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Piezoresistive effects gf-type polycrystalline silicon underline that longitudinal and transversal piezoresis-
tive properties in monocrystalline silicon do not have the same physical origin, which is not accounted for in
current models. This difference is highlighted by the study of the mechanical stress effect on the valence band,
which shows that piezoresistive propertiegatfype monocrystalline silicon can be explained in terms of both
hole transfer between heavy- and light-hole valence bands and stress-dependent hole effective masses. The
guantification of these phenomena points out that longitudinal piezoresistive properties are mainly due to the
hole transfer, whereas transversal ones are mainly attributed to the effective mass change effects. This enables
one to modelp-type polycrystalline silicon piezoresistivity, in particular the sign change of the transversal
gauge factor at high doping lev¢50163-182€08)01615-4

[. INTRODUCTION polysilicon differ from those of silicon due to grain bound-
aries. Inp-type polysilicon, the main effect of grain bound-

Since piezoresistive properties of silicon were discoverediries is to induce potential barriers that carriers have to get
by Smith' forty years ago, monocrystalline and polycrystal- over. This will enable us to explain the piezoresistivity of
line silicon have been widely used in the framework of me-polysilicon, taking into account a piezoresistive effect of the
chanical sensors. However, whereas the piezoresistivity jRotential barrier as suggested by French and E¥aFtsis
n-type silicon has been well explained in terms of a many-ast effect will be deduced in a similar manner as the mono-
valley modeP piezoresistivity inp-type silicon still has not crystalline silicon piezoresistivity using the expression of the

been fully clarified due to the complexity of the valence- conductivity in the potential barrier. _ _
band structuré The more recent model explains the piezore- First of a_II, let us rggall that by negle_c_tmg the geometrical
sistivity of p-type silicon by a stress-induced decoupling of effect the piezoresistivity can be quantified by the gauge fac-

the degenerate valence band and concludes that both Iongﬁer K é_lgs well as by the piezoresistance coefficientas
. . . . ollows:

tudinal and transversal piezoresistive properties have the

same physical origif On the other hand, the piezoresistivity 1 Ap 1 Ao 1 Ap 1 Ao

of polycrystalline silicon shows different behavior between Ke—=—=——— =——=——— (1

= y /ﬁ_
longitudinal and transversal effects. This last point can be &P &g X P X o
noticed in Fig. 1, in which we have reported experimentaldepending on whether the relative variation of resistivity

longitudinal and transversal gauge facték§ and K, re-  Ap/p (or conductivityA o/ o) is ascribed to the strainor to
spectively as a function of doping concentration for both the stressy, respectively.

boron-doped monocrystalline and polycrystalline siliéon.
Indeed, from this figure it is interesting to point out the ex- 40 : 200

perimental sign change of the polysilicon transversal gauge
factor, even when the longitudinal gauge factor does not & 1505
show the same behavior. Moreover, siri¢gin monocrys- & &
talline silicon is negative whatever the doping concentration, & 8
existing models do not enable one to explain the sign change g 2
of the polysilicon transversal gauge factor with doping ;D ;"
concentratior. S S
In this paper we suggest an explanation of these experi- Z -50 =
mental results, first by showing differences between longitu- %‘ i
dinal and transversal piezoresistive properties in the case of & -20 -100

—_

o
™
Q.

18 n19
monocrystalline silicon. This point requires one to take an 10 10

interest in the physical origin gi-type silicon piezoresistiv- Doping concentration (cm’3)

ity, which can be explained by studying the stress effect on

the valence-band structure. In a second part, we will apply FIG. 1. LongitudinalK, and transversak, gauge factors for
this study to the case of polycrystalline silicon piezoresistiv-p-doped silicon(Ref. 5 (solid lineg and polysilicon(Ref. 4 (dot-

ity. Since the pioneering works of Sétand Obermeief,itis  ted lineg as a function of the doping concentration at room tem-
well known that electrical and piezoresistive properties ofperature.
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whereD| =4.4 eV andC,,=0.795< 10'* N m~2 are the de-
formation potential and the elastic stiffness constant relevant
& to a stress applied in tH&11] direction, respectivel§.Thus,
””””” according to the physics of semiconductors, in the case of
nondegenerated silicon and weak stredf(<2kT) the

a) X Heavy holes D)
LN

0.044eV

hole
transfer

A=

A hole concentration relative change for each band can be eas-
e SN E(K) Stress direction ily expressed as
FIG. 2. Valence-band and energy surfacek ispace(for both ﬂ = i L % =— i $,
heavy- and light-hole bangsn the case ofa) unstressed silicon. P1 kT 1+(m’1‘/m’2‘)3/2 P2 kT 1+(m’2‘/m’1‘)3/2
The energy surfaces are warped due to the degenetachighly 4

tensile stressed silicon. The energy surfaces are elongated and Qharem* are the density-of-states effective masses. Thus, a
Igte ellipsoids, both having axial symmetry along the stress direcfensile stress x>0) causes a hole transfer from the light-
tion. hole band to the heavy-hole band.

