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Thermal conduction in doped single-crystal silicon films
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This work measures the thermal conductivities along free-standing silicon layers doped with boron
and phosphorus at concentrations ranging frorl0'’ to 3x 10'° cm™3 at temperatures between

15 and 300 K. The impurity concentrations are measured using secondary ion mass spectroscopy
(SIMS) and the thermal conductivity data are interpreted using phonon transport theory accounting
for scattering on impurities, free electrons, and the layer boundaries. Phonon-boundary scattering in
the 3um-thick layers reduces the thermal conductivity of the layers at low temperatures regardless
of the level of impurity concentration. The present data suggest that unintentional impurities may
have strongly reduced the conductivities reported previously for bulk samples, for which impurity
concentrations were determined from the electrical resistivity rather than from SIMS data. This
work illustrates the combined effects of phonon interactions with impurities, free electrons, and
material interfaces, which can be particularly important in semiconductor device200@
American Institute of Physics[DOI: 10.1063/1.1458057

I. INTRODUCTION 4x10% and 1x10%° cm 3. Second, the boron or phos-
L _ _ phorus concentration was usually determined using electrical

Heat conduction in silicon is dominated by phonon egistivity measurements. This approach is misleading when
transport, even in the presence of large concentrations of frie&ere are electrically inactive dopant atoms or unintentional
charge carriers. The thermal conductivity of silicon layers isjy yrities. Incomplete activation of boron and phosphorus is
reduced compared to that of bulk silicon by scatteringyaticyarly important for samples doped to levels approach-
mec'hanls.ms.not present in the bulk maten'al, ?’UCh as thosfﬁg the solubility limit of these impurities in silicon, which
depicted in Fig. 1. Phonon-boundary scattering is particularly, . rs at concentrations of>210%° and 1x 102 cm 23
important at _IOW temperatures, yvhere the mean free_ patrbspectivel)z The most common unintentional impurity in
would otherwise become arbitrarily largéiso Importantis 1k slicon is oxygen, which results from the dissolution of
phonon scattering on imperfections such as vacancies anfle crycible during the Czochralski growth procBddany
stacking faults, which are introduced during the thin-film ¢ \he samples used for thermal conductivity measurements
fabrication processes. The impurities and associated free calio ontaminated with oxygérS. Consequently, the reduc-
riers in doped silicon also reduce the thermal conductivity;i in thermal conductivity of these samples is due to both
compared to the value in bulk intrinsic silicon. The availabley,, impurity atoms and oxygen contamination that makes
thermal conductivity data for doped polysilicon films grown 45 interpretation nearly impossible. Third, the precise im-
using chemical vapor depositfbshow a reduction by more pact of phonon-interface scattering is difficult to assess in
than 80% compared to those for single-crystal intrinsic sili-,oasurements on bulk samples. Thermal conductivity mea-
con. This is attributed mainly to the scattering of phonons on,,.aments for bulk silicon are usually performed on
the grain boundaries of the polysilicon films. millimeter-scale samples with square or rectangular cross

The study of thermal conduction in doped silicon layersgeciions for which the ratio of the characteristic cross-
should begin with the existing data for bulk doped silicofl. 5o ctional dimension to the length is between 0.2 and*8.3.
Figures 2 and 3 present data for the bulk samples doped Wit geometry renders data interpretation very difficult at
phosphorus and boron together with predictions described ip,,,, temperatures, particularly for samples with nearly specu-
Sec. 1IIB of this article. It is difficult to draw conclusions |, o\ rfaced®!! The crystallographic orientation of the side
about the relative_ strengths of the phonon scattering mechg;eq of g sample, which are usually not specified or con-
nisms (phonon impurity, phonon electron, and phonony.yieq in bulk thermal conductivity studies, can also affect
boundary for four reasons. First, there are no data availablg,a measured conductivity.Fourth, the grain boundary scat-
for boron doped silicon samples at concentrations betwee{érmg influences thermland electrical conductid®® in

polycrystalline samples in a manner which is difficult to as-
dpresent address: Mechanical Engineering Department, Carnegie Mellogess without detailed information about the size distribution
University, Pittsburgh, PA 15213-3890; electronic mail: masheghi and orientation of grainS. As a resu“:, the available data for
@andrew.cmu.edu doped polycrystalline silicon filn{s™*" and bulk sampfe
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study of heat conduction in single-crystal doped silicon lay- TEMPERATURE (K)

ers and bulk samples.

The present work provides a systematic set of measurd<G. 3. Past data for the thermal cpnductivity of boron doped silicon and
ments of the temperature-dependent thermal conductivitig&edictions of the theory developed in Sec. Ill B to account for the phonon-

. ! . . . impurity and phonon-hole scattering in silicon.

