the averaged volume and values
up to 2200 W/mK are found in the high frequency limit where the properties inside a grain are
sampled. The capability of the instrument to measure thermal parameters on thin films is
demonstrated for gold films evaporated on quartz with a thickness ranging from 20 to 1500 nm.
Measurements reveal a strong thickness dependence for both thin film conductivity and the contact
resistance between film and substrate. Thermal conductivity decreases monotonically from 230 to
30 W/mK whereas the contact resistance rises frori@ ’ to 8x107° m?K/W with decreasing

film thickness. ©1997 American Institute of Physid$$0021-897€7)00906-1

I. INTRODUCTION measurements on CVD diamond and gold films are pre-
sented and discussed in Secs. IV and V, respectively.
Photothermal microscopy was developed for both the
measurement of thermal parameters with high spatial
resolutiort and for imaging applicatios and the technique ' EXPERIMENT
is now widely wused in semiconductor material  The experimental setup is shown schematically in Fig. 1.
engineerind”'? Also for the characterization of inhomoge- To obtain highest local resolution we aimed for an optimiza-
neous materials, mirag&' and thermoreflectant®'® mi-  tion of both laser spot sizes and thermal diffusion length. To
croscopes have successfully been used. New materials, likghieve high optical resolution the photothermal apparatus
highly conductive chemical vapor depositedCVD)  was integrated into a commercial microscof@arl Zeiss
diamond!’ are a challenge with regard to lateral resolution Jenaver, yielding focal diameters very close to the diffrac-
and have stimulated further development of thetion limit for the laser beams.
technique'®*®In the present work we report about a photo-  The sample is mounted on a two-dimensional translation
thermal microscope with a high bandwidth that provides astage and can be positioned with Quin precision. A dich-
spatial resolution variable over a very large range. Integraroic mirror is used to combine the HeNe laser probe beam
tion of the setup into a commercial microscope and usingvith the Ar' laser pump beam and both pass a polarizing
highest modulation frequencies up to 12 MHz yield mi- beam splitter and &/4 plate before they are focused onto the
crometer resolution even for highly conducting materials. |nsamp|e surface by the microscope objective. The pump laser
contrast to heterodyne techniqéé%" where high frequency power incident on the sample can be controlled by thé Ar
thermal or acoustic signals are mixed and detected at thejaser and was kept below 100 mW while the probe laser had
difference frequency, here we utilize a double modulationa power below 5 mW. Having passed thid plate two times
technique capable of detecting small high frequency signalghe reflected HeNe laser beam passes straight through the
on a strong coherent background by two-stage Lockin detedseam splitter and is focused onto a photodetector after sepa-
tion. The large scanning area of the pump beam with respeghtion from the A¥ laser beam by an interference filter. A
to the probe beam of up to 0.25 rrllows thermal param- movable lens in the heating laser beam path is used to adjust
eter measurements with high accuracy. The capabilities ahe relative positions of the pump and probe beams on the
the instrument are demonstrated for two typical applicationssample surface from 0 to 5Q@m.
High resolution measurements on CVD diamond reveal in-  The Ar* laser beam is modulated with an acousto-optic
formation about heat flow in single diamond grains, whilemodulator(A&A MTO8) and, when using double modula-
measurements on a set of thin gold films of 20—-1500 nmijon, additionally with a mechanical chopp&iMS model
thickness provide precise data for thickness-dependent thep21) operated at 3.5 kHz. The upper limit of 12 MHz for the
mal conductivity and contact resistance between film andigh frequency is set by the HF-Lockln amplifiéingle-
substrate. In Sec. Il we describe the experimental setup iphase LockIn, Princeton Applied Research PAR1@@ile
detail. In an extension of a previously published thédwe  the ac-coupled preamplifi¢analog modules 33Zonnected
present a simple formula for the calculation of thermal dif-to the photodetector defines the bandwidth limit on the low
fusivity and contact resistance in Sec. Ill. Results for thefrequency side at 100 Hz. For high frequency operatfos:
guencies larger than 1 Mbiz a double-modulation

dCorresponding author. Electronic mail:  reichling@matth1.physik.fu- tEChqué_ IS _Used that is capable of eliminating any elec-
berlin.de tromagnetic pickup at the frequency of photothermal modu-
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FIG. 1. Schematic view of the photothermal microscope.

