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1 Introduction can also be used to calculate a reduced effective phonon thermal

Each successive generation of transistors is scaled to Sma&%pductivity accounting for interface scattering. Thi_s appro ach
dimensions to improve speed and functionality. This scaling €S not account for the severe departure from equilibrium in the
currently yielding transistors with channels of length near 200 nfRionon system that occurs when the phonon mean free path,
This is comparable to the effective mean free path of phono,{g),mparable to or exceeds the characteristic heat source dimension
which are quanta of lattice vibrations and dominant heat carridist]. There have been no simulations that resolve non-local pho-
in silicon, near room temperatufé,2]. The large electric fields non transport in practical device geometries.

near the drain side of transistors create regions of highest electronThe present work integrates the two-dimensional BTE to simu-
phonon energy transfer in a transistor with characteristic dimelate heat transport in a practical silicon-on-insulg®©I) device
sions of approximately 100 nfi3,4]. These regions dominate heatgeometry schematically drawn in Fig(kl. This type of device
generation within the device and decrease in width with deviemnsists of two distinct regions: the silicon device layer and the
scaling. Silicon-on-insulatafSOI) devices are fabricated in a thinpuyried oxide layer in which energy carriers have effective mean
silicon layer that is electrically isolated by a buried oxide layer &gee paths of approximately 300 ni2] and 1 nm, respectively, at
shown in Fig. 1a). The isolation provided by the buried oxideoom temperature. Although the phonon transport theory and
reduces the effective electrical capacitance of the channel regifR efore the stated mean free path of 1 nm are not strictly appro-

and allows for greater transistor speed. However, SOI deviceseﬁq,%ue for amorphous materials.g.,[12]), the important conclu-
particularly susceptible to thermal failure because of the low th Lon gained from this scaling rén%’ains \,/alid The phonon BTE is

mal conductivity of the underlying silicon dioxide layer. Cooling Ived in the silicon layer to accurately model heat transport, but
is enhanced by lateral thermal conduction in a silicon layer ﬁf imoler heat diff y tion i y din th hp lb
thickness as low as 50 nfin]. Because dimensions are compa: € simpler heat difiusion equation IS used in the amorphous bur-

rable with the phonon mean free path, thermal simulations mdgf ©xide region because the characteristic lengthscale of conduc-
consider the impact of phonon scattering on material boundarié@" is much smaller than the film thickness. The two distinct
and the small dimensions of the heated region on the temperaté@gputational regions are coupled through interface conditions
distribution. These sub-continuum thermal conduction phenomeffi@t account for differences in material properties. Predictions are
cannot be directly calculated using the heat-conduction equatiopmpared to the temperature distribution obtained using the heat
based on the Fourier law. diffusion equation with bulk thermal properties in the commer-
Phonon transport in semiconductor devices is modeled @blly available semiconductor device simulator, MEDIQI3].
present using diffusion theory based on the Fourier [@g., The electrical behavior of the SOI device is simulated in both
[4.,6,7). However, past work has illustrated the impact of noncases using MEDICI, which solves the Poisson equation together
local, or sub-continuum, phonon conduction in relatively simplgith number conservation equations for electrons and holes. The

geometries, including thin films, superlattices, and polycrystallingectrical simulations are used to extract the spatial distribution of
materialg1,8,9. So_ndh_elm_etlo] analytically solved the BTE for 1,5, generation for incorporation into the phonon heat conduction
electron transport in thin films, yielding a reduced effective eleiz

trical conductivity accounting for boundary scattering. This resu Imulations. The goal is to determine the impact of the smal
y 9 y 9- imensions of the heat source and the small film thickness on the

, . o temperature distribution within the device. This will help with the
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scopic devices, and this approach can yield significant errors in

; ‘_"‘; - ’ sub-micron devices. Due to the ballistic nature of electron trans-
Transistor TR port, the peak in the dot product of current density and electric
i v, field profile can be displaced slightly from the peak in the transfer
"“ . o rate of electron energy to phonon energy. This shift in the heat

source distribution could be expected to effect the peak tempera-
ture and temperature distribution within the device.