of doped silicon layers. The impurity concentration is pre-
cisely determined using secondary ion mass spectroscopy
(SIMS), and the layer geometry allows detailed modeling of
interface scattering. The samples are free-standing silicoll- EXPERIMENTAL STRUCTURES AND PROCEDURE
layers of 3um thickness, which are made from silicon-on- This section describes the experimental structure, fabri-
insulator (SOI) wafers. The phosphorus and boron impurity cation process, and thermal conductivity measurement pro-
concentrations range fromx110'7 to 3x10' cm™%. The  cedure for the single-crystal free-standing silicon layers. Fig-
layer thermal conductivities are measured using steady-staffte 4a) shows a top view of the experimental structure used
Joule heating and electrical-resistance thermometry in patp measure the lateral thermal conductivity of the doped sili-

terned metal bridges. The data are interpreted using thermghn |ayers. The lateral dimensions of the suspended mem-
conductivity modeling based on the work of Hollald, prane are 1 mm13 mm. The aluminum heater and ther-

phonon-impurity scattering theoty, and phonon-electron mometers are extended over the entire length of the
scattering theor§?~*? membrane, but the power generated in the heater and the
The data and theory presented here complement the eysmperatures at points A and B are measured at the center of
isting data for bulk samples and polycrystalline films, yield- the suspended membrane within a region with lateral dimen-
ing a more comprehensive view of the impact of doping onsions of 1 mmx1 mm. This is achieved by measuring the
thermal conduction in silicon. The data obtained here Wi”voltage drops in the aluminum bridges over the extent of the
assist with the thermal engineering of a broad variety ofneasurement sectioh, This ensures one-dimensional heat
compact transistors and micromachined sensors and actuggnduction along the layer in thedirection as verified by
tors. From a fundamental viewpoint, the data and modelingjnjte element calculations. The cross-sectional schematic of
presented here provide an opportunity to study the coupleghe structure is shown in Fig.(d). The heater is located at
effects of phonon-boundary, phonon-impurity and phonontne center of the suspended membrane. During the measure-
electron scattering in semiconducting samples. ment, heat is generated by electrical current sustained in the
aluminum line resulting in a linear temperature distribution
along the(110) crystallographic direction. The temperatures

© K Predictions of at two locations above the silicon layer are detected using

w10k Presentwork | electrical-resistance thermometry in the patterned aluminum

= bridges A and B.

> The fabrication process for the suspended membrane is

£ E 3 shown in Fig. 5. The starting material is a silicon-on-

i~ ] insulator(SOI) wafer with a 3um top silicon layer and 0.36

o Phosphorus atoms/cm® . o N ) )

210 L 4 m buried silicon dioxide layefFig. 5a)], where the thin

a E O 17x10%° (Ref. 5) | 3 K . . ) . .

g : ©  2.0x10" (Ret. 5) silicon layer is formed using separation by implantation of

o & {0x10™ (Ref. 6) oxygen (SIMOX) technique. Thermal oxide with thickness

20F B 4.7x10" (Ref. 6) | 3 100 A prevents diffusion of the dopants out of the silicon

= ®  2.5x107 (Ret. 6) layer during the high temperature anneal. After this step, a

] ! A 75x10" (Ref. 6) : N

Yo W — . series of ion implants are performed through the 100 A of

- 10 100 800 oxide at 180 keV to produce doped silicon laygfgy. 5(b)].
TEMPERATURE (K) The implants are diffused during 73 h of annealing at

FIG. 2. Past data for the thermal conductivity of phosphorus doped silico

1050 °C, followed by 12 h of annealing at 1150 °C to obtain

n

and predictions of the theory developed in Sec. Il B to account for phonon-a flat doping profile across the silicon layer for all concen-

impurity and phonon-electron scattering in silicon.
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FIG. 4. (a) Top and(b) cross - sectional diagrams of the experimental
structure used here to measure the lateral thermal conductivity of the SOI
silicon device layer.

(LTO) is grown to provide electrical isolation between the
doped silicon layer and the aluminum bridges, which are to
be used for electrical-resistance thermomdtifyg. 5(c)].
Then 0.3um-thick pure aluminum is deposited and pat-
terned (Figs. Hc),5(d),5(e)]. A protective layer of
2-um-thick polyimide(Dupont 2556) is spun onto the wafer
and cured at 350 °CFig. 5(f)]. The backside LTO is then
removed by wet etching using HF6:1) [Fig. 5g)]. The
backside mask of Z#m-thick photoresistAZ 4620) is de-
posited, patterned, and baked for 45 min at 110[F®).
5(h)]. A STS deep reactive ion etching system is used to etch
approximately 500um of silicon substrate to form a sus-
pended membrane that consists ofu® silicon sandwiched
between a buried oxide layer at the bottom and 3000 A LTO
and 2 um polyimide layer at the topFig. 5(i)]. The concen-
tration of impurities and uniformity of doping profiles across
the 3-um-thick silicon layers are measured using secondary
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FIG. 5. Microfabrication steps for the experimental structure.

ion mass spectromet§6IMS). The nearly pure silicon layer polyimide, top side LTO, silicon, and underlying silicon di-
contains less than 310" boron, 1x 10* phosphorus and oxide layers. The lateral conduction is dominated by conduc-
4% 10" oxygen atomsm™ 3, tion along the silicon since the thermal resistances of the
The heat generated at the aluminum heater is conductgablyimide, LTO, and silicon dioxide layers are at least two
predominantly along the suspended membrane ixtfieec-  orders of magnitude larger than that of the silicon layer. Con-
tion. The suspended membrane consists of four layers: th@uction to the surrounding air, conduction along the alumi-
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num bridges, and radiation to the environment are negligiblephonon-impurity and phonon-free electrofimles are pre-
This is established by considering the thermal resistance dwsented in Sec. A. Section B describes the extension of the
to conduction along the silicon layer,Ryngsi model of Holland® to account for the addition of boron and
~(L,/2)/2k,dsL, wheredg and ks are the thermal conduc- phosphorus impurities. Section C accounts for the thin layer
tivity and thickness of the silicon layer, the width and lengthgeometry.

