Thermal conductivity measurements of thin-film resist
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In electron-beam and photolithography, local heating can change the resist sensitivity and lead to
variations in significant critical dimension. Existing models suffer from the lack of experimental
data for the thermal properties of the polymer resist films. We present the measurements of both
out-of-plane and in-plane thermal conductivity of thin resist films following different exposure
conditions. An optical thermoreflectance technique was used to characterize out-of-plane thermal
conductivity; the out-of-plane thermal conductivity of exposed SPR™-700 resist increases as a
function of exposure dose. We also designed and fabricated a free-standing micro-electrode structure
for measuring the in-plane thermal conductivity and results for(pudghylmethacrylabefiims were
obtained, indicating that, unlike polyimide films, there is no appreciable anisotropic behavior.
© 2001 American Vacuum SocietyDOI: 10.1116/1.1421557

[. INTRODUCTION using noncontact thermoreflectance thermontetRpr in-

d plane measurements, we designed and fabricated a free-
standing micro-electrode structure and we obtained results
For PMMA.

With the exception of wafer direct writing, all advance
lithography demands photomasks with stringent tolerance
critical dimensiongCDs). These masks are typically fabri-
cated using electron-beam exposure of resist films on
chromium-on-quartz substrates. To meet the Semiconductdt. OUT-OF-PLANE MEASUREMENTS
International Association(SIA) Roadmap requirements, AE .

. . ) . Experimental method
higher beam voltage and higher beam currents are being used
leading to increased power densifiyGW/c.c. or higherand We used a noncontact thermo-reflectance technique to
this can cause resist local heating. The local heating cameasure the out-of-plane thermal conductivity of the resist
change the resist sensitivity and lead to significant variationghin film. As shown in Fig. 1, two laser beams impinge on
in CD.»? To model such heating satisfactorily we need tothe surface of the measured sample. One, the pump, a
know the thermal properties of the resist films. One well-Nd:YAG laser wih a 6 nspulse and 10 Hz repetition fre-
known resist, polymethylmethacrylate (PMMA), has been quency, generates a transient vertical heat flux on the metal-
characterized in terms of its thermal conductivity using dif-lized sample. The surface temperature decay was determined
ferent techniqued? but data are scarce for other resists, anddy monitoring the optical reflectivityat 633 nm (Fig. 2).
most previous work was confined to characterizing the unex¥he probe beam is coupled into an optical microscope and is
posed resist. Because the molecular structure of the resificused to a diameter much less than 1 mm to increase sen-
changes on electron exposure, the thermal properties can alsitivity, while the pump laser has a diameter of about 1 mm
change. Prior work in our group also indicated that certaifmuch greater than the film thickngsso ensure one-
polymers, for example, polyimide, have strong anisotropicdimensional heat conduction. The polarization cube was used
thermal conductivity. So both out-of-plane and in-plane to regulate the optics and to prevent the reflected light from
thermal conductivity have to be characterized on resists thiteing coupled into the probe laser cavity. A band pass filter
films. prevented the pump laser radiation from leaking into a PIN

Here, we describe measurements of thermal conductivitphotodetector. Then, the signal is amplified and collected by
both normal to(*out-of-plane”), and in the plane of, the a digitizing oscilloscopgTektronix DSA-600. Finally, we
resist film. Out-of-plane thermal conductivity was measuredextracted the out-of-plane thermal conductivity of resist film

from the shape of the time-decaying temperature profile as
dElectronic mail: dcchu@stanford.edu analyzed by a personal computer.

bpresently at: Soft Services Incorporated, 5286 Dunnigan Ct., Castro- 1N€ sam_ple preparaﬂon_indUdeq spin coating the resist
Valley, CA 94546. and depositing a 400-nm-thick aluminum layer on top of the
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Fic. 3. Experimental temperature decay cui#®m the experiments of
Fic. 1. Thermoreflectance method for determining the out-of-plane thermalinexposed SPR-700 resistnd corresponding curve fit of solution to heat
conductivity of resist. Monitoring the reflectivity of the metal film allows us conduction equation for the three different values of thermal conductiity
to follow the decay of surface temperature when we can determine thelearly k=0.14 W/m/K is the best fit of 400-nm-thick unexposed SPR-700
thermal conductivity of resist. resist thin film on silicon substrate.

resist. The aluminum was deposited slowdyfew angstroms Ideal thermal contact boundary conditions are assumed, i.e.,
per seconglto avoid distorting the resist. To measure thek,dé,/dz, andé, are continuous at the interfacg;, k,, and
thermal conductivity as function of exposure dose, somey, are the temperature, thermal conductivity, and diffusivity
samples are exposed before metallization. The exposure tomspectively, in theth layer, andz, represents the direction

is a variably shaped EBL system with 50 kV beam voltagenormal to the multilayer structure. The temperature decay is
and 10 A/cni beam current density. We exposed a series of Tominated by the heat capacity of the metal lagwe used

mm squares on one wafer with different dog&s10, 20, 40, the Al bulk valué at room temperature 2.3210° J/W/n?)

