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THERMAL EXPANSION BEHAVIOR OF SILICON AT LOW TEMPERATURES

JayantS. Shah*

Laboratoired’Electrostatiqueet de Physiquedu Metal,
C.N.R.S.,Cédexno 166, 38-GRENOBLE-Gare,France,

and

M.E. Straumanis

GraduateCenterfor Materials Research,

University of Missouri-Rolla,Mo. 65401, U.S.A.

Lattice parameters,thermal expansioncoefficientsandGrüneisen
parametersof silicon aredeterminedby an X-Ray diffraction method
in the temperaturerangeof 180—40K without the useof liquid gases.
Thermalexpansionof silicon becomesnegativebelow 120 K which
is discussedin terms of its lattice vibrationsand crystal structure.

1. INTRODUCTION measuresthe size of the crystal unit cell directly.

Thermalexpansionbehaviorof elementsin the Batchelderand Simmons4havestudiedthe
fourth group of the periodictable— silicon, german- thermalexpansionof a single crystalof silicon
ium, gray tin and A” BIV compoundsis peculiar, in an X-Ray backreflection, rotating camera.
Thesetetrahedrallybondedsubstancesexhibit They found that the thermalexpansionof silicon
negativethermal expansioncoefficientsfor tern- becomeszeroat 117K andnegativebelow this
peraturesT ~ 0.2~ where 8 is the Debyecharac- temperature.All the otherthermal expansion
teristic temperature.Theorieshavebeenproposed studieson silicon weremadeby dilatometric
by Barron”2 to explain how the negativethermal methods. Gibbons5observedthe thermal expan-
expansionof a solid comesabout but no clear sion of silicon single crystalsby an interfero-
treatmentof this problemis availableat present. metric technique. His measurementsshow that

the thermalexpansionof silicon waszeroat 120 K
The agreementbetweenthe thermalexpansion andnegativeupon further cooling. Carr el al.6

dataobtainedby dilatometricmethodsand those determinedthethermal expansionof silicon by a
obtainedby X-Ray diffraction techniquesis not dilatometrictechnique,finding negativethermal
alwaysgood3 This is probabiydue to the fact expansionof silicon below 130 K but to a much
the dilatometricmethodsuse bulk sampleswhich smallerextent than that reportedby Batchelder
containa variety of micro and macrodefectsaffect- andSimmons.
ing the expansivityresults. Whereasthe X-Ray
methodis independentof sucherrors since it

_________ 2. EXPERIMENTAL TECHNIQUEAND RESULTS
* On leave from the GraduateCenterfor Materials Lattice parametermeasurementsin the present

Research,University of Missouri-Rolla, MO. investigationweremadein a symmetricalback-
65401,U.S.A. reflection focusingX-Ray diffraction camerain
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FIG. 1. Lattice parametersof silicon asa function of temperature.

the temperaturerangeof 180—40K. Cooling was Simmonsbut the agreementwith the dataobtained
achievedby meansof a Joule—Thompsonpump by dilatometricmethodsof Carre~al. and Gibbons
eliminating the useof liquid gases.Necessary is only fair (Fig. 2). We observethat thermalex-
film shrinkageand refractioncorrectionswere pansion of silicon becomeszeroat 120K and
made. The detaileddescriptionof theexperimen- negativebelow this temperature.The maximum
tal apparatusappearselsewhere.7 magnitudeof the negativethermal expansionis

found tobe —0.60x106 at 70K.
Silicon powderof 99.999 per cent purity was • ~

obtainedfrom Koch Labs., England. Particle •0 ~ c~-,.~t u

sizesof 20~ior lesswere neededto obtain uni- • GbbO~ 7
— P,..~.&~ok

form and sharpdiffraction patterns. Lattice para- /
meterswerecalculatedby usingthe high angle •0 3 4
reflection (444)a.

1 producedby copper Kal) mdi- •02 /
ation (Cu Kai,A = 1.54051A). The standarddevi- -o.i

ation of the lattice parameterswas ±5.7 x 10~A. 0

Theseresults are comparedwith thoseof ~
Batchelderand Simmonsin Fig. 1. From Fig. 1 it ~ -o,a • o/~

is evidentthat the lattice parametersobtainedby -0.3 •

our methodagreevery well with thosefound in a -0.4 * /

different laboratory,by a different method,dif- -o 5 A

ferent temperaturecalibrationsandmeasurement -° 6 .

procedures.This agreementin turn confirmsthe -o
accuracyof the measurementandcontrol of tern- 06

peraturein our low temperaturecamera. ~0 l~ 200

I (ic)—.