: However, for two reasons detailed in the following paragraph,
Oxide Insulator the use of the heat generation profile calculated from the dot prod-
uct of current density and electric field is appropriate for this
gy manuscript. Detailed simulation of hot electron effects in GaAs
Silicon Wafer -~ FET structures using the hydrodynamic electron transport equa-
tions [17] and Monte Carlo techniqud4.8] have demonstrated
that the peak in the heat generation profile can be shifted from the
peak in the electric field by as much as 100 nm. This work on

Silicon Layer Region of Heat Release GaAs found that the displacement of the maximum heating rate
N Gated from the peak in the electric field is caused by the finite rate at
Source Drain which electrons leaving the high field region emit optical

phonons. This shift can be approximated by multiplying the elec-
tron velocity (16 m/s) with the electron-optical phonon scattering
rate,~1 ps[17], to yield a shift in the heat source of 100 nm. In
silicon, the relaxation time for electron-optical phonon scattering
is approximately 0.3 p$19]. The electron drift velocity is ap-
proximately 18 m/s in the saturation regime in silicon. The prod-

Buried Oxide

Fig. 1 (&) Scanning electron micrograph of an IBM SOI tran- uct of these two numbers yieldSejecron-optical phonsi 30 NM. This
sistor, which shows the thin silicon device layer separated can be compared to the 400 nm channel length of the transistor
from the bulk silicon substrate by a buried oxide layer (Cour-

and the phonon-phonon mean free path for heat transport, which
device used in these simulations. The region of heat release N es“mated to .be 300 nm ".ﬂ room temperature. Based on th.ls
corresponds to the region of strong electron-phonon scatter- approximate estimate, the shift in the peak of the heated region in
ing. The simulated device is a NMOS transistor with source ~ / the transistors~30 nm may be a factor of ten smaller than the
drain doping of arsenic at 1.5e20 cm 3, phosphorous source / Channel lengt{400 nm) and the phonon mean free path300
drain extensions, and a background boron doping nm). While the impact on the lattice temperature distribution in
concentration of 1e17 cm 3, the device may not be entirely negligible, the effect is indeed
anticipated to be small and not expected to significantly alter the
basic characteristiceak and general shagpef the lattice tem-
here will facilitate the development of simpler modeling strategidgierature distribution obtained in the analysis.

that can be readily incorporated into MEDICI and similar simula- The displacement of the heat source due to ballistic transport by
tion packages for industrial use. the electrons is one among many important effects, including re-

combination of electrical carriers, that are neglected when the heat
: : : source is approximated as the dot product of current density and
2 Governing Equations and Solution Approach electric field. While the MEDICI simulations do not capture the
This manuscript demonstrates the impact of sub-continuuprecise location of the heated region, the magnitude of the heat
phonon transport on the temperature distribution in a practicggéneration calculated by the dot product of the current density and
device. The vehicle for demonstrating this is the SOI transistgfie electric field is a reasonable approximation to the actual heat
with channel length of 400 nm shown in FighL Because of the generation rate in the steady stf2).
computational demands presented by the phonon BTE, this initial ) » )
study does not bi-directionally couple the electrical and thermal 2-2 Phonon BTE in the Silicon Region. The phonon BTE
behavior in the device. Electrical transport and the spatial dist#® integrated in the silicon device layer becauseexceeds the
bution of energy transfer to the phonon system are simulated l@yer thickness and the heat source dimensions. The transient BTE
ing the standard industrial approach, which solves the Poissg® be written in the relaxation time approximation as
equation and coupled conservation equations for electrons and of f
holes. The phonon heat conduction simulations solve the BTE in —45.Vf=-
the silicon layer, in which the mean free path is comparable to the at Tphonon
layer thickness and the dimensions of the heat source. The con-

tinuum heat diffusion equation is solved in the underlying oxidd/heref(x,y.t,wu, ») is the number of phonons in a given state
described by the spatial coordinateandy, the timet, the phonon

2.1 Electrical Transport and Rate of Heat Generation in frequency o, and the direction cosinesu=cosé and »
the Phonon System. The Poisson and electron and hole conser= Sin #cos¢, which project the directions of phonon transport
vation equations are integrated using a commercial device sinfito thex-y plane using the polar and azimuthal angliésnd ¢.
lator (MEDICI), which incorporates the distributions of impurities'n these simulations, the phonon velocity is assumed to be isotro-
in the device based on a standard processing history. This & and is given byv. The first term on the right of Eq(l)
proach is not the most detailed available for electron transpofccounts for phonon scattering in the relaxation time approxima-
More complicated simulations integrate the electron and holi@n using the Planck distribution function,
Boltzmann equation$15] or take the hydrodynamic approach
[3,16] to model electron energy and momentum transfer. In these - 1 )
simulations, energy transfer from highly energetic electrons, ed ho
which are accelerated by the electric field in the device, to the heat ex kb_T -1
conducting phonon system is calculated as the dot product of the
electric current density and the electric field. This heat generatiand the phonon scattering ratg,,ono,. The mean free path is
term is only approximately modeled in this manner in macrazalculated using

tesy of IBM Corporation ); (b) schematic representation of a SOI

+ C1e|ectr0n-phonon (1)
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A =v Tphonon: 3) ae” €pq—€”