80, and 160uC/cn?). Multiple pass(5 uClen? per shot  and by the thermal conductivity of the resist layer.
exposures were applied to avoid over heating. We also

checked that the thickness of resist is unchanged after expo-

sure. B. Results and discussion
We used very short time scalgs) in the measurement, so

that the shape of temperature decay is strongly influenced b
P b y gy ith the three different values of resist conductiviBig. 3).

the thermal conduction in the metal-resist structure. Th h ‘ i timated 1o b ithin 200
measured shape of the decay of surface temperature is inter € Systémalic errors were estimated to be within 0

preted by solving the one-dimensional heat conduction equ&aysed primarily by the uncertainty of film thickness and by

The decay of temperature of a SPR resist film is fitted

tion in the frequency domain: noIse.
_ duency The results for PMMA, UVII-HS, ZEP-7000, and SPR-
IXo 0 _d29n 700 are listed in Table I. The PMMA value agrees well with
a, " dZ ' previous resultd* We also measured the out-of-plane ther-

mal conductivity for SPR-700 resist as a function of prior
exposure dose. The results are shown in Fig. 4, where each
point represents the average of five measurements; the stan-

Nd:YAG Noutral Dﬁ"s"" Fifeen dard deviations of the five measurements are less than 5% of
- Puledd Laser S| % the mean value. The error bars represent the error sources
] I 52 discussed in the last paragraph. From Fig. 4, we see that the
Diode VaPlate T thermal conductivity increases with the exposure dose until
Nd:YAG Filter E Microscope
Triggering ¥
Signal L ample
Amplifierf« D':re‘::ttoor il Samel - . .
TaBLE |. Out-of-plane thermal conductivity of various unexposed resist.
l Thickness Thermal conductivity
Oscilloscope [— Computer Resist Substrate (nm) (W/m/K)
High-Power Light Path .
Low-Power Light Path SPR-700 Silicon 400 0.140.03
Electrical Signal Path PMMA Silicon 400 0.16:0.03
ZEP-7000 Silicon 400 0.160.03
Fic. 2. Schematic of experiments for determining out-of-plane thermal con- UVII-HS Silicon 400 0.19-0.03
ductivity.
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Fic. 4. Out-of-plane thermal conductivity of SPR resist following a variety - e 4
of doses. I T S S T S T T N S S L L

. B
the dose reached 4@C/cn? (the nominal required dogeAt g&\\\ (b) M

higher doses, there is no further increase in thermal condu
tivity.

The primary impact of electron irradiation on SPR700 is
to convert the photoactive compound from a diaz-

onapthaquinone to an indene carboxylic acid. This chemicgl ;e ocated in the center of free-standing membrane, heat
conversion changes the infrared vibration spectra of the resig generated and diffuses along the membrane and the resis-

and hence it might increase thg phonon velqcﬁty and Meafhnces of the electrodes are monitored. The structure is de-
free path as well. It can lead to higher conductivity accordlngsigned such that the length of the aluminum briggjenm) is

to the following relationshig: much larger than the distance between two Al bridge4
k=3iCywl, mm) and the thickness of the membrane3 um), heat flux

is one dimensionally conducted from the center bridge to the

side. According to Fourier’s law, we can determine the ther-

mal resistance:

IQ-IG. 5. (a) Top view and(b) cross section view of the structure for deter-
mining in-plane thermal conductivity.

where Cy, is the heat capacityy is the phonon transport
velocity andl is the phonon mean free path. While this equa-
tion is not strictly valid for highly disordered materials in-
cluding polymers owing to the strong scattering of phonons, T,—T,
the equation provides some insight into the qualitative rela- " therma™ " p/5>
tionship between the thermal conductivity, the heat capacity,

the acoustic velocity, and phonon mean free path. Other fajghere T, and T, stand for the temperatures of aluminum

tors that could also account for this increase include a chan ndgest ":j t.hetr(]:er;]tertandbe.éjge of membrahes the power

in density(which would affectC,, in the latter equationand gerllzeratﬁ. w& EI ela er bri get.) th d th |
a change in the elastic constant due to the changes in resist 'otr IS, ct);: € a3|/|er| rr;etrr]n rang,t N mfe;sure . terma
glass transition temperature caused by the formation of th esistance IS the paraliel of he resistance ot the resist mem-
indene carboxylic acid. rane and the supporting membrane.