o.f'the measurement segtlon arez}nsz [see Fig. 4a)]. The A. Phonon scattering in doped silicon

silicon layer thermal resistance is at least two orders of mag-
nitude less than the thermal resistance due to radiaRgy, The electrically active impurity atoms in semiconductors
~{L(L2/2) 0 Tieatert Toudl Theater Toud /2. The can strongly reduce the thermal conductivity at low
Stefan—Boltzmann constantis=5.67x10 8 Wm 2K, the  temperature$>2>2°|t is widely accepted that the observed
emissivity & of the silicon layer is assumed to be unity to reduction in the lattice thermal conductivity with doping is
provide an upper bound, and the heater and surrounding tergiue to phonon scattering on free carrigf&?**"*Modeling
peratures ar@ e eand T, respectively. The thermal resis- must distinguish between two categories of electron-phonon
tance due to conduction along the silicon layRgy,qs, is  Scattering: one for low concentrations, where the electron is
three orders of magnitude less than the thermal resistance Bound to the donor impurity, and another for the high con-
conduction along the heater and thermometer I&s,q4  CeNtrations, where electrons are free to move in the conduc-
~(L./2)/(12kaWada), Whereky , Wy and dy are the tion band. Similar argument applies to the hole-phonon scat-
thermal conductivity, width, and thickness of a single alumi-tering mechanisms. Addition of impurities to the bulk silicon
num bridge, respectively, and, is the length of the sus- results in phonon-impurity scattering due to the mass and
pended membrane. The measurements are performed fiadius differences of the impurity and host atoln& These
vacuum in order to minimize the heat conduction to the surscattering mechanisms are discussed in the following subsec-
rounding air. The thermal conductivity of the silicon layer is tions.

extracted using
1. Phonon-impurity scattering

(P12 , , L _
s:m, (1) The phonon scattering on |mpur|t|e37imturity= 75,\}
+ 7,1 is approximated using the formula for scattering rate
whereP=AVX| is the power dissipation in the heater. The on point defects
current isl and the voltage difference across the lengtis 1A LAY 5
AV. The temperature difference and separation between Timpurty = (Aan + Ax) @, 2

bridges A and B areAT and AX=390 um. The cross- wherew rads ! is the phonon angular frequency and
sectional area for heat conductionSs-d X L. ) )
The dies are attached within a 68 pin leadless chip car- _ nv (5_'\/')
rier device package, wire bonded, and mounted on the chip- oM 477,)3 M
carrier assembly of an open-circuit cryogenic test system, i , o i
The cryogenic system thermometer has an accuracy@8 The volumetric concentration of the point imperfections and

K from 10 to 100 K and 1% from 100 to 350 K. The relative 1€ mass and crystal volur_ne of the _hOSt atomrad and\_/,
uncertainties in the measurements of the poReand tem- respectively. The mass difference introduced by the imper-

perature difference)AT, are less than 1% and 0.05%, re- :‘ec_'uon cfompare((jj o the host atom zM‘bThGi ave/ragei\ie-
spectively. The dominant contributor to the uncertainty in theoc'ty_l0 _lsoun s approximate yos={(1/3)[v, .
measured values ; is the variation in thickness of the +2vy 7]}, wherev, anduy are the low frequency longi-

silicon overlayer as reported by the manufacturer of the siudinal and transverse phonon velocities, respectiVethe
MOX wafers, which is nearly 10%. present work models imperfections and unintentional impu-

rities in the doped sample using tAgw* term in Eq.(2).

The insertion of the impurity atom displaces the sur-
Ill. MODELING rounding atoms and induces strain in the lattice. The velocity
of the phonons is changed by the variation in the interatomic

The ther.mal conductlylty of the o!oped silicon layers is distance, and this leads to a change in direction and a phonon
predicted using an approximate solution to the phonon Bolt-

Zmann transport equation in the relaxation time approXimascattering event. The relaxation time due to the relative dis-
. . o . placement of the neighboring atomsy, is given by®

tion together with a modified version of the Debye model forp 9 9 9 y

phonon specific heat. This approach was developed by TgR1=A5Rw4, (4
Callaway* and refined for silicon by Hollantf who used a
more detailed description of the phonon dispersion relations

©)

here

in this material to better capture the temperature dependence 2nV?2 _— SR\ 2
of the thermal conductivity. The present work modifies the ~ Asr=——3 Q0| 7| - 5
model of Holland® to account for the increase in the TUs

phonon-scattering rate due to mass differences between tfidne Grineisen constanty, is obtained from thermal expan-
substitutional impurities and the host atdf,phonon-  sion datd’ and the paramete&, depends on how the nearest
electron scattering’?***and the small separation between and further-out linkages combine in the scattering matrix.
the layer boundaries.The appropriate scattering rates for Typical values 0fQ,=4 and 3.2 are reported fd¢ ™ impu-
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rity in NaCl and K" vacancy in KCI® The radii of the B 0} (0.3F, oed? .| © |

normal ions and the difference between the radii of the for- 7} pound elec:Tzé 2(0_){ UL Xz(v—)