9 T + qélectron-phonon (6)
The second term on the right hand side of Eb).is the heat phonon
generation term, which is modeled as the dot product of curréntwhich the parameters are frequency independent.
density and electric field. The transfer of energy from the elec- The phonon energy per unit volume per unit solid angle,
trons to the silicon lattice occurs on a timescale of about 0.3 gdepends on the two dimensionabndy grid location as well as
through interactions between electrons and optical phoft®ls the direction of phonon transport within the sphere of solid angles.
while the transport of thermal energy by phonons has an effecti#er calculations of the heat flux and total energy per unit volume
relaxation time of approximately 70—80 [g&l], yielding a differ- at a given location, the Discrete Ordinates Metib®M), origi-
ence of two orders of magnitude. Consequently, the energy transdly developed for neutron and radiative transport, is used for
fer from the electrons to phonons is assumed to occur instantaegration over all solid angles. The solid angle sphere is divided
neously when compared to heat transport time scales. This allowt discrete directions of phonon transport distinguished by sets
direct incorporation of the heat generation term from the devia# x and » values with weightsw; , corresponding to solid angle
simulator into the BTE solver without solving coupled phonoffractions on the unit sphef@5-27. The weights satisfy
and electron equations.

To be rigorous, phonon transport simulations should incorpo- 2 W, = 4. @)
rate the frequency dependence of the phonon mean free fpath, i

and account for interactions between phonons of different fre; . .
guencies. This requires solution of the BTE for many di]‘fererﬁghIS work uses the level symmetric hybSH) scheme 26] for

frequencies, which has been performed for one-dimensional traglgular discretization. Level symmetric techniques use the same

et of direction cosine values in each coordinate directien (
port by several authof®,11,29. The present study focuses ratheii Piria= 2s...). Inaddition, the directions of phonon transport

on the complexity of two dimensional transport in a practical de- ohosen such that anv particular direction has correspondin
vice structure, and aims to illustrate the key phenomena throu ff cf h y P . P 9
H_ectlons with 90 deg rotations about any axjs,€ 7, ,un=

calculations neglecting the frequency dependence of phonon pr_e77n = o= 71— pin= — 7). This simplifies the implementa-

erties while capturing the essential heat transport physics. :{‘ of boundary conditions and removes directional biasing. The

present calculations are based on a simplified phonon ene H method calculates directions and weights based on constraint
transport modef2,21}, where phonons are grouped into propag ations such that moment equations of the phonon intensity are

tion and reservoir modes based on the dispersion relationshipseg. fied[26]
the phonon modef23]. The reservoir mode phonons have Ver?al:?clﬁder t6 obtain the temperature distribution, E8§). is inte-
small relaxation times or group velocities, and are assumed to P e

remain near equilibrium. The propagation mode accounts for tﬁf‘ted forward in time in each of the discrete directions. The
o

entire heat transport, and is characterized using a single effect gcCor_mack time Integration methoq, which is freql_Je_ntI_y used
mean free path under the gray medium approximation. The d F solving hyperbohc equationf28], is used for explicit time
tinction between the two modes is particularly relevant for c advancement in order to capture the sharp features assoma_ted with
valently bonded semiconductors, where neglecting phonon disp € source term arld to reS(,)’In\iel t.he wavelike natur?nof 30'5,‘”“0”5 to
sion can lead to significant error in estimating an effective carridh® BTE. At each time steg!"" " is calculated frome™" ande.g .
mean free patfi24]. Based on the experimentally measured thethen, €q " is calculated before the solution can proceed. The
mal conductivities of silicon films with thickness below 300 nmequilibrium energy per unit volume per unit solid an%q, is

Ju and Goodsor{2] proposed that the longitudinal acousticassumed to be the average valuesbfover all solid angles that
phonons are dominant heat carriers in silicon near room tempevisuld be obtained if the phonon system was allowed to relax to a
ture and above. The present study assumes that the longitudimaiform state. The equilibrium value of phonon energy per unit
acoustic phonons constitute the propagation mode, which yieldg@lume per unit solid angle is calculated as shown in @B.

value for the effective mean free path consistent with the experi-

mental data. The mean free path and phonon scattering rate used e’ :i e"dO = iE o @)

in this work are effective values for bulk silicon which account for AT ) ooan 4ot T

scattering between all types of phonon modgsopagating-

propagating and propagating-reseryoithrough Matthiesen’s If the temperatures of the system are _Iar_ge cor_np_ared to the Debye
Rule. The effective reduction in thermal conductivity caused bgmperature or if the temperature variations within the system are
boundary scattering occurs when phonons travel near boundarfégall, the phonon heat capacity per unit volur@e,can be as-
without any additional parameters. The mean free path and rel@kmed to be constant. In this case, integration of the equilibrium
ation time are extracted from the bulk thermal conductivity usin@nergy density per unit volume per unit solid angle over all solid
the longitudinal acoustic phonon or propagating mode heat capafgles results in

ity and velocity in the following equation: egq(T):C(T—Tref). 9)

