Phonon-boundary scattering in thin silicon layers
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Temperature fields in microdevices made from silicon-on-insulé&®I) wafers are strongly
influenced by the lateral thermal conductivity of the silicon overlayer, which is diminished by
phonon scattering on the layer boundaries. This study measures the thermal conductivity of
single-crystal silicon layers in SOI substrates at temperatures between 20 and 320 K using Joule
heating and electrical-resistance thermometry in microfabricated structures. Data for layers of
thickness between 0.4 and 1ufn demonstrate the large reduction resulting from phonon-boundary
scattering, particularly at low temperatures, and are consistent with predictions based on the phonon
Boltzmann transport equation. @997 American Institute of Physid$S0003-695(197)02739-3

Thin single-crystal silicon layers are becoming moreuseful for thermal modeling of microdevices made from SOI
common in microfabricated sensors, actuators, and transisubstrates. Furthermore, since the purity and microstructural
tors. These microdevices can be fabricated from silicon-onguality of silicon layers in SOI wafers are not far inferior to
insulator (SOI) substrates, which provide silicon layers of those of bulk silicon, the conductivity reduction in thin lay-
thickness between 0.05 and }0n above a buried silicon ers provides information about other phonon scattering
dioxide layer. The performance and reliability of microde- mechanisms in bulk silicon.
vices made from SOI substrates can be strongly influenced The experimental data are obtained using the microfab-
by lateral thermal conduction in the silicon layer. This isricated structure shown in Fig. 1 using a procedure that is
particularly important for transistors in SOI circuittyin ~ detailed in a full-length manuscriptHeat is generated by a
which thermal conduction in the silicon device layer stronglysteady-state electrical current sustained in a heavily doped
reduces the peak temperature fisilicrocantilevers made region in the silicon overlayer, resulting in a temperature
from SOI substrates are promising for high-density thermodistribution in the silicon that decreases exponentially with
mechanical data storatfeand have thermal response times increasingx. The temperature distribution in the silicon is
and sensitivities governed by thermal conduction along théletected using electrical-resistance thermometry in two pat-
silicon layer. The thermal conductivity of silicon layers of terned aluminum bridges. The aluminum bridges carry very
submicrometer thickness may be strongly reduced by intelsmall current densities and experience negligible Joule heat-
facial effects, although this has not been demonstrated pré29, such that they measure the silicon temperature in regions

viously. surroundingx=x, andx=xg, respectively. The exact solu-
The thermal conductivity of silicon is dominated by pho- tion is well approximated by
non transport and, for the case of thin films, can be reduced p’ d X—X
by phonon scattering on boundaries and by imperfections T(x)—TO:? Vkodok exp( T O), @
s''s

related to the fabrication process. While phonon-boundary
scattering is most important at low temperatures, where the
mean free paths of phonons are longest, boundary scatterit
may also be very significant at room temperature and abov
in very thin silicon layers. There are no data available to
conclusively demonstrate this phenomenon in silicon layer:
of submicrometer thickness. Previous wbfkmeasured the
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lateral thermal conductivity of thin polysilicon layers in mi- 569 nm THICK
crosensors and reported a thermal conductivity reduction ¢
up to 80% compared to that in bulk silicon. However, pho-
non scattering on grain boundaries is responsible for a larg Emarrs

fraction of the thermal conductivity reduction in these layers, EZON'DUT,Q,,TY K

é/TA % ds=0.4-1.6 um’
such that these data are inappropriate for the single-cryst: g 2 2,
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layers in SOI substrates.

This letter provides data and phonon transport analysi
that quantify the impact of phonon-boundary scattering or \\ To
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whereP' is the heater power per unit lengthy is the sub-
strate temperature beneath the structdeeand d, are the
silicon and oxide thicknesses, respectivédy,is the vertical
thermal conductivity of the oxide, arld is the lateral ther-
mal conductivity of the silicon. The length
Xo=0.4—0.6um is obtained for each measurement point by
matching the temperature distribution from E4d) to the
solution of the one dimensional heat conduction equation
that includes the 2em-wide heated region in the calculation
domain. The thermal healing length along the device layer,
Ly =(dsdoks/ke) Y2 is the characteristic length scale of the
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temperature decay td,. For each measurement, the oxide gs:gjg ﬁm

thermal conductivityk, is measured on the same die using s L — P—

Joule heating and electrical-resistance thermon@ajlow- S 10 100 350
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ing Ty andk, to be determined from the measured tempera-

ture rises atx=x, and x=xg and Eq.(1). The sample is o ) y o
FIG. 2. Thermal conductivities of single-crystal silicon layers with thick-

b(.)nded. and paCkaged and CO_OIed using a I|qU|d—heI|um I’eﬁesses 0.42, 0.83, and Lubn. Also included are recommended values for
frigeration systent. The wafers in the current study are fab- pui silicon and predictions based on the phonon-boundary scattering analy-
ricated using BESOI technolody,which achieves the sili- sis.