Il. MECHANICAL STRESS EFFECT ON THE
VALENCE-BAND STRUCTURE AND CONSEQUENCES

ON THE HOLE TRANSPORT PROPERTIES The mass change phenomenon has two origins: The first
one is due to the mixing between the light hole and the
. ) . spin-orbit split-off bands, leading to a mass shift for light
is comprised of three bands, usually designated as the heavy o0 [afterwards we will designate it as the band mixing

hole,'light-hole, and spin-orbit split-off band§ig. 2(a)J. (BM) mass change effectThis effect has been quantified by
The first two bands are degeneratett a0 and the coupling  asegawa by expressing the inverse effective mass varia-
between them is responsible for the warp of the energyi,ns as linear functions of the stregst?

surfaces? On the other hand, the spin-orbit split-off band is
shifted downward by 0.044 eV and consequently is widely 1 1
depopulated as compared to those of heavy and light fbles. A(—) =qx and A(—) =a, X, (5)
Thus, the hole conductivity in silicon is given by M Moy

B. Mass change phenomenon

It is well known that the valence-band structure of silicon

where a=—5.2x10"°m*N~ and «, =2.7x10°
m? N1 relevant to a stress applied in thel1] direction.

) 2 The second mass change effect is caused by the decrease of
the interaction between the heavy- and light-hole bands, fol-

whereq, p, 7, andm are the electron charge, the hole con- !owing Fhe lifting of the deger)e'rac[\afterwards we will des-
centration, the relaxation time, and the hole effective mas gr?atSth as thehdegene][?c% Ir|]ft|r(g)L)_ r;;ass chan%e tehﬂ;e]ct ¢
respectively, and where the subscripts 1 and 2 refer to th € mass change efiect has an infiuénce on both types o

heavy and light holes, respectively. It must be noted that th oles and occurs as long as thg applied stress Is insufficient
relaxation timer is assumed to be the same for both heavy'° completely remove the coupling between the heavy- and

and light holes, isotropic, and stress indepentiand that Ilght—holg bands. - .
effective masses are given in units of free-electron mass. For highly stressed silicon, when the degeneracy is com-
When a uniaxial stress is applied, the degeneracy betwe etely re_mov_ed, the energy Suffaces become elo_nga_lted and
heavy- and light-hole valence bands is liftEgig. 2b)],%° © Iat?Oelllpso!ds for heavy and light holes, respectn[ﬁug.
leading to a resistivity changpiezoresistive effe¢tthat can 2(b)]. " The piezoresistivity of silicon has been explained by

be explained in terms of hole transfer and mass change ph -U.SUkY starting from this particular case and then without
nomena aking into account the DL mass change effettHowever,

according to the works of Hensel, the case of highly stressed
silicon is reached only if the band splittingE,, is markedly
A. Hole transfer phenomenon higher than T, which is absolutely not the case at room

The hole transfer is due to the fact that holes fill lowertemperature for common stress conditidhindeed, starting
energy levels. This well-known effect can be easily quanti-from Eq. (32)1 at room temperature and for a stregs 2
fied knowing the band splitind\E, as a function of the *10° Nm™2 calculations lead tdE,=7x10"° eV while
applied stressc and assuming that the total number of con-2kT=52x10"° eV. Thus, it is necessary to consider the
duction holes does not changall acceptor levels are ex- Case of weakly stressed silicon and consequently to take into
hausted with and without stres€ In the following, for the —account the DL mass change effect. This effect is unfortu-
sake of simplicity, we will study only the case of a uniaxial nately hardly quantifiabl&’'* However, working at the tem-
tensile stresy applied in the[111] crystallographic direc- Perature of 1.26 K, Hensel has_ determlned effective masses
tion. In that case the heavy-hole band moves up while th®Y cyclotron resonance experiments in the case of highly

light one goes down and the band splitting, is given by ~ Stressed silicon. Indeed, at this temperature e &rm is
weak and a common stress is sufficient to completely remove

5 the coupling between the heavy- and light-hole bands. We
AEy==D/ — (3y  have reported in Table | the hole effective masses for un-
3 stressed silicon and highly stressed silicon taken from the

P1
Pr P2
mp  my

o=0q°7
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TABLE I. Hole effective masses in silicon relevant to fHe 1]
direction (in units of the free-electron mas$or two cases: un-
stressed silicon and highly stressed silicon in [th&l] direction.