1 5 In this study, Eq.(9) is used to set appropriate values for the
k= 3 Cpro? prop = 3 Cpror? propTphonon: (4)  boundary conditions and to extract the final equilibrium tempera-
ture of the system using the frequency averaged heat capacity.

The BTE can be transformed into an equation that describes thd" order to capture the essential physics with the gray medium

: ; : : approximation, the heat capacity of the dominant longitudinal
thgri]on energy density by introducing the following qualntltgeoustic phonon heat carriers must be properly calculated using

the phonon dispersion relation. The temperature dependence of
the heat capacity of longitudinal acoustic phonons is evaluated

e":fﬁw[f—feq(T,ef)]D(w)dw, (5) using[21]

C dx, (10)

wheree” is the excess energy of phonons per unit volume and per
unit solid anglefw is the phonon energyf.( T is the fre-
guency dependent distribution function at a reference temperatusnere 6, is the Debye temperature for longitudinal acoustic
and D(w) is the density of states per unit volume. The tranghononsw,, andv,, are the phase and group velocities of the
formed BTE becomes longitudinal acoustic phonons, respectively, and a nondimen-

kﬁ . opIT 1 xAeX
= T o
27°h? fo Vshvgr (e*=1)
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sional frequency given byx= (A w)/(k,T). Equation(10) is a 1.5 . . T T
direct extension of the dispersion model for thermal conduction ir
silicon developed by Hollanfi29] who provides the parameters
used here.

14 [ ]

Si, a=1.0

2.3 Heat Diffusion Equation in the Silicon Dioxide Region i 13 } .
The heat diffusion equation is valid in the amorphous buried oxidey

layer, and is written as E’ 12 L 1
10T ~ o)
— —=VT, (11) ;,
a; ot : 1.1 o
where a; is the thermal diffusivity. Parabolic equations of this x © o
type have severe time step restrictions when integrated using e‘fu 11 © oo o 9P
plicit methods, resulting in time steps that are much smaller tha-
required for stability by the MacCormack time integration of the 0.9 | ; | :
BTE. Consequently, the Alternating Direction Implicit scheme 0 0.2 0.4 0.6 0.8 1
[30] is used for time integration of the diffusion equation such that TRANSMISSION COEFFICENT, o

the time step can be made equal to that used for the silicon region.

. . . Fig. 2 Impact of the energy transmission coefficient at the
3 Modeling the SiliconOxide Interface silicon /silicon dioxide interface on the peak device temperature

In order to couple the silicon and oxide solution domains, it i85€
necessary to calculate the flux of energy through the interface
between the two materials at each point along the interface for
every time step. When phonons strike an interface between tho . . .
dissimilar materials, a fraction of the phonons will be transmitte@ " Debye temperature if only elastic scattering events are con-
through the interface with the remainder being reflected. T dered. For the ensemble of phonons at all energy levels, this

I . : Its in a smaller transmission coefficient than is predicted by
acoustic mismatch modéAMM ) and the diffuse mismatch model resu ; .
(DMM) predict the boundary resistance between dissimilar maf@-e DMM. The Debye temperatures of interest fc_)r a Sol d.eV'Ce
rials [31,32. The acoustic mismatch model assumes that e 570 K[29] and 492 K[34]. for SI!ICQH (Iongltudlnal acoustic

' 1onong and amorphous silicon dioxide, respectively. At tem-

phonons have a specular interaction with the interface. This pgratures significantly below the Debye temperature, phonons are
sumption is appropriate at low temperatures, for which the phon occupying modes near the cutoff frequency and the DMM is

wavelengths are much larger than the characteristic length scaﬂg% - h
of the surface roughness.g.,[33]). For room temperature device Vald- In th!tsh cfase, the dewcetterrtllﬁ)erature exceetdfdoahd.t
operation, the dominant transport phonons have a much sho fnons with irequencies greater than,oxige Cannot transmi
wavelength than low temperature phonons, and the diffuse scAEMVEEN silicon and oxide if only elastic collisions are allowed.
tering of the DMM is more appropriate. The DM[82] calculates In the graybody approximation used here, the effect of the cut-

the phonon transmission probabilities by using the principle Gff frequency might be considered by reducing the transmission