Whatever the physical basis for the experimental result 1 (Kresis< Oresist Ksupport< Asuppord X W
that upon exposure, the thermal conductivity of SPR-700 in- R~ L '

. . .. . total
creasing by up to 40% raises the suspicion that the previ- ) o )
ously predicted values of temperature rise, based on th@herekis the thermal conductivityd is the thickness of the
value of thermal conductivity before exposure, might haveMembranew is the length of aluminum bridge, 2 mm, and
been significantly overestimated. is the distance between the two bridges, 100.

The ideal structure for resist thermal conductivity mea-
surement would be a free-standing resist membrane without
IIl. IN-PLANE THERMAL CONDUCTIVITY the supporting layer, but unfortunately, it could not be prac-
MEASUREMENT tically fabricated with our techniques. Therefore, in order to

Free-standing membrane structures were fabricated tget thermal conductivity of resist, we also measured the ther-
measure in-plane thermal conductivity using steady stat@nal resistance of the supporting layer by etching the resist
ohmic heating and monitoring the temperature sensitive relayer off the sample. Thermal resistance of the supporting
sistance of the microelectrodéBig. 5. The double-layer layer is

membrane window is 0.5 mm10 mm, and the top layer is

. . 1 ksuppordsupporw
the resist film to be measured. Between the two layers are = = 3 .
two aluminum microbridges Zum wide and 200 nm thick support

which can be used as both heaters and electrical resistanBy subtracting 1Rg0010ff 1/Ri55, We can get the value of
thermometry. With electrical current through the aluminumthermal conductivity of the resist. To eliminate the measure-
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ment uncertainty, a high value of figure of mer@ mal conductivity of SPR-700 resist increases significantly
= KyesisBresist Ksupporflsupport IS desired. However, difficulty ~upon electron-beam exposure, which is possibly due to the
comes from the fact that the thermal conductivity of resist ismaterial structure change of polymeric resist. In-plane ther-
approximately an order of magnitude smaller than usual suphal conductivity results for PMMA films indicate that, un-
porting membrane such as silicon dioxide or silicon nitride.like earlier results for polyimide, there is no appreciable an-
These materials should also function as the etch stop materiigiotropy; but the thin-film values are only about two-thirds of
for silicon when we etched the bulk silicon to build free- the bulk value. Thus, it appears that to have meaningful val-
standing membrane. In order to get a hjghwe chose very ues for the thermal conductivity of thin polymeric films, we
thin film (200 nm of silicon dioxide (we measuredk must directly measure values under the relevant conditions.
=1.2W/m/K) as a supporting layer, and spin coated Qr8

thick PMMA film three folds, to obtain a total resist thick- ACKNOWLEDGMENTS

ness of 2.5um. With this structure, a lateral _thermal conduc-  This work was sponsored by Semiconductor Research
fuwty value 0.16 W/m/K of PMMA was obtained. T_he eITors Corporation under Contract No. MJ-653 and Intel Ltd.
in the measurements came frpm t_hermometry cal.lbratlon, rarhanks are owed to Dr. Katsuo Kurabayashi and Dr. Peng
diation heat loss, and uncertainty in membrane thickness. Wep oy for stimulating discussions and technical expertise, and

estimated that they are less than 5%, 5%, and 10% corrqq the Mask Advisory Group for their suggestions and en-
spondingly, leading a total error less than 15%. Within thiscouragements.

uncertainty range, the in-plane value is consistent with pre-
vious research and we can conclude that the thick PMMA 1T R Groves, J. Vac. Sci. Technol. B!, 3839(1996.
(0.8 um) has isotropic behavior in thermal conductivity, but 2S. Babin and I. Y. Kuzmin, J. Vac. Sci. Technol.18, 3241(1998.

a smaller value compared with the bulk value, 0.21 W/fy/K. D- Cahill and R. O. Pohl, Phys. Rev. &, 4067(1987).
S. Govorkov, W. Ruderman, M. W. Horn, R. B. Goodman, and M. Roth-

schild, Rev. Sci. Instrun68, 3828(1997).
IV. SUMMARY AND CONCLUSIONS 5K. Kurabayashi and K. E. Goodson, J. Appl. Ph§§, 1925(1998.

. . . K. E. Goodson, J. Appl. Phyg7, 1385(1995.
Two techniques for measuring the thermal conductivity of Y. S. Touloukian and E. H. Buycd;hermophysical Properties of Matter

thin polymeric films have been described. Both in-plane and (jri/plenum, New York, 1970 Vol. 1, pp. 1-9.
out-of-plane thermal conductivity of resists were measured °C. L. Choy, Polymer8, 984 (1977).

- _ oo .
and preliminary results were obtained. The out-of-plane ther- "Physical Properties of Polymer HandboGk996, pp. 111-118.

JVST B - Microelectronics and  Nanometer Structures