eign and normal ions arR and SR, respectively. Equation P Us ) -

(4) is used to estimate the strength of the relaxation time due o A2

to lattice distortion. +|v%x? (—) } ave
vT (AZ_ h2w2)2

. AZ 2

2. Phonon-electron (hole) scattering 2(Ng+ny) +ny| 1+ @)

2 2
Zimarf®?! studied the relaxation rate due to the scatter- hew

ing of phonons by electrongholes in metallic state. wherex(q) =[1+0.25(@z)2q2] 2 andq is the phonon wave
Phonon-electron interaction for the impurity states that argector. The energy difference between the singlet and dou-
bound to the impurity have been considered by manyyet states isA =13 meV and= , oec represents the shear
researcher$?”*! The transition from nonmetallic state t0 geformation potentidl. The mass density of the crystal jis
metallic state in semiconductors occurs when the doDi”%ndwa\,e=O.66 represents an averaged angular weight func-
concentration is higher than the transition concentration tion between the unit vectors of phonons before and after the
0.25,3 scattering event. The number densities of electrons in the
a_BE) : (6)  singlet and doublet states ang andn,. Since the energy
difference between the singlet and doublet states are large for
where the effective Bohr radius is silicon,n,;~0, andn, corresponds to the number of electrons
Do 2 m in the nonmetallic statenbound,mec6 For a given temp_eratu_re,
aB:( o2 ) (HO . (7)  the scattering rate of the phonon-bound electron in a singlet
MoJe e

state, Eq(8), has three characteristic featuréa): for small
The dielectric constants in vacuum and silicon ag@ndeg,

frequenciesfiw~A, the scattering rate is proportional to
respectively,g.=1.6x 10" 1°C is the electron charge arfd

nt:

€s

€0

o* (b) for Aw~A/2 the scattering rate obeys the depen-

—1.602<10-%* J's is Planck's constant divided byr2 The ~ 9€MC€Tj bound eiec X “(d), which drops very fast as the fre-
electron rest and effective masses arg=9.11x10" %! kg guency increases and serves as a cutoff factor; (endor

andm,, respectively. The first term in E¢7) represents the h“’NAh' the denomllrt1_ator_ of one of the t(te)rmhs " H8) ap-
Bohr radius of a hydrogen atom0.5 A and the subsequent proaches zero resuiting in a résonance benhavior.

- 0 . _ -
terms are corrections due to the presence of the electron int me::tjr? obta|tned thg pr&on?n fre1§ah elelctrtc?n scztatttelrlng f
silicon lattice. It is suggested that the transition to the meta| &€ Tor degenerate semiconductors. The €elastic scattering o
honon-electron along with energy and momentum conser-

lic state for phosphorus-doped silicon should occur around : - -
3% 10" cm™3 which has been confirmed by experimental vation laws impose a restriction on the minimum allowable

studies of the Hall coefficient and resistivity oftype wave vector of electron¥, that can intera(_:t with phono_ns,
silicon 3334 For concentrations below 251017 cm-3. all the such thatg<2Kg . For the electrongholes in the metallic
electrons are in the bound stdfeThe inhomogeneity model state, the relaxation rate due to the scattering of phonons by

proposed by Mikohsib& describes the electron behavior in electrons(holes is given by®*"
the intermediate region for concentrations between 2.5
X 10" and 3x 108 cm 3. The availability of free electrons

below 30 K may seem counterintuitive due to carrier freeze
out. This can be explained by the overlap of the donor and

1 (MEp)?keT
o = -° —
j.free elec.(hole) 2 7Tpﬁ4vj2

conduction bands in degenerate semiconducfots. XIn 1+exp(§—§0—xf,/16§+xw/2)
Radhakrishnan, Sharma, and Siffyshowed that the 1+exp({—Lo—x21160—x,/2) ]’

variation of thermal conductivity with temperature of

phosphorus-doped silicon can be explained by applying the d<2Kg, 9

theories of phonon scattering on electrons in the localized-

) . . where
bound and in the metallic states. For low concentrations, the
impurity forms isolated states and does not merge into the mevg
conduction band. The ground state of the donor electron in = KT (10

silicon is sixfold degenerate in the effective mass approxima-

tion which reflects the six equivalent conduction bandThe deformation potential i€y, and the parametex,
minima. Degeneracy of the ground states is split into a sin=#w/kgT is the nondimensional phonon frequency where
glet, a doublet, and a triplet due to valley-orbit interactionkg=1.38x 10 23 JK™ ! is the Boltzmann constant. The en-
and central cell correctiohOnly the elastic donor-phonon ergy difference between the Fermi level and the edge of the
interaction between the singlet and doublet states contributenduction (valence band is {,. The expression for the
significantly to the scattering matrfxThe scattering rate of electron-phonon relaxation rafe¢ approaches zero for pho-
phonon in modg with bound electronsrjféound elec CAN be  non wave vectorg< 2K, due to the ternx?/167. Equation
derived by considering the static strains as the interactiof9) can be simplified significantly for degenerate semicon-
Hamiltoniarf-3! ductors
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(MEp)2ksT the value of the sound velocity and the dependence of the
rjff}ee elec. (hole) = ° 72 Ko q<2Kg. (11 relaxation time on nondimensional frequency. The scattering
2mphvj rate in Eq.(14) is given by
It is confirmed that the Eqg9) and (11) are equivalent for Tj—l: J_—'Fl)’ijL Tj_,é,b1 (15)

the relevant values af— ¢,. While Eq.(9) does not explic-

ity depend on carrier concentratidhthe deformation po- Where the subscript®, Nb, andb refer to the nearly pure

tential depends on the carrier concentration according téilicon, no boundary scattering and boundary scattering. The