Heavy holes Light holes 150 é""* 4
Unstressed my,=0.870 my,=0.135 (oD plane (100 plane
silicon m;, =0.647 m,, =0.143
m,* =0.490 m,* =0.160
Highly my,=0.870 my,=0.135
stressed my, =0.170 m,, =0.369
silicon m;* =0.293 m,* =0.264

(112) plane (111) plane

FIG. 4. Heavy- and light-hole effective mass@g&ef. 11 and
literature'®* The study of the piezoresistive effect requireslongitudinal piezoresistance coefficiemt, (Ref. 16 in different
the knowledge of three effective masses for both heavy andlanes. For each curve the full scale corresponds t¢%6” N~*
light holes. The longitudinal onen,, is the hole effective for piezoresistance coefficient and to one unit of free electron mass
mass in the direction of the applied stress. The transvers&r m; andm,.
onem, , is the hole effective mass perpendicular to the ap-
plied stress and the density of states effective nmass
Starting from this table, it is possible to estimate the magni-

tude of the DL mass change effect. In Fig. 3 one can notice Figure 3 shows that the DL mass change does not have
the important variation of transversal effective mas&#s  any influence on longitudinal effective masses. Therefore
tributed to the DL effegt which has to play a significant role |ongitudinal piezoresistive properties of silicon can be ex-
in the exp_Ianation of transversal piezoresistive properties. plained only in terms of hole transfer and BM mass change.
According to the works of Hensel, from room tempera-The first one induces an increase of the resistivity for tensile
ture, the silicon is always weakly stressed for common stresstress according to the fact that the total number of heavy
conditions and thus the piezoresistive properties have to bgoles increases, leading to an average effective mass growth
explained starting from the effective masses of unstresse@incem,, is higher thanm,,). The BM mass change also
silicon. This enables consistency with the density-of-statefyquces an increase of the resistivity which is due to the
effective mass values used for carrier transport modeling ifh,crease ofm,, with the stress ¢,<0). These two points

p-type silicon(m;* =0.49 andm,* =0.16) (Refs. 11and 16 epaple us to understand the positive sign of the longitudinal
and leads to the well-known result that the heavy-hole CoNpjezoresistance coefficienty(;;y which is given by

centration is five times larger than that of light holes. Indeed,

Ill. LONGITUDINAL PIEZORESISTIVE PROPERTIES
INTERPRETATION IN MONOCRYSTALLINE SILICON

1 oy~ opuy

T =— 7
m? 3/2 ; m3 312 © 1117 Y o111
=3, w3z P an = ; R
Pa m3 32+ m3 32 P P2 m3 32+ m3 32 P where oy135 and o 15 are the hole conductivity in the

[111] direction without stress and under stregsrespec-

wherep is the total number of conduction holes, which cantively. At room temperature and for nondegenerated silicon,
be calculated starting from the doping concentratibiihas ~ calculation of 11y using Eqgs.(2)—(7) leads to sy
to be noted that the case of highly stressed silicon leads to @890x 10 m* N~ (K,=167), which is in good agree-
markedly different case since the density-of-states effectivenent with  the  experimental  value 7y117=935
mass values for both heavy and light holes are comparabl& 107> m*N~! (K;=175)* Longitudinal piezoresistive
(m;*=0.293 andm,* =0.264. properties of silicon are mainly due to the hole transfer and
thus proportional to the difference between the heavy- and
1.0 light-hole masses. This fact is valid in any direction, as
m, shown in Fig. 4, where we have reported the heavy and light
hole masses and the longitudinal piezoresistance coefficient
7, for different crystallographic planes.
. Let us recall that calculations have been made in the case
0.5 1 of nondegenerated silicon and at room temperature. The gen-
eral case requires one to study hole transfer and mass change
effects as a function of doping concentration and tempera-
ture. This has been made by Kanda, taking into account the

: : : A : hole transfer effect?
0__weakly stressed __highly stressed
silicon silicon

stress ¥, in the [111] direction IV. TRANSVERSAL PIEZORESISTIVE PROPERTIES
INTERPRETATION IN MONOCRYSTALLINE SILICON

Effective mass (*m,)