lation (e.g., stray fields from the acousto-optic modulator are suppressed by the second Lockin while the wanted pho-
that would otherwise be a major source of an unwanted sigtothermal signals pass. Of course, there is also a strong pho-
nal when working with MHz frequencies. The amplified de- tothermal response to the 3.5 kHz modulation from the chop-
tector signal is first analyzed by the HF-Lockin amplifier per. However this can safely be ignored since it is linearly
synchronized to the high frequency of the acousto-opticabuperimposed to the high frequency signal and effectively
modulator. The output signal of this Locklin is filtered with a suppressed by the HF-LockIn. Furthermore, the thermal de-
3 us time constant and still carries the modulation from thecay length for the 3.5 kHz signal is more than one order of
mechanical chopper. This low frequency signal is rectifiedmagnitude larger than the length for the high frequency sig-
by the second Lockligdual-phase Lockin, EG&G 52} 0ef- nal and, therefore, no significant phase shift or amplitude
erenced to the 3.5 kHz modulatiéchoppey and operated in  change has to be expected over the distances scanned in this
the amplitude/phase mode with a time constant of typicallyexperiment.

300 ms. The output signal of the second LockIn represents

the amplitude of the low frequency signal that in tumn is |, tHeORY

proportional to the amplitude of the high frequency signal

times the cosine of the phase difference between the high Thermal diffusivity measurements of isotropic bulk ma-
frequency reference and photothermal signals. As the higterials involve thermal wave$xexp(iqr —iwt)/r, wherer
frequency Lockin is only a single-phase instrument, one hais the radial distance from the heating source, and the disper-
to measure the amplitude for at least two different referencgion relation’*

phases to obtain complete information about the amplitude i o

and phase of the high frequency photothermal signal. To qzzﬁ, D
enhance the accuracy of the measurements the phase of the

high frequency reference is shifted in eight steps from 0° talefines the wave numberdepending on thermal diffusivity
360° and the amplitude of the low frequency signal is re-D and modulation frequency=27f. Measuring the phase
corded as a function of these phase shifts. Amplitude anthg of the thermal wava ¢=(w/2D)Y?Ax at a distance\x
phase of the high frequency photothermal signal are detefrom the excitation allows a straightforward determination of
mined by a fit of a sine function to this data. Any high thermal diffusivity.

frequency stray field at the photothermal modulation fre- To describe thermal waves in thin film systems in gen-
guency picked up by the sensitive electronics would also beral, one has to solve the heat diffusion equation in all con-
measured when using only the HF-LockIn for signal detec-stituents and combine solutions by appropriate boundary
tion. By additionally modulating the pump laser beam with conditions®®> Recently we have showf3, however, that, in

the low frequency and inserting the second Lockin, suchthe case of an optically thick but thermally thin film, the
unwanted signals are effectively filtered out since they apecalculation can substantially be simplified by solving the
pear as a constant voltage at the output of the HF-LocklIn antleat diffusion equation for the substrate alone by applying a
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FIG. 3. Amplitude and phase profiles recorded on a large CVD diamond
grain of a polished sample at a modulation frequency of 12 MHz. The solid
line is a fit to the isotropic heat flow model assuming a bulk conductivity of

2200 W/mK.

A
Re0)= 1. ®

This is done by a least-square procedure fitting parameters in
Eqg. (2) to the measured values for the distance dependent
phase lag.