Epon?3.39 phonon relaxation time due to the boundary scattering in
Kosare?? has shown that Eq9), Ziman's®?! expres- hearly pure silicon isrj p ,=d:Fo/vj. The parametef,

sion for phonon-free electron scattering rate, cannot fullyfépresents a correction due to both the finite length to thick-

account for large reduction in the thermal conductivity of Ness ratio of the sample and the smoothness of the surface,

heavily doped silicon. Kosaré¥suggested that in the pres- and the characteristic cross section of the sample is given by

ence of the electric field of ionized impurity of an atom, the dc=2[7/(11X15)]%% wherel X1, is the cross section of the

phonon wave vectaq> 2K - can also interact with electrons. bulk sample’® The scattering rates in the absence of phonon

This can be considered using a relaxation rate for scatteringoundary scatterings; s v, are given by Holland’

of phonons withg> 2K represented 15y To account for the effect of phosphorus and boron im-

purities, the scattering rate in E@L5) is modified using

7__1 _ 185’]free eIec.(hoIe)( meED)zw
j,fi lec.(hole) —
j.free elec.(hole) pﬁ3q5a:é

-1 _ -1 -1 -1 -1
q>2KF ' 7'j,phosB_ 7'j,P,Nb_|' 7'j,D,b'}_ 7'impurity'}_ 7'j,free elec

-1
(12) + 7'j,bound elec

wherey~1 is the square of the cosine of the angle between
the phonon wave vectorg and the polarizatione,.
Radhakrishnan, Sharma, and Siffjlused the scattering +ij§ound hole (16)
rates for phonon-impurity and phonon-electron interaction%v
and achieved reasonable agreement between the theory af
e_xperiments ;‘or phosph%rus—dgped silicon with concentrafering in doped silicon sample. The rest of the terms are
tions 4.7 10'” and 1x 10*® cm ™2 at temperatures Iess_than derived and discussed in Sec. Il A.
30 K. The present work, however, attempts to predict the
thermal conductivity of doped silicon layers for a wide range
of impurity concentrations and temperature. C. Thermal conductivity modeling of doped silicon

The elastic scattering rate due to acceptor holes in thiayers

strained crystal(lightly boron-doped silicop is estimated The thermal conductivity of doped silicon layers is pre-

H 8
usind dicted using the model of thermal conductivity developed in
N nholew4(o-335u,hole)4 2( w) w, Sec. llIB. The relaxation time in the absence of phonon-

-1 _ -1 -1 -1 -1
7'j ,boronB 7'j,P,Nb_|' 7'j ,D,b+ 7'impurity"— 7'j ,free hole

ere the subscripB refers to the bulk silicon sample and
relaxation timeg; p ,, is due to phonon-boundary scat-

T} bound holé™ boundary scattering in doped silicon layer is accounted for

Us

2.2 2 2 2 .
10mp“vj (A°—h w?) by using
-1 _ -1 -1 -1 -1
X UESXZ(K) + UE5X2<2) } ] , (13) Tj,phosB ™ 7'j,P,Nb_’_ 7'impurity_’_ Tj free elec+ 7j,bound elec
UL Chy -1 -1

-1 -1 -1
— _ j,boronB ™ 7'j,P,Nbdl_ Timpurity+ Tj free hole+ Tj,bound hole
wheren e and=, poe are the number of holes per crhand (17)

the shear deformation potential constant for acceptor hole
respectively, andw, =30 and w;=25 are constant
parameteré® The physical interpretation of the terms in Eq.
(13) is similar to those of Eq(8).

Where the subscript, refers to the silicon layer. These ex-
pressions are different from E€L6) due to differences in the
doping concentration and the level of unintentional impuri-
ties between the bulk sample and the thin silicon layer. The
shear deformation potential constants for electr@gejec,

B. Thermal conductivity modeling for doped silicon and holes, = noe, are adopted from the theory developed
for bulk doped silicon. The relaxation time is further reduced
to account for the increase in the scattering rate due to the
small separation between the layer boundaries using

The model of Hollantf is a refinement of the general
expression for the phonon thermal conductifity

= — 2 . . S
k 3 j:L,ZT,TU Uj fo CV,J(Xw) TJ(Xw)de! (14) Tj phos.,Ly— Tj,phos.,Ly,NlF(—Aj ooy Nb,p) ,
where the subscripty, TU and L indicate low and high d
frequency transverse and longitudinal modes, respectively. 7 poron,1y™= 7j boron LyNtF- A—Sp) (18
The phonon group velocity and Debye temperature of the j,boron,Ly.Nb

solid arev and®, andC, is the phonon specific heat per where the boundary scattering reduction fracttodepends
unit volume and nondimensional frequency. The three conen the ratio of the layer thicknesd,, and the phonon mean
tributions to the conductivity modeled by Hollaldliffer in  free path,Aynb=v 7ynb. @S Well as the specular reflection
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TABLE |. Parameters used to obtain agreement between the thermal conductivity data for bulk phosphorus and
boron doped silicon and the theory developed. The coefficients for phonon scattering on isotopes, normal, and
Umklapp processes afe=1.32x 10 %°s® B;=9.3x 10 %K "3, B;,=5.5x10 1%, B, =2x10 s K 3 (see

Ref. 18.