con overlayer through bonding of two thermally oxidized

substrates and a subsequent etch. Data reported here wefie conductivity reduction at low temperatures. Diffuse re-
measured on wafers with silicon device layer thicknesses ofection results due to the interference of phonon wavepack-
ds=0.42, 0.83, and 1.6um and buried oxide thickness ets departing from an interface that has a characteristic
do=3 um. roughness comparable to or larger than the phonon wave-
The analysis uses a version of the thermal conductivityjength. The fraction of phonons reflected diffusely therefore
integral for silicon;? which accounts for phonon dispersion depends strongly on the surface roughness and on the wave-
and distinguishes between the contributions of transverse angngth of the phonons under consideration. Partially specular
longitudinal modes, together with a solution to the Boltz-reflection becomes more important at low temperatures. A
mann transport equation along thin lay&tsthe modified  more detailed analySisonsidering partially specular reflec-

form of the conductivity integral is tion on boundaries with characteristic roughmésA indi-
1 o /T d cates that the resulting increase in the thermal conductivity is
k= > = ,,IZJ ' Ci(Tb)iF(_s)dea (2)  about 20% at 20 K for the 0.42m silicon overlayer.
i=mim2 3 ' Jo (Ap)i

Figure 2 compares temperature-dependent thermal-

where the subscriptis=L, T1, T2 refer to the single longi- conductivity data for silicon layers with the predictions of

tudinal and the two transverse phonon modes, respectivel)';,qs'(z) %nd (3) and .W'.th the recommended ye}lues for bulk

v, is the appropriate phonon group velociéy, is the Debye Samples The predictions use the conductivity model for

témperature of the solidx,=h,w/ksT is t%e nondimen- Rulk samples and the solution to the Boltzmann equation
w=hp X - -

sional phonon frequencg; is phonon specific heat per unit with no fitting parameters. The layer conductivities are

volume and nondimensional frequency, the Boltzmann Con_strongly reduced compared to the bulk values, and the quali-
stant iskg=1.38<10"2 JK"%, and Planck’s constant di- tative agreement with the data supports the conclusion that

vided by 27 is hp=1.602<10"34J s. The conductivity re- boundary scattering is responsible. The maximum in the con-

duction due to phonon-boundary scattering is calculatec‘ijUCtiVity for the thin layers occurs near 70 K and separates
the low-temperature region, where scattering is dominated

ind dently f h diff tial step in the ph fre-
Independently for each difierential S'ep I e phonon e y imperfections and surfaces, from the high-temperature re-

guency spectrum using the solution to the Boltzmann equa:: h h h ttering is dominant. The bulk
tion, which is realized through the functién The relaxation gion, where pnonon-phonon scattéring 1s dominant. 1he bu

.. - l 71
time in the absence of phonon-boundary scattering, is thermal conductivity reaches a maximum, 5500 WK

that determined previously for bulk silicdA.The boundary &t & templtlaratp;e neaal'r 30 K.fF|guhre 21 shov;s ;ha?l'the data
scattering reduction functioR depends on the ratio of the agree well with predictions for the 1/m-thick silicon

layer thicknessd,, and the appropriate phonon mean freeoverlayer b.etween 3.0 grjd 300 K. The effect of surface
paths for transverse and longitudinal modesA,), roughness is more significant at lower temperatures where

— v, (m,);. The reduction functioiF is calculated using the the population of the long wavelength phonons increases. If

exact solution to the Boltzmann equation for the mean—freepartlally specular reflectl_on IS con5|der%_dhe_ '””_'F_’aCt of
path reduction along a thin laydr phonon-boundary scattering below 30 K is significantly re-

duced and the agreement can be improved. The agreement
1 1 for the 0.42- and 0.83«m-thick silicon layers is somewhat
< t_s) exp(—ot)dt,  (3)  poorer than for the thickest layer. This may be due to the

higher concentrations of imperfections associated with epi-
where 6=dg/Ay is the reduced thickness. This expressiontaxial silicon growth in these layers. These imperfections
assumes that phonons are diffusely scattered or emitted frotend to collect near the former interface with the heavily
the boundaries of the layer, which may slightly overestimatedoped etch stop layér®