IV. THERMAL CONDUCTIVITY OF CVD DIAMOND
GRAINS

To demonstrate the importance of high lateral resolution
for a local thermal analysis we first present a measurement
on a single CVD diamond grain. As can be seen in the mi-
croscopy image of Fig.(3), this grain appears as a markedly
regular area on the as-grown surface of a polycrystalline
sample that was covered with a thin layer of gold to assure
homogeneous absorption of the pump laser light. During this
measurement pump and probe laser beams were focused
FIG. 2. (a) Microscopy image of a large CVD diamond grain. The grain is ONt0 the same spot and the sample was scanned. The result-
one of the few on the as-grown sample with a flat surface parallel to thdng photothermal amplitude image over an area ok60
_scann_ing_diregtig?] ?nt(:], therlefore,l_tezsily ac%esdsibl_?h fé)or |E|1|e phc:]ltoltht(f:rm%m2 at 60 kHz modulation frequency is shown in FigbR
B e e 0 K2 ot1% Except for some steps, the strface of the grain is rather
both images. smooth, as is evident from the optical image, and it was also
checked by recording the total reflectivity of the probe beam
during the photothermal scan. In contrast, the photothermal

modified boundary condition. We use this approach for theamplltude image rev_eals substantial structures. The location
f the two hot spots in the lower left corner and close to the

analysis of data presented below but take additional thermd]

resistance between film and substrate into account. Th.%ght edge in particular cannot be inferred from the optical

modified calculation is outlined in the Appendix and yields'mage' PreSLIJma.ny. they |nd|c§1te the location .Of hidden ther-
an implicit equation forg;: mal boundaries inside the grain or areas of high defect con-

centration. This example clearly demonstrates that for any

, o vz measurement aimed at measuring thermal conductivity in-
o, K q D_S side a grain the laser beam has to be positioned very care-
D_f_q :h_Kf o\ 72 (2 fully and the measured heat flow has to be restricted to a
1+ KSRth< q’- D—) thermally active volume of the order of 1Qam®,
S

To measure thermal conductivity within such grains, we
wherek is the thermal conductivityh the film thickness, and applied the photothermal profile analysis described in detall
Ry, the thermal resistance between film and substrate. Thelsewheré®?” Due to the high thermal conductivity within
subscriptsf and s denote parameters for the film and sub-the diamond grain very high modulation frequencies are nec-
strate, respectively. By measuring the phaseAagof the  essary to restrict the measured heat flow to a single grain.
thermal wave as a function of the distankr from the heat- Typical amplitude and phase profiles of the surface tempera-
ing source on the sample surface, thermal diffusivity andure obtained on a polished CVD diamond tile of 58fh
contact resistance at the interface can be extracted using thigickness at a frequency of 12 MHz are shown in Fig. 3.
relation Note that there is a very high amplitude in the center region
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FIG. 4. Thermal conductivity of a CVD diamond sample extracted by beam

profile analysis(see Fig. 3 for different modulation frequencies. Closed 0l 30KkHz (b)
circles show results extracted from measurements on a sample with a 20 nm 3 s © v 70 nm
gold surface layer, while open circles represents results for a 70 nm gold/ §a .
chromium surface layer. s - /20 nm\
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that is directly heated by the pump beam and a slow diffusive %_ 7 \\\
decay further outside. The high sensitivity of our instrument )
allows measurements far beyond the heated regjien up '?10 5 0 5 10
to 5 um for a 1 um pump beam radius for the measurement distance Ax (um)

shown in Fig. 3 and, therefore, provides a very reliable
analysis of the phase profiles.

Averaged conductivities for a range of frequencies exFIG. 5. Theoretical calculations of the phase‘IaQaat_'LZ MHz and(b) 30
tracted by profile analysis using the model for isotropic hea :Si”nlofoﬂleggomegﬁ?%ifcokrnaegslsvf;g::n%'avn\;fn:g' ;?;I{‘:Lvsei igf’gesem
flow are shown in Fig. 4. Beam profile analysis yields am? k/w and results for 70 nm withcgg=80 W/mK and Ry,=5x 10
thermal conductivity averaged over the thermally active vol-m* K/W. The shaded regions it show the distance ranges most affected
ume determined by the thermal diffusion length by the gold layer.