Concentrations of Concentrations of
Doping electrons(holeg in electrons(holeg in  Shear deformation
concentrations  metallic state, nonmetallic state, potential, =, ejec me orm, A, (s°)
(Cm73) Nfree (Cm73) Npound (Cm73) or Eu,hole (eV) ED (eV) (/mO) X 1045
7.5x 10 (P) 1.88x10'° 7.30x 10% 9 0.00 0.9 0.00
2.5x 10 (P) 2.03x 106 2.30x 10" 9 0.05 0.9 0.00
4.7x10" (P) 6.20x 106 4.08< 10" 9 0.22 0.9 11.75
1.0x 108 (P) 2.60x 10" 7.40x 10" 9 0.5 0.9 11.75
2.0xX10% (P) 2.00x 10¥° 2.27x 10 9 1.33 0.9 5.87
1.7x 107 (P) 1.70x 100 9 2.33 0.9 11.75
1.0x 10" (B) 1.00x 108 45 0.00 0.58 0.00
4.0x 10 (B) 4.00x 10'° 45 0.00 0.58 0.00
4.0 10% (B) 1.50x 10" 3.85x 10t 45 0.00 0.58 0.00

coefficientp. Equation(18) uses the exact solution to the mal conductivity measurements for concentrations between
Boltzmann equation for the mean free path reduction along @.5x 10'® and 1.0<10'® cm 3 were performed on crystals

thin free-standing layét grown by the floating zone technigfiethe manufacturing
process of the silicon samples doped with concentrations
F(8,p)=1- 3(1-p) m( 1 i) 2.0x 10" and 1.7 10?° cm~2 was not specified.The ther-
26 Ja tg tg mal conductivity data for lightly doped samples was fit using
Egs. (8) and (13) and the shear deformation parameter,
Mdt (19)  Eueec=9 €V, at temperatures below 20 K. The reported val-
1-pexp—dty) ues in the literature ar&, ge=10 eVP?* £ .—=8=0.3

where the reduced thickness ds=ds/A,n,. The specular eV Eu,clec8.610.2 eV andE y elec=9-5 eV The ther-
reflection coefficient can be estimated from the characteristignal conductivity data for heavily doped samples are fitted
dimension of surface roughness, and the wavelength, using the dilatation deformation potentiéd, (see Table)l

using'? The reported dilatation deformation potentials for nearly
- pure silicon areEp 190=2.4+0.2 eV andEp 11,=5.30.4
o(n ) =expl — 1677 (20 eV,* and Ep 100=2.5 eV andEp 11,=5.7 eV where the

) A2 ' subscript refers to a particular crystallographic direction.

. . i Quantitative comparison of the deformation potential values
This ap.proaclh and its implications are fully dlscus;%d byof the present work with those reported in the literature is
Asheghiet al™ In the present work, the model of Holland  rg|4tively difficult for two reasons. First, the scattering rates
is fitted to the experimental data for square cross sectiof), Egs.(9) and (11) depend both on the values of effective
samples ".Vher.e thg he.at conduction oceurs m(ﬂlié))' CIYS™  electron mass and dilatation deformation potential. The
tallographic directiol? in order to obtain the coefficients of present work assum —0.9m,, but the effective electron

phonon scattering rates due to isotopes, normal Processqsass can be as small as=0.2m, in a three-dimensional
and Umklapp processesee the caption in Table).IThe 4546 gecong, the deformation potential for doped silicon

dilatation deformation potential§p, the shear deformation may also vary with doping concentratidhThe effect of

potential, =, anq the parameteis, and » used as fitting phosphorus impurities on the phonon-impurity scattering rate
parameters obtain agregment between the theory and EXPEHie to the mass difference and the lattice distortion is ini-
mental data for doped silicon layers. tially estimated using Eq942) and (4) by assumingA,=0
and v,=6400ms 1. The valuesAg,=0.23<x10-45 and
Asr=2.66x10 *° s are obtained for a phosphorus concen-
The existing thermal conductivity data for bulk doped tration of 1.2< 10?°cm™>. These predictions, however, over-
silicon samples are examined in Sec. A and compared witgstimate the data in the vicinity of the thermal conductivity
the theory developed in Sec. Il A. The experimental data formaximum and at room temperature for concentrations above
doped silicon layers, which is the main contribution of the1.0x 10'® cm™3. This indicates the possibility of additional
present manuscript, is presented in Sec. B along with thémperfections in these sampl&8! A nominal value ofA,
theory developed in Sec. Il B. =11.75x10 * §* yields reasonable agreement with the
data. This coefficient is about ten times larger than the coef-
ficients of scattering rates due to iSOtOP@S§epiopes 1-32
Figure 2 shows the previously existing thermal conduc-x 10" %° s*, and lattice distortionA ;z=2.66x10" %, It is
tivity data for phosphorus-doped bulk silicon along with thelikely that either the heavily doped samples are contaminated
predictions of the theory developed in this section. The therwith oxygen atoms or that they contain a large number of

IV. RESULTS AND DISCUSSION

A. Thermal conductivity of doped bulk silicon
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1

3-um-thick silicon layer occurs near 60 K and separates the

X 500 'E" -""“;:22"- Present work low temperature region, where scattering is dominated by
E i : f o an "‘*H:Li‘, imperfections and surfaces, from the high temperature re-
2 ﬂi” _." -‘*' A nw gion, where phonon—phonon scattering is dominant. The
E 93 4". o g n'r'.{- . thermal conductivities of the silicon layers are significantly
E F ?} lower than the values for bulk samples due to the much
= St )'f' 3 ur thick allison tayery ' stronger reduction of phonon mean free path by boundary
2wl o s A b 8 aiaman scattering. The thermal conductivities of the silicon layers
3 i b B eI B i doped with boron and phosphorus at concentrations of 1.0
2 " o’ |y § Matames X 10" cm™3 are nearly equal to those of the pure silicon
= . - -'.;f-'.”'_...P st layer, indicating that the phonon-boundary scattering domi-
4 e nates over the phonon-impurity scattering at low tempera-
L 8 40 80 80 100 1ot tures. Phonon-boundary scattering also contributes signifi-
TEMPERATURE (K) cantly to the reduction in the thermal conductivity of silicon