3 3 @
Flo=1l"gx* 25 J

Appl. Phys. Lett., Vol. 71, No. 13, 29 September 1997 Ashegi et al. 1799
Downloaded 21 Nov 2008 to 171.64.49.29. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



10° P ———————r— - indicate that the reduction could exceed 50% for layers thin-
; ] ner than 0.1um at room temperature, which has very impor-
E T =300K LT . i ) ;
— tant implications for the cooling of transistors in SOI cir-
cuits. For SOI transistors based on ultrathin device layers
210 (less than 50 nm the thermal conductivity could be reduced
X fT=77K as much as 70%.
\,6 : The authors appreciate the support of the Semiconductor
3 Research Corporation under Contract Nos. 97-SJ-461 and
=< 10°F DATA E 96-PJ-357, the ONR Young Investigator Program, and the
; 0O d =1.60 um ] NSF CAREER Program.
[ T=30K s d=0.83 m]
> PREDICTIONS o d’:=o_42 tm'
10'30_0'5' 0'1 e 1' — L. Peters, Semicond. InL6, 48 (1993.

2K. E. Goodson, M. I. Flik, L. T. Su, and D. A. Antoniadis, ASME J. Heat
SILICON LAYER TH'CKNESS, ds (um) Transfer,117, 574(1995.

3B. W. Chui, T. D. Stowe, T. W. Kenny, H. J. Mamin, B. D. Terris, and D.
Rugar, Appl. Phys. Lett69, 2767(1996.
B. W. Chui, H. J. Mamin, B. D. Terris, D. Rugar, K. E. Goodson, and T.
W. Kenny, International conference on Solid State Sensors and Actuators,

The impact of phonon-boundary scattering is demon-5$hgag°v ”"g‘?('st'EgEzalo85§199-g- Appl. PIg8, L798 (197

. . . _°Y. S. Ju and K. E. Goodson, Jpn. J. Appl. . .

strat_ez_j more cl_early in Flg._ 3, which plots the thermal con-s- Mastrangelo and R. S. Mer. Sens. Mater3, 133 (1988.
ductivity reduction of the silicon layers compared to the rec- 70. M. Paul, J. Korvink, and H. Baltes, Sens. Actuatora4d, 161(1994).
ommended bulk values as a function of thickness and®M. Von Arx and H. Baltes, J. Microelectromech. Sy&t.193(1992.

. . . 9 H

temperature. The predictions are consistent with the data ex-M- Asheghi, M. N. Touzelbaev, K. E. Goodson, . K. Leung, and S. S.
cept at low temperatures where partially Specular reflection Wong, Presented at the Int. Mech. Eng. Congress and Exp., Atlanta, Geor-

g ’ - F mE gia, November 17—22, DS89, in MEMS, C. T. Aredisiaret al., eds.83
may be responsible for the deviation. The reduction in ther- (199§. ASME J. Heat Transfefin press. DSC-59, 83(1996.
mal conductivity of the 1.6um sample is small and not 10K, E_. Goodson, M. I. Flik, L. T. Su, and D. A. Antoniadis, IEEE Electron
experimentally significant at room temperature, suggesting ﬁgeﬁ":ﬁeﬁt;‘lé’ égoéjgs,?é V. S. Huang, C. T. Nguyen, A K. Paul, J. D
microstructure and purity that closely resemble those in bulk pj mmer, and S. S. Wong, IEEE Electron Device L&, 13 (1997).
crystals. Figure 3 predicts that the size effect on the conduc?m. G. Holland, Phys. Revi32, 2461(1963.
tivity can exceed two orders of magnitude for layers of thick-ﬁE- g Somlihelimer, Adv. Phyd, }I(1C952- 0P G K f

: Y. S. Touloukian, R. W. Powell, C. Y. Ho, and P. G. Klemens, from

?_ESS neal‘; c:)ne mlcrc.)meter at ;emlperatures less than 10 KThermophysical Properties of MattéFI/Plenum, New York, 1970 Vol.
is cou e very important for low-temperature sensors 1 , 339,

made from single-crystal silicon layers. The predictions alsd®w. P. Maszara, J. Electrochem. S488 341 (199).

FIG. 3. Thermal conductivity reduction due to phonon-boundary scattering. s

1800 Appl. Phys. Lett., Vol. 71, No. 13, 29 September 1997 Ashegi et al.
Downloaded 21 Nov 2008 to 171.64.49.29. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