detailed balance and the densities of phonon states in each mé?eqﬁidem for transport from the material with the higher Debye

rial. Written in a form appropriate for calculations using a singl eq_ucin(;y. Tkl;e reductgﬁ_n ngd dep(;:]dfon tt_he t?‘mﬁerature Eear
phonon mode, this yields e interface because this influences the fraction of phonons above

the lower Debye frequency. However, this approach might incur
V3 important errors due to inelastic scattering at the interface and
aj(w)= , (12)  nonlinearity in the phonon dispersion relationships near the Bril-
V;Z louin zone edge. For this reason, the present calculations use val-
[ ues of the transmission coefficients calculated using E2).with-
wherei is the material type or 2 andv is the speed of the out modification. In practice for this work, the precise value
phonon. For small temperature differences across the interdacechosen for the transmission coefficients is not critical. This is
is frequency independef83]. Equation(12) does not rigorously SNOWN in Fig. 2, which plots the peak temperature rise for a given
account for the dispersion relationships of phonons and is mdg@nsmission coefficient normalized by the peak temperature rise
appropriate for low temperatures. This equation yields values @ptained by assuming that all of the incident energy on the silicon/
the transmission coefficient equal to 0.52 from silicon to oxid@Xide interface can pass through into the oxide=(1). This fig-
and 0.48 from oxide to silicon, using phonon velocities equal §/€ Shows that the peak device temperature rise changes by less
4240 m/s and 4100 m/s for silicdhigh temperature longitudinal tan two percent resulting from varying the transmission coeffi-
acoustic phononsand oxide, respectivel§29,34. cient for materials with similar acoustic propertiese (
Both the DMM and the AMM theories have larger discrepan- 9-2=0.8). The thinness of the silicon layer results in many pho-
cies with the experimental data near room temperature than at IR Poundary scattering events at the silicon/oxide interface as the
temperatures. One explanation for this discrepancy is that thd @t iS transported along the silicon layer. This means that a large
theories neglect nonlinear phonon dispersion and the phonon d{fgction of the heat in the phonon system can pass into the oxide,
off frequency, wy. Lattice vibrations cannot exist with wave-Yielding results insensitive to Fhe transmission coefﬂugnt for the
lengths smaller than the separation between neighboring ato#&emetry and boundary conditions used in this analysis. .
resulting in a phonon frequencyy,, above which phonons can- The interface condition can now be specified with these coeffi-
not exist[35]. The cutoff frequency is related to a characteristi€€NtS and an energy balance at the interface depicted in Fig. 3.
temperature known as the Debye temperatége, by The resulting Eqs(14) and(15), are listed below.

hog q=G—-J=G—(eEy+pG) (14)
Oa= J=¢E,+pG. (15)
If the materials on opposing sides of the interface have differentThe parameteq is the flux of energy into the oxide, ar@ is

Debye temperatures, the maximum frequency that can be tratige irradiation or incident flux on the interface from the silicon
mitted across the interface is determined by the material with t&le. The radiosity,, is the flux of energy into the silicon and

(13)
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silicon layer. The boundary condition for the BTE at the silicon/
oxide interface must be changed to yield the correct energy flux
from the boundaryJ. This is accomplished by resetting the values
of e” leaving the boundary into the silicon. Diffuse mismatch
theory assumes that all scattering events at the boundary are dif-
fuse, resulting in a uniform distribution of phonon intensity over
the hemisphere of solid angles leaving the interface. For diffuse
scattering, the phonon intensity leaving the surface in each direc-
tion is given by

Silicon
BTE

: J
Ox1de | == (20)

Diffusion 77

where the intensity is
I=ve". (22)
q Using these relation®” in all directions leaving the interface in
Fig. 3 Energy balance at the silicon /oxide interface the positive direction is
1
€= p= e > nel T Hw+p >, ne'w]. (22)
7t 7

consists of phonon emission at the oxide surface temperature ajflagiahatic condition is maintained at the top of the silicon de-
the fraction ofG that is reflected back into the silicon. The quanyice which yields

tity E,, is analogous to the blackbody emissive power from radia-
tion theory, but differs slightly due to the complexity of the dis- o 1

persion relationships of a solid. It can best be defined as the 7 772 € Wot 7. (23)
energy flux that would be emitted into a silicon region by a sur- K
face maintained at the temperature of the neighboring oxide andlise bottom of the simulation domain is assumed to be at a uni-
given by form temperature of 300 K because of the high thermal conduc-
tivity silicon substrate that is beneath the silicon dioxide layer.
_ w oLy P n+1_ The left and right boundaries are also at a uniform temperature of
E VpZ 7ed Toxi JW 47TC (Tox Tref)Z - 300 K at a distance from the heat source of the order of the
7 7 . e .
(16) thermal decay length in the silicon layer. These boundary condi-
tions minimize the impact of the boundaries in the heat source
region and effectively illustrate the importance of boundary scat-
tering and small heat source size on the temperature distribution.