layers regardless of the level of impurity concentration. The
maximum in the conductivities for doped layers is deter-
mined by the level of impurities in the silicon layer and shifts
toward higher temperatures75 K as the impurity concen-
imperfections of a different type. The predictions agree reatration increases. The thermal conductivities of both phos-
sonably well with the data considering the complexity of thephorus and boron doped silicon layers decrease as the level
problem and wide ranges of temperature and impurity conef impurities increases, and the reduction is stronger for bo-
centration. The agreement is poor for silicon doped samplen doped layers. The scattering rate of phonons on impuri-
with concentrations 410" and 1.0<10'® cm 2 around ties [Egs. (2) and (4)] is proportional ton, M, and SR,
100 K. A similar discrepancy was observed by Fortier andwhich indicates a larger reduction in thermal conductivity for
Suzukf and was attributed to the excessive oxygen atoms. higher impurity concentrations and for greater mass and ra-
The thermal conductivity data for boron doped bulk sili- dius differences between the foreign and host atoms. This
con are reviewed in Fig. 3. The thermal conductivity data forexplains the stronger reduction in thermal conductivity of
concentrations of 1010, 4x10" and 4.0<10' cm 3 poron-doped compared to phosphorus-doped silicon layers
were grown using the float-zone techniduBhe data for the given (SM/M)poro=6X (SM/M)ghos and (SR/R) poror~4
heavily doped samples are difficult to interpret due to thex (§R/R),.... The strength of phonon-impurity scattering
following reasons. First, the crystal growth technique forrate (wa) diminishes at lower temperatures. The |arge re-
concentrations of 3:010°° and 5.0<10°° cm™® were not  duction in thermal conductivity at low temperatures is gen-

specified? Second, the sample with boron concentration oferally attributed to the phonon-electron scattering in doped
5.0x 10?° cm™ 2 is polycrystalling but the grain size is not samples throughout the literatufr&-2224

documented. Third, the level of impurities in the heavily  The contribution of the oxygen atoms to the reduction in
doped samples is less certain particularly for concentrationg,e thermal conductivity of the silicon layer is negligible for
close to the solubility limit of dopants in silicon. The resis- .qncentrations less thaa5x 105 cm~2.9 The silicon layer
tivity measurements used to characterize these samples gte.,ntaminated with less thand10tt atoms cm 3 of Ti. Cr
more strongly influenced by the number of electrically acti—Fe Co. Ni. Cu and Zn based on the specificatio’n o'f the
vate impurities rather than by reflecting the full concentra- . nufacturer. The contamination level of the transition met-

tIOI”.I of |mpur|t|es_,. Th? problem IS more acut_e fpr polycrys- als during the standard silicon device fabrication process
talline samples, in which the grain size can significantly alte 348

r - L .

S does not exceedx 10 cm™3,*® and it is unlikely that these
the reS|'st|v!ty of the sampfé‘. Fourth, the level of oxygen impurities will reduce the thermal conductivity of silicon
contamination during the silicon growth process could be a vers. The density of dislocations in SOl wafers is
much as 40% higher for doping levels abovex41®*° cm ™3 YErs. 8% 0 b Y d 16-10° o2 which could
compared to a lightly doped crystal grown under otherwis{Stlmate 'btlo ?rartognthl thl clm V(\j/ 'Cj[_ _(t:ouf n_?t
identical conditiond” Under these circumstances it is not ave POSSIDly affecte € thermal conductivity ot stlicon
feasible to seek agreement between the theory developé?jyers'

here and the existing experimental data for heavily dopedh Fir?ureﬁ 7 and iihow tZe thgrmlgl co?ductivityddart]a for
boron samples. The predictions for lightly boron doped sili-!"€ Phosphorus and boron doped silicon layers and the pre-

con of concentrations 150108 4.0x 105 and 4.0<10t  dictions based on the theory developed in Sec. IlIC. The
cm 3 are based on the theory developed here. The adjustab‘i@eory is fitted to the thermal conductivity data for nearly

parameters and values are given in Table |. pure silicon layers using boundary roughness2.5 A, as
an adjustable parameter at temperatures below 50 K. The

. . value of the surface roughness is estimated to be between 2
B. Thermal conductivity of doped silicon layers and 10 A for bond-and-etch-back SOI waférsut should
Figure 6 shows thermal-conductivity data obtained in thealso be applicable for SIMOX wafers considering a near per-
present study for silicon layers as a function of temperaturefect interface between silicon and buried silicon dioxXide.
The maximum in the thermal conductivity for a nearly pureIncreasingz beyond 10 A has a negligible effect on the

FIG. 6. (Colorn Thermal conductivity data from the present study for the
3-um-thick silicon layers.
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FIG. 7. Thermal conductivity data from the present study for the phosphoru§!G- 8- Thermal conductivity data from the present study for the boron
doped silicon layers and the theory developed in Sec. 1I C. doped silicon layers and the theory developed in Sec. Ill C.