Lth=(2D/w)1’2. Therefore performing measurements in the

middle of a large CVD diamond grain should yield increas- ) _ ) _ o )
ing thermal conductivity with increasing modulation fre- @dhesion of the films on dielectric materials is also described

quency. The solid curve in Fig. 4 shows that, for a largein the literature® If the thickness of the gold layer and the
grain already at a frequency of 100 kHz, a conductivity ofthermal resistance at the gold/diamond interface exceed criti-
2200 W/mK, i.e., a diamond bulk valdcan be measured Cal values(approximately 30 nm and>110"° m*k/W), the

and a further increase in frequency yields the same valyifluence of the gold film is no longer negligible. To confirm
except for some scatter due to sample inhomogeneity. ThedBis we performed model calculations using a rigorous three-
measurements were taken on a sample where the absorbiflgnensional theory for a thin film on a substrate systém.
gold film was extremely thitapproximately 20 nmand the T eoretical phase profiles for 20 and 70 nm gold films on
pump beam was partly transmitted by the gold layer, resultdiamond at 30 kHz and 12 MHz modulation frequency are
ing in low absorption and, therefore, a small signal ampli-Shown in Fig. 5. The values for film conductivity and ther-
tude. Due to the high transparency of the diamond tile thdnal resistance are taken from precise measurements of thin
bulk absorption of the transmitted pump laser light does nofold films on quartz substrates tha.t are presented below. As
contribute significantly to sample heating and the assumptiof@n clearly be seen, the change in the slope of the phase
of pure surface heating is still valid. The situation is differentProfile introduced by the gold film is much more significant
for samples covered with a thicker gold film. There, thein the case of the 12 MHz simulations. Data analysis based

pump beam is completely absorbed within the layer resultingn measuring the slope in a region of aboyiré around the

in much less scattered data. However, as shown by thgenteris much less affected in the case of a measurement at

dashed curve in Fig. 4, the thicker gold layapproximately 30 kHz modulation frequency. However, this frequency is

70 nm introduces a significant systematic error at high fre-much too low fpr local thermal analysis. In conclusion it can

quencies, i.e., samples with a thicker gold layer vyield rebe said that highly resolved thermal measurements require

duced thermal conductivity. strict high modulation frequencies and very thin metal over-
To explain this phenomenon we recall that using highe,layers and_a reliable data an_alysis is fostered by measuring

modulation frequencies for photothermal analysis results iPhase profiles over a large distance.

an enhanced surface sensitivifiConsequently the influence

of the thermal prope'rt|.es of the gold film gams'lmportance.v_ THERMAL CONDUCTIVITY OF GOLD FILMS

On the other hand, it is well known that gold films have a

polycrystalline structur®3! that results in reduced thermal The aforementioned considerations show that the influ-

conductivity with decreasing film thickned%3? The poor ence of the gold layer is a crucial question and potential
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obstacle for local conductivity measurements. We therefore

investigated thermal properties of thin gold films on a dielec-

tric substrate in some detail. In a previous publication we had

demonstrated that the thickness of gold films has a strongiG. 7. (a) Measured thermal conductivity of gold films as a function of film

influence on their thermal propertié%'j’o determine thermal thickness. The solid line is a fit to E¢B). The inset displays the same data

conductivity and contact resistance to the substrate precisefy @ logarithmic thickness scale. Different symbols represent results ob-

. . .. ined for various frequencies and are defined in the insgt) ofb) Thermal

as a function of thickness we revisited the problem by mearesistance between gold film and quartz substrate vs film thickness. The

suring a set of gold films evaporated on fused silica subsolid line is a guide to the eye.

strates in the thickness range of 20—1500 nm. For the present

investigation we used essentially the same method as de-

scribed previously® however, the considerably smaller focal B Z

diameters of the pump and probe beams that could be ob- Keff= K(0)+[x() = x(0)]} 1+ — [exp(—2/zo) = 1],

tained with the new photothermal microscope dramatically @

[ﬁ:ui{iig%ﬁvg:‘u&oen G';fgzgsaig?’Stize;fgr;io%\rzgt%f?hh::ze\ﬂith k() being the limiting thermal conductivity value for
prec P nalysi: Cnfinite film thickness, whilex(0) is the value for zero film

of the simple model calculation. Figure 6 demonstrates thatﬂ

the resulting phase profiles are essentially straight lines andiCkneSS' The fit gives a thermal conductivity(x)
uiting p profries ally Ight =(219+5) W/mK which is considerably below the bulk
very precise values for their slope can be extracted.