The parameter, defined by Eq(12), is the fraction ofG that
passes into the oxide,=1— « is the fraction ofG reflected back
into the silicon, antt = « is the emissivity of the interface.
The numerical integration procedure is as follows. First, th . .
solution in the silicon layer is explicitly advanced from time steg Numerical Methods and Code Verification
n to n+1, assuming that the entire system is initially in equilib- A cartesian grid is used for the discretization of #g plane in
rium at a uniform temperature. This calculation yields the distrthe silicon and silicon dioxide region. The minimum feature size
bution of phonon energy per unit volume and allows for calculaf the heat generation region is of the order of Quoh
tion of the irradiationG, of the interface at each grid point with =10 nm. This is more than two orders of magnitude smaller than

integration over all solid angles the domain width. Consequently, a non-uniform or stretched grid
must be used in order to minimize computation time while accu-

G= VE 7e"W, (17) rately modeling the physics !n the heat source rt_egion. The grid is

= centered around the peak in the heat generation profile and is

whereo is the lonaitudinal acoustic phonon velocity. which iSincreased in size using a geometric series with each consecutive
v 9 P Y, rtlg spacing increasing by

assumed to be a constant. Next, the oxide must be advance
time n+1 using the fluxg, as a boundary condition. The Alter- A%, =Xl "1 (24)
nating Direction Implicit method is used for solution of the oxide hichr is th id stretchi ter. In th imulati
temperature distribution, and this requires knowledge of the intdp- Which r1s the gnd stretching parameter. in these simufations

. . is 1.04.
face flux at timen+1 given by This code uses the explicit MacCormack time advancement

, ol scheme in order to capture the wave like nature of the solution.
qi=v| a2 ne'w—e>, nerTarhw], (18) ' The time stepping criterion can be written in the familiar form
n a used for advection type simulations in fluid mechanics

where the diffuse blackbody radiatioB, , leaving the surface is dt
written in terms of the equilibrium energy per unit volume per v —=cfl (25)
unit solid angle at the oxide temperature at the time stefl, dx
To" "t However, T, is an unknown that is obtained by so-in which v is the carrier velocitygx is the minimum grid sizeglt
lution of a system of equations. Iteration must be used wiik the time step, andfl is a number which relates the grid size and
guesses for the oxide temperature in EtB) until the following time step. For the BTE, thefl number must be less than 0.5 for

condition is satisfied: numerical stability.
VT (19) The numerical solution of a transport equation such as the BTE
Gi ox* " boundaryt=n-+1 also requires angular discretization within the sphere of solid
which states that the flux given by E(L8) is equal to the flux angles to account for transport out of the two dimensional simu-
given by the diffusion equation in the oxide. lation plane. In these simulations, the S4, S6, and S8 discrete

The solution is now updated to the time step-1, and the ordinate approximations are used, corresponding to 12, 24, and 40
solution can proceed with another solution of the BTE in thangular directions, respectively. The run times and relative accu-
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S 4 1.005 ;« Fig. 6 Temperature contours in a SOI device calculated using
g ® the heat diffusion equation and bulk properties in MEDICI
o 3 1

2 . ‘ ' ‘ ' ' 0.985 channel lengthL ., is approximately 400 nm. Each of these di-

1015 20 25 30 35 40 45 mensions is comparable with the mean free path in silicon, indi-
NUMBER OF DISCRETE ORDINATES cating that boundary scattering effects will be important.

This SOI device structure is then imported into the semiconduc-
tor device simulator, MEDICI. This simulator couples electrical
transport with the heat equation to model both electrical and ther-
mal characteristics. For this simulation, the gate and drain of the
o o SOl transistor are biased =2V andVp=2V, respectively,
racy are plotted in Fig. 4 and indicate that the S6 approximationafiowing current to flow through a thin conducting channel be-
sufficient for reasonable numerical accuracy and run time.  tween the source and drain of the transistor. The electric field