. 9 _3 .
predicted thermal conductivity at temperatures down toconcentratlons greater than X@0'° cm . It is clear that

15 K the scattering mechanism responsible for this is not very sen-
The contributions of phosphorus and boron impuritiess'itive to the impgrity type gnd_roughly doubles for-an order
are considered using E() andA,=0. However, the pre- of magnitude increase in impurity conclentra_tlon. . Th(_e
dictions slightly overestimate the thermal conductivity dataftrengﬂ;] of t;‘e scattering rates ‘?'f‘fie to lattice dlStO'I’tIOI’] IS
around the maximum of thermal conductivity for silicon lay- arger than those due to mass difference bgtween Impurity
ers doped above 12010 cm 3. The termA,«* is used to and host atom. The strength of the scattering rate due to
evaluate the strength of the unknown scattering mechanisifittice distortion fog buII_<3p_hosphorus doped silicon with con-
causing the reduction in thermal conductivity near thecentration 1.& 101__0m IS one order of magmtude_ Iarge_r
maxima. The values of.=1.175< 10" %5 and 2.35< 10~ %5 than those of the silicon layer with the same level of impurity
s® are obtained for pho;phorus concentrations of<1.08 concentration. This indicates a possibility of large contami-
and 3.0 10° cm~3, respectively. Following a similar pro- nation in bulk samples, as explained in Sec. IV A. The ther-
' PR . - mal conductivities of 3um silicon layers with concentra-
cedure, the values ok,=1.76x10 -45 and 25410 % & tions of boron and hcﬁg horus belgw %.00' cm ™3 are
are obtained for boron concentrations of 210'8 and 1.0 phosp o '
X 10" cm 3, respectively. The effect of phonon scattering nearly equal to those of pure silicon layers, and are strongly
rate due to lattice distortion is estimated by Ed), which reduced by boundary scattering at low temperatures. The val-
yields A;z=0.016<10"% and 0.4K10° % & for phos- U€S of the adjustable parameters are given in Table IlI.

phorus concentrations of 010" and 3.0< 10*° cm™3, re-
spectively. The corresponding values for boron concentray- SUMMARY AND CONCLUSIONS

tions of 1.0<10"® and 1.0x10Y cm 3 are A;=0.25 This work uses steady-state heating and thermometry in
X 10 **and 2.54 10" *° &, respectively. The values @,  patterned metal bridges to measure the thermal conductivity
Asr, andA,, are reviewed in Table Il for silicon layers with  of 3-um-thick silicon layers that have been implanted with
different concentrations and bulk samples doped with phoshoron and phosphorus impurities to concentrations ranging
phorus up to concentration 0" cm™2. The strength of  from 1x 10" to 3% 10" cm™ 3 in the temperature range 15—
the scattering rates due to lattice distortion is nearly equal 0800 K. Secondary ion mass spectroscgByMS) precisely
on the same order of the unknown scattering ratg)*, for  determines the impurity concentrations. The theory applied
in this manuscript separates scattering phenomena in a man-
ner which aids with physical interpretation of the data. The
TABLE 'II. C_oef'ficients for phonon-irlnpurit'y scattering rates due to massthermal conductivities of 3um silicon layers with concen-
and radius differences between the impurity and host atoms. trations of boron and phosphorus belowx 107 cm™2 are

Doping nearly equal to those of pure silicon layers, and are strongly
concentrations reduced by boundary scattering at low temperatures. The
(em™) AX10P () ARX10¥(S)  Amx10°(s) thermal conductivities of silicon layers doped with boron are
1.0x10 (P) 0 0.0015 0.000.14 lower than those of the layers doped with phosphorus impu-
1.0x 108 (P) 1.17 0.015 0.0014 rity, which is consistent with the different rates of phonon
3.0x10" (P) 2.35 0.45 0.042 scattering on these impurities. The phonon-boundary scatter-
1.0x10"" (B) 0 0.025 0.005 ing also contributes significantly to the reduction in the ther-
1.0x10°% (B) 1.76 0.25 0.05 mal conductivity of silicon layers regardless of the level of
1.0x10'° (B) 2.54 2.54 0.50

1.0< 10 (P) bulk 11.75 0.015 0.0014 impurity concentration except for highest impurity concen-
tration levels (3<10™ cm 2 for phosphorus and x 10°
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TABLE Ill. The values of the adjustable parameters for the thermal conductivity predictions of Figs. 7 and 8.

Concentrations of Concentrations of

Impurity electrons(holeg in electrons(holeg in  Shear deformation

concentrations  metallic state, nonmetallic state, potential, =, elec meorm, A, (s)
(Cm73) Nfree (Cm73) Npound (Cmis) or Eu,hole (e\/) ED (EV) (/mO) X 1045
1.0x 10" (P) 6.2x 106 4.08x 10" 9 0.16 0.9 0
1.0x 10 (P) 2.6x 10" 7.40x 10" 9 0.5 0.9 1.17
3.0x 10 (P) 3.0x 10'° 2.27x 10 9 1.33 0.9 2.35
1.0x 10 (B) 6.2x 106 4.08x 10" 4.5 0.16 0.58 0
1.0x 10'8 (B) 2.6x 10 7.40x 10V 45 4 0.58 1.76
1.0x 10'° (B) 1.0x10*° 2.00x 10 45 5 0.58 2.54

cm 2 for boron at temperatures below 20 K. The data pro-
vided in this manuscript are valuable for fundamental studies
of phonon-boundary, phonon-impurity and phonon-electrons
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