P — 35 .
To minimize experimental uncertainty, we pen‘ormedthermal conductivity of goldcg,q=310 W/mK:™ This fact

. . . an be ascribed to the well known polycrystalline structure
measurements at four different modulation frequencies, 0.05, potyery

2 of gold films2%31*%where the boundaries between the single
?Hz,rn?.?,rar}dt 1nMHv%/. r\/aluxtirs f?r dtr}fr:atlhcorr:]ductlvrlt)é ar;]d grains act as an additional thermal resistance lowering the
cuerveg useiigs quzze) ar? dethee reascuis a:)e sho?/vn ?naleingan a3Verall thermal conductivity measured in our experiments.
) . The resulting«(0)=0.5 W/mK represents the thermal con-
and 7b). It is important to note that a theoretical model 9«(0) P

‘ . . uctivity for an infinitely thin layer of gold at the early stage
neglecting the thermal contact resistance between film an f the deposition. Assuming the first layer of deposited gold
substrate is not able to fit measurements at all frequencieB

As expected, we found thin film conductivity decreasing uilt of grains with a size of about a 20 nm layer thickness,
L ! . the thermal resistance between the grains can be estimated to

with film thickness with the lowest value more than one 34

order of magnitude below the bulk value whereas thermaP

resistance exhibits the opposite tendency. Within the limit of ~ Ryp=20 nnix(0) *— k(%) 1]=4X10"8 m’K/W.

large layer thickness the resulting thermal resistance is very 5

close to the value obtained for a similar system, i.e.,.012-  Meyer-Berg et al. investigated polycrystalline aluminum
thick gold layer on silicon oxidé? The reduction of thermal  films with a similar technique, that produced a thermal resis-
resistance with increasing layer thickness is probably due tgance at the aluminum grain interfaces the same order of
annealing effects at the interface during longer sputter timesnagnitude as for the resistances found Hére.

From this and other observatichswe anticipate that the
thermal properties of the gold films obtained are quite uni-,

versal and not restricted to systems prepared for the prese\rﬂ' CONCLUSIONS

film thickness (nm)

investigation. In summary, a photothermal microscope using the ther-
The solid curve shown in Fig.(@) is a fit to the empiri- moreflectance technique was proved capable of micrometer
cal formula® resolution thermal conductivity measurements. With beam
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profile analysis the thermal conductivity of a single diamond T=T, exp(— Bz)exdiq(x+Yy)/2]exp —iwt), (AB)
grain could be determined and a value close to that of natural ith
lla diamond was found. The influence of the thin surface’!
layer of gold sputtered onto the diamond to facilitate mea- , 1o
surements on thermal conductivity data was discussed in de- B*=0q°— D_s
tail. It was shown that a film thickness of less than 30 nm has o ]
to be used to avoid coating-induced artifacts. With a simila@nd an implicit equation fog
technique the thermal conductivity of thin gold films on w12
quartz substrates and the thermal resistance at the interface ; <q2_ —)
. . - () Ks Dq
with the substrate were determined. Both exhibit a strong ——qg?°=— — 7. (A6)
thickness dependence. Using a simple empirical model, we Dy hict 1+ xRy G2— '_w>
calculated the thermal resistance at the interface of grains s Ds
within the gold films and found it to be in agreement with Note that forR,,—0 Eg. (A6) reduces to
values presented by other authors.
iw K iw)?
—— = ( 2— —) (A7)
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APPENDIX
We seek solutions of the heat diffusion equation
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q _D_f, ( )

describing the dispersion relation for the film material.
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