The BTE code was numerically validated at both of its |imit5peaks near the drain junction of the device and imparts a |arge
the diffusion limit in which the phonon mean free path, is thermal energy to electrons in this region. These hot electrons
much smaller than the domain size and the near ballistic regimedallide with the lattice through electron-phonon scattering and
which A is greater than the domain size. Excellent agreementti@nsfer their energy into the phonon system, which conducts the
observed between the coupled BTE/diffusion solver and the solkkat out of the device. In the steady state, the heat generation rate

tion obtained using a diffusion solver throughout the domain. Thgy/m?) can be extracted as the dot product of the current density,
near ballistic limit can be verified by making comparisons witly .. and the electric fieldEq

analytical solutions from radiation theory. Heaslet and Warming . .
[36] calculated the ratio of the heat flux between two parallel 4" = Qelectron-phonor Jeurrent Efield - (26)

plates compared to the heat flux from blackbody emission at the.l.he extracted heat generation rate is shown in Fig. 5. The heat

two wall temperatures Wh.e“ the mean free path of the rad_latl Bneration is peaked on the drain side of the transistor. The con-
exceeds the plate separation. This is analogous to comparing ¥

e u%ting channel through which the electrical current flows is lim-
heat flux from the BTE to the heat flux from diffusion theory, ed to the first few nanometers of silicon below the gate electrode.
Excellent agreement is obtained between the BTE code and

) - . h h nsequently, the region of heat generation is also confined to
analytical solution for all mean free path to film thickness ratiogy region y)i/elding a%ocalized heagtJ source. which has character-

. . istic dimensions much smaller than the mean free path of phonon

5 Results and Discussion energy carriers. The small dimensions of the heat source are ex-

In order to compare the temperature fields predicted by devipected to increase the temperature rise over that predicted by dif-
simulators and the BTE code in a relevant device geometry,fsion theory[11].
model for a SOI device was generated using the semiconductofigure 6 plots the temperature contours in the silicon layer and
process simulator, TSUPREM43]. This simulator models the buried oxide layer obtained from the heat diffusion equation and
processing steps required to fabricate transistors, including oxidelk thermal properties in MEDICI. The peak temperature in the
tion, diffusion, etching, and ion implantation. The result is a Sajevice is 317.8 K and is located near the drain junction of the
device structure in which the silicon layer thickneds;, is 72 device. The isotherms in the silicon layer are nearly perpendicular
nm, the buried oxide layer thickness,,, is 243 nm, and the to the silicon/oxide interface indicating that the silicon layer is
nearly isothermal in the out-of-plane direction and that heat is
predominantly transported along the plane of the silicon layer.
This is expected because of the relatively large thermal impedance
of the buried oxide layer.

The temperature contours within the SOI device from the

Fig. 4 Numerical characteristics of discrete ordinates approxi-
mations

//[/m {Dmi" coupled BTE/heat equation code are presented in Fig. 7. The tem-
%’%"‘ perature contours have the same characteristic shape, indicating
il
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Fig. 5 SOl device heat generation rate caused by strong
electron-phonon scattering. This quantity is extracted from an Fig. 7 Temperature contours in a SOI device calculated using
electrical simulation in MEDICI. the coupled BTE /heat diffusion equation code
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that heat is flowing laterally out of the drain junction region. Howprovide the opportunity to diminish the uncertainty in measure-
ever, the boundary scattering and the effect of a heat source thanisnts of the temperature rise, the device dimensions, and the
smaller than the phonon mean free path result in a peak deviogurity concentrations.

temperature of 346.0 K, an increase in the temperature rise of 159

percent over the value predicted by MEDICI. The entire channél Summary and Conclusions

region has a significantly higher temperature rise, which will ef- This work presents a simulation approach for sub-continuum

fect electrical transport in the device. ) ._heat transfer in a SOI device geometry. The simulation couples
6 _T%e83+l(7f K tetnr’:peratllj(rf contoutr n theﬂl:/IElec;l solugon of .F'tgth phonon BTE and the heat diffusion equation. The solution of
IS 9.0 1 Irom the peak temperature in the Gevice and consists,g phonon BTE captures the impact of boundary scattering and
straight lines that extend across the entire silicon layer th'ckne%ﬁall dimensions of heat sources on the peak temperature rise in
In contrast, the 345 K temperature contour in the BTE solution miconductor devices. The results from the coupled BTE/heat
][nore tchurved ing does tnot reacth the_ﬁ?'de ((ej\_/ent thotl:]glg Itthls Ltfusion equation simulation are compared with temperature dis-
rom the peak device temperature. 1his indicates that erefy, vions obtained using the existing heat diffusion capabilities of
more temperature uniformity in the vicinity of the heat sourcg .~ arcial device simulator MEDICL. For a SOl device in
region in the diffusion solution as compared to the more localiz ich the silicon layer thicknessig;, is 72 ﬁm the buried oxide
hot spot of the BTE solution. The increased temperature rise, er d.. is 243 nm. and the (?Hannel Iengl]ﬂh(, is approxi-
caused by the fact that the heat source is smaller than the pho aﬂeiy CZ(OO nm. there is a 159 percent discrep:smcy in the peak