0,0

FIG. 3. Mass shift due to incomplete decoupling between the ) )
heavy-and light-hole band®L mass change effectithout taking Figure 3 clearly shows that transversal effective masses
into account the MB mass changgccording to Table)l m,, andm,, are strongly stress dependent. Therefore, the
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explanation of transversal piezoresistive properties requires grain boundary neutral region space charge region
in addition to take into account the DL mass change effect. i ) g i % ]
In the transversal case, the hole transfer tends to induce an
increase of resistivity for tensile stregmsitive gauge factor

in the same way as for the longitudinal piezoresistive effect. | E
Let us note that this last point is in contradiction with current E—
models where piezoresistivity is explained starting from ef- / tunneling N

fective masses in highly stressed silicoActually, in this /
latter casem;, <m,, and consequently the hole transfer in- potential barrier
duces a decrease of resistivity. This enables one to explain
the experimental negative sign observed for the transversal FIG. 5. Structure of polysilicon and representation of one va-
piezoresistance coefficient; 1,4 (Fig. 1). lence band.

However, in the weakly stressed silicon case, although the
hole transfer tends to induce an increase of resistivity the/. PIEZORESISTIVITY OF POLYCRYSTALLINE SILICON

negat_ive sign for the transversal piezoresistanc_e coefficient is In order to study effects of hole transfer and mass change
explained by the DL mass change. Indeed this latter effeGthenomena in the case of polycrystalline silicon, first it is
induces a large decrease of the resistivity owing to the largRecessary to take an interest in carrier transport properties. It
decrease ofn, . It has to be noted that the increasentf, , s well known that these properties differ from those of sili-
which should produce the opposite, has a limited effect incon due to grain boundaries, which has been extensively
silicon because the light hole concentration is five timesstudied the past decadeln the case op-type polysilicon,
smaller that the heavy onfeqg. (6)]. In order to evaluate the common basis is to model the electrical behavior of grain
11y it is necessary to quantify the DL mass change effectboundaries by a potential barrier, which limits the carrier
For this purpose, we introduce two constagtsand 8, in  transport(Fig. 5. On the one hand, this potential barrier is
the same way as for the BM mass chafBe. (5)]. Taking due to the trapping of free carriers by grain boundaries,
into account both the BM and DL mass change effects, inwhich creates a space-charge region inside the §raimthe
verse effective mass variations can be expressed as a fur@ther hand, the potential barrier at the grain boundary level
tion of the applied stresg, as follows: expresses that the grain boundary behaves as an intrinsic
wide-band-gap semiconductor, the gap of which is different
from that of silicon'®

Thus, polysilicon resistivityp,,, can be expressed by a
neutral region and a potential barrier contribution, as fol-

A(—>=B1X and A(i)=ﬁzx+aﬁ(. (8 lows:
M,

thermionic current

Ws Ws
Ppoly= Pmon 1_T +pp L 9
Starting from this equation, the experimental véﬁmt[lll] _ o )
= —445<10 2 m2N~! is fitted taking By=— B,=2.4 wherelL is the average grain siz¥yg the width of the po-
x10-? m?N~L, which is in good agreement with the trans- tential barrier,pmono @and p, are the monocrystalline silicon
versal mass variations reported by Hensel. Indeed, startin f?d potenﬂql barrier re3|s'.[|'v|t|es,'respecyv'ely. Starting frqm
from values in Table | and assuming a linear variation of. IS expression, the p0|y§I|ICOI’l piezoresistive study consists
inverse effective masses between unstressed silicon afd establlghlng a mef:hamcal stress effect on tespso and
highly ~stressed silicon, we find By=— B,=3.1 Po- In a fII.’St. gpproxmaﬂon, the st.ress effect on the neutral
%10-° M2 N-1 at room te’mperature However this last €9ion resistivitypmono Can be considered to be the same as

. for silicon resistivity. However, as the piezoresistivity in sili-
point has to be taken carefully because the transversal effe y P Y

i i functi f ot badly k Eon is anisotropic, it is necessary to average the neutral re-
IV€ mass variations as a function of stress are badly nOWhgion piezoresistivity in order to take into account all possible

It simply enables us to estimate the importance of the Dlyrientations of crystallite® This hypothesis is used by
mass change effect in the explanation of transversal Pi€Zorenany authors.