Linear thermal expansioncoefficients, FIG. 2. Linear thermalexpansioncoefficientsof
a = a’-’.(aa/8T)~ for silicon werecalculated silicon as a function of temperature.
from equation1 which relatesthe lattice para-
meter, a(A) asa function of temperature,T(K) The Grüneisenparameters,y — 3 a. K T/Cv,

where a is the coefficient of linearthermalex-from 180—40 K range. The presentresults of
thermalexpansioncoefficients pansion, KT is the isothermalbulk modulus,C~,

is the specificheatat constantvolume and V

a(A) = 5.42926+ 1.56x 1O~
5T—3.15 < 1O~7T2 the molar volume,were calculatedby using our

results for a and V and literature data for C~
+ 2.15 x iO’~T3 — 4.68 x 10’~2T4... (1) and K

7..
9 Thesecalculationsfor y arelisted in

Table 1 togetherwith the thermalexpansion
comparefavorably with thoseof Batchelderand coefficients.
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Table1. Linear thermal expansioncoefficients (Cr), from the ith mode.Now, usually in tf,e
o.ndGr,.ineisenparametersof silicon at low tern- crystal, all the )~will be positiveyielding a

p positiveGrUneisenparameter,y. That is what

T ax 10~ .>~ is generally expectedthat, as the volume of a

(K) (K’) crystal decreases,the frequencyof vibration in-
creasesgiving riseto positive ~ for different

160 0.63 0.18 lattice vibrationalmodes.However, if someof
140 0.48 0.16 the y~for certainmo4esarenegativeand if they
120 0.12 0.05 dominateover the positive y~upon cooling, the
100 — 0.28 — 0.14 weightedaveragey will be negativeandthe
90 — 0.44 — 0.25 thermalexpansionwill also becomenegative.
80 — 0.56 — 0.38 At low temperaturesonly the transverseacoustic
70 — 0.60 — 0.50 modesare importantandsomeof thesefor silicon
60 — 0.54 — 0.60 mustbe negativeanddominatingover the restof
50 — 0.38 — 0.61 the positivemodesto give rise to negative

Grueisenparametersfor silicon below 120 K.
3. DISCUSSION

An intuitive insight can be obtainedif one

The negativethermalexpansionof silicon relatesthe negativethermal expansionof silicon
below 120K can be easilyexplainedin termsof to its crystal structure.5 The negativethermal
its Grüneisenparametersand the crystalstructure, expansionis also exhibitedby many tetrahedrally
Sincethermalexpansionin silicon is clearly related bondedcovalentsubstanceslike InAs , GaAs,
to the Grüneisenparameter,all the discussion InSb, GaSb, a—Sn, Ge and vitreoussilica, etc,
pertainingto Grüneisenparameterswill alsocor- which eitherpossessa diamondcubic or a zinc-
respondto its thermal expansionbehavior. The blendetype structure. In eachof thesecases,
Grüneisenparameter,7, is a weightedaverageof the atomshavea fourfold coordination,and they
the Grüneisenparametersof various lattice vibra- are looselypackedstructures. Becauseof loose
tional modes,y~ packing,the restoringforces for the transverse

3N 3N modesof the bondsmay be weak, and thesefac-
y = ~ C.~/~ ci... (2) tors may be responsiblefor the negativey~’sfor

where certaintransversemodesdominatingover the

= — (~ log c~’~/dlog V)~... (3) positiveones.

and C
1 are the contributionsto the specific heat
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Nous avonsdCterminé,pardiffraction des rayonsX, les paramCtres,
les coefficientsde dilatationthermiqueet les coefficientsde
Grüneisendu silicium, entre40 et 180K, sansemployerde gaz
liquide. Les coefficientsde dilatationthermiquedu silicium sont
nCgatifsen-dessousde 120 K. Nous considéronssesvibrations de
réseauet sa structurecristalline pourdiscutercetteanomalie.
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