mean free path. This effect is confined to a distance appro.x'ma%\éady-state temperature rise in the device between calculations
two mean free_ paths from the edge of t_he heat source. Th'$ can&de with the heat diffusion equation and calculations that con-
understood with the help of the survival function from klnetwsider micro-scale heat transfer phenomena. New thermal conduc-
theory tivity models must be developed that can account for both bound-
ary scattering and the small dimensions of the heat source with the
X diffusion equation. More detailed calculations accounting for the
N=N, exp{ N X) (27) " combined behavior of optical, transverse, and longitudinal acous-
tic phonons can be considered in future work. Optical and high
frequency transverse phonons will be grouped into a reservoir or
gﬂacitive mode with zero group velocity, and the longitudinal
oustic phonons will be characterized as the propagating mode.
teractions between the two modes will yield solutions appropri-
ate for short transient high current electrical pulses. The solution
method developed here for the two-dimensional BTE will be used
or studies of the thermal characteristics of short time-scale elec-
ostatic discharge events in which accurate prediction of tempera-
re fields is currently not possible.

which states that only a small fractioN/N,, of phonons gener-
ated in the heated region can traverse a distance much larger f
the mean free path without having a collision. This small he
source effect is expected to have a large impact on short ti
scale transient temperature rise under brief electrical stressing

As stated in the introduction, Sondhein{d0] has developed
an analytical solution to the BTE that can account for the redu
tion in thermal conductivity by boundary scattering. This effectiv
thermal conductivity is appropriate for SOl devices because So 4
heimer’s assumptions for the electrical problem are equivalent {0
assuming that heat flows only laterally within the silicon |ayelACkn0WIedgments
The reduced thermal conductivity given by Sondheimer’s relation The authors appreciate technical input and comments from
was inserted into MEDICI, and the resulting peak temperature rigeistan Burton, Mehdi Asheghi, William King, Robert Jacobs, and
was 339.6 K. This temperature is still 16.3 percent smaller thafounes Shabany, all from Stanford University. The authors also
the peak temperature rise calculated using the coupled BTdppreciate financial support from Texas Instruments through a fel-
diffusion code because it does not account for the small dimensilmwship for Per Sverdrup and from the Semiconductor Research
of the heat source. Corporation through contract SJ-461.

The solutions from the BTE/diffusion code can also be com-
pared to experimentally measured temperatures in SOl deviceNomenclature
order to explain the observed thermal behavior. Precise compari-
son of temperature distributions with experimental devices is not
possible at present because experimental techniques do not exist
for measuring temperature distributions in sub-micron transistors.
Average temperature rise in the channel region can be measured
and can be used for comparison. Goodson dt5dlmeasured the
average channel temperature in SOI field-effect transistors using B
electrical resistance thermometry. The device structure differs EEb _ b:ackbo?ylgn\e/r/gy flux, Wi
from that simulated in this paper; consequently, direct compari- field electric field, V/m . .
sons are not possible for an additional reason not related to ex- € = phonon energy per unit volume per unit solid
perimental methods. The processing conditions and doping pro- angle, Jm"-sn)

C = volumetric heat capacity, JAK
D(w) = phonon density of states per unit volume,
1 /m?
dox = buried oxide layer thickness, m
dg; = silicon layer thickness, m
E = phonon energy, J

files used in the study of Goodson et [&] are unknown, making €eq = equilibrium phonon gnergy per unit volume per
it difficult to construct an accurate representation of the device in unit solid angle, Jm"-sr)

a process simulator. However, the experimental results for a 78 eéq = equilibrium phonon energy per unit volume,
nm thick silicon layer fall within the temperature rise range ob- Jint

served in this numerical study at the simulated power of 0.6 mw/ f = phonon distribution function

um. The study of Goodson et 4b] yielded temperature rise data feq = equilibrium phonon distribution function,
that were somewhat larger than their predictions, which were cal- Planck distribution

culated using diffusion theory. This discrepancy could possibly be G = irradiation of silicon/oxide interface from sili-
explained by the phonon non-equilibrium effect examined in this con, Wint

paper and by phonon boundary scattering, but might also result i = Planck’s constant divided by2=1.054&3*Js
from the uncertainties in the dimensions and impurity concentra- I = phonon intensity, W/

tions for those devices, which influence predictions. More re- J = flux of energy leaving silicon/oxide interface
search needs to examine the phonon non-equilibrium effect in into silicon, W/n?

dedicated experimental structures, which resemble transistors and  Jgyene = current density, A/
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