sistive properties. Contrary to the longitudinal piezoresistiv- Concerning thep,, term, most authors consider that it is
ity, the transversal one is mainly attributed to the massytress independefit.However, this hypothesis does not en-
change effect. At this level, it is interesting to point out thataple to one model either the polysilicon piezoresistivity at
the transversal piezoresistivity is the sum of two oppositdow doping levet or the thermal drift$! The potential bar-
phenomena. The hole transfer, which is in the minority,rier piezoresistivity has been first shown by French and
tends to induce an increase of resistivity under positiveEvang and can be studied starting from tpg resistivity
stress. The mass change effect, which is in the majorityexpression. In the more general case, this resistivity is calcu-
tends to induce a decrease of resistivity under positive streskted taking into account thermionic emission and tunneling
This will enable us to explain the experimental sign changeeffect through the potential barrigt.Let us note that in the

of transversal piezoresistive properties of polysilicon, showsame way as for monocrystalline silicon we have to consider
ing that for low doping concentration hole transfer can be-heavy-hole and light-hole valence bands. Calculations re-
come the major phenomenon. quire using a numerical mod&.However, in the case of
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nondegenerated polysilicon, for each band the potential bawhereVy is the height of the potential barrier. In that case,

rier conductivity can be expressed, as follows: only carriers that have enough energy to get over the poten-
tial barrier take place in electrical conduction. Now, Chao
47r0°Wpg &1 shows that the mass change effect mainly concerns carriers
Tb,— 7 3 M2 ex;{ - ﬁ) that have weak enerdy.Thus, for low doping concentration,

as the potential barrier is high, both longitudinal and trans-

% E versal potential barrier piezoresistivity can be interpreted

X fo 0T T 1.AE)dE, (10 only in terms of hole transfer. This enables one to explain the
positive sign ofK;, in the same way ak;. At room tem-

where h is the Planck’s constan§ the energy difference nerature, using expressiof®), (4), (6), (11), and(13), cal-
between the valence-band enerBy and the Fermi level . |ation leads tom,=130x 102 M2 N1 (K,=21). This

energyEg, and7(E) the transmission probability of a car- 3¢ is valid for both longitudinal or transversal effects as

rie.r.wit.h energyE through the .potentilal b"’?”ief- This prob- well as. This is in relatively good agreement with the values
ability is dependent on potential barrier dimensions and ef-

fective masses. It is calculated using the one—dimension%Fported on Fig. 1, knowing that the tunneling effect has
time-independent WKB approximatidn.As crystallites are een neglected. When the doping concentration increases,

more or less randomly oriented in polysilican, andm, are the potential barrier height decrea%aad more carriers take

average effective masses. In that way we can assume thatplace in electrical conduction, notably those haV|_ng w_ea_lk
energy. Thus the mass change phenomenon is gaining

ground andK; becomes negative as in silicon.

However in the same way as fprtype monocrystalline
silicon piezoresistivity it is not possible to well quantify the
variation of the potential barrier piezoresistivity with doping
concentration and temperature, due to little knowledge of the
effective mass change effect, all the more because of the
tunneling current through the barrier, which is very sensitive

m;=m;*=0.49 and my,=m,*=0.16. (11

Expressingé; and ¢, as a function of heavy- and light-hole
concentrationg, and p,, respectively, the total potential
barrier conductivityo, can be expressed as follows:

2 N .
q°Wpg P1 P2 to effective mass variations.
op= r,+ .|, (12
" V2m(kD)®2 |\ Ym, T ym, 2

with I'; = [gexp(—E/kT)m  E)dE.
Compared to expressid@) this expression enables one to VI. CONCLUSION
clearly show the potential barrier piezoresistivity since hole
concentrations and effective masses are stress dependent.The particular behavior of the-type polysilicon transver-
However, hole transfer and mass change phenomena do ndil gauge factor with doping concentration enables one to
intervene in the same way as for silicon piezoresistivity. Fur-underline that the physical origin of longitudinal and trans-
thermore, expressiol2) shows that this piezoresistivity is versal piezoresistive properties are different for bpttype
dependent on the potential barrier shdggoughI’ termg.  monocrystalline and polycrystalline silicon. By studying the
Thus it is not possible to study the potential barrier piezoremechanical stress effect on the silicon valence-band structure
sistivity properties of one and the same problem, since powe have shown that the longitudinal piezoresistive effect is
tential barrier dimensions depend, among others, on theainly attributed to the hole transfer phenomenon whereas
polysilicon texture. However, limiting the study to the model the transversal one is mainly due to the mass change effect.
of Setd (only the thermionic current is taken into accouit ~ Applying this to the case of polysilicon, we have shown that
is possible to qualitatively explain the piezoresistivity of it is possible to explain the experimental sign change of the
polysilicon. Indeed, in this case expressid2) leads to transversal gauge factor. However, quantification of both
silicon and polysilicon piezoresistivity as a function of dop-

9?Wg qVs\( p: D, ing conC(_antration and temperature would require_a better un-
op=————— exr< — —) ——+—|, (13 derstanding of the stress-dependent hole effective mass ef-
V2m(kT)%2 KT\ Vmy  Vm, fect in silicon.
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