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Stress-dependent hole effective masses and piezoresistive properties ofp-type monocrystalline
and polycrystalline silicon

P. Kleimann, B. Semmache, M. Le Berre, and D. Barbier
Laboratoire de Physique de la Matie`re, UMR CNRS No. 5511, INSA de Lyon, Baˆtiment 502, 20 Avenue Einstein,

69621 Villeurbanne Cedex, France
~Received 12 November 1997!

Piezoresistive effects ofp-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 properties ofp-type 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
quantification 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 level.@S0163-1829~98!01615-4#
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I. INTRODUCTION

Since piezoresistive properties of silicon were discove
by Smith1 forty years ago, monocrystalline and polycrysta
line silicon have been widely used in the framework of m
chanical sensors. However, whereas the piezoresistivit
n-type silicon has been well explained in terms of a ma
valley model,2 piezoresistivity inp-type silicon still has not
been fully clarified due to the complexity of the valenc
band structure.3 The more recent model explains the piezo
sistivity of p-type silicon by a stress-induced decoupling
the degenerate valence band and concludes that both lo
tudinal and transversal piezoresistive properties have
same physical origin.3 On the other hand, the piezoresistivi
of polycrystalline silicon shows different behavior betwe
longitudinal and transversal effects. This last point can
noticed in Fig. 1, in which we have reported experimen
longitudinal and transversal gauge factors~Kl and Kt , re-
spectively! as a function of doping concentration for bo
boron-doped monocrystalline and polycrystalline silicon4,5

Indeed, from this figure it is interesting to point out the e
perimental sign change of the polysilicon transversal ga
factor, even when the longitudinal gauge factor does
show the same behavior. Moreover, sinceKt in monocrys-
talline silicon is negative whatever the doping concentrati
existing models do not enable one to explain the sign cha
of the polysilicon transversal gauge factor with dopi
concentration.4

In this paper we suggest an explanation of these exp
mental results, first by showing differences between long
dinal and transversal piezoresistive properties in the cas
monocrystalline silicon. This point requires one to take
interest in the physical origin ofp-type silicon piezoresistiv-
ity, which can be explained by studying the stress effect
the valence-band structure. In a second part, we will ap
this study to the case of polycrystalline silicon piezoresis
ity. Since the pioneering works of Seto6 and Obermeier,7 it is
well known that electrical and piezoresistive properties
570163-1829/98/57~15!/8966~6!/$15.00
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polysilicon differ from those of silicon due to grain bound
aries. Inp-type polysilicon, the main effect of grain bound
aries is to induce potential barriers that carriers have to
over. This will enable us to explain the piezoresistivity
polysilicon, taking into account a piezoresistive effect of t
potential barrier as suggested by French and Evans.8 This
last effect will be deduced in a similar manner as the mo
crystalline silicon piezoresistivity using the expression of t
conductivity in the potential barrier.

First of all, let us recall that by neglecting the geometric
effect the piezoresistivity can be quantified by the gauge f
tor K as well as by the piezoresistance coefficientp, as
follows:9
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depending on whether the relative variation of resistiv
Dr/r ~or conductivityDs/s! is ascribed to the strain« or to
the stressx, respectively.

FIG. 1. LongitudinalK1 and transversalKt gauge factors for
p-doped silicon~Ref. 5! ~solid lines! and polysilicon~Ref. 4! ~dot-
ted lines! as a function of the doping concentration at room te
perature.
8966 © 1998 The American Physical Society
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57 8967STRESS-DEPENDENT HOLE EFFECTIVE MASSES AND . . .
II. MECHANICAL STRESS EFFECT ON THE
VALENCE-BAND STRUCTURE AND CONSEQUENCES

ON THE HOLE TRANSPORT PROPERTIES

It is well known that the valence-band structure of silic
is comprised of three bands, usually designated as the he
hole, light-hole, and spin-orbit split-off bands@Fig. 2~a!#.
The first two bands are degenerated atk50 and the coupling
between them is responsible for the warp of the ene
surfaces.10 On the other hand, the spin-orbit split-off band
shifted downward by 0.044 eV and consequently is wid
depopulated as compared to those of heavy and light hol11

Thus, the hole conductivity in silicon is given by

s5q2tS p1

m1
1

p2

m2
D , ~2!

whereq, p, t, andm are the electron charge, the hole co
centration, the relaxation time, and the hole effective ma
respectively, and where the subscripts 1 and 2 refer to
heavy and light holes, respectively. It must be noted that
relaxation timet is assumed to be the same for both hea
and light holes, isotropic, and stress independent3 and that
effective masses are given in units of free-electron mass

When a uniaxial stress is applied, the degeneracy betw
heavy- and light-hole valence bands is lifted@Fig. 2~b!#,10

leading to a resistivity change~piezoresistive effect! that can
be explained in terms of hole transfer and mass change
nomena.

A. Hole transfer phenomenon

The hole transfer is due to the fact that holes fill low
energy levels. This well-known effect can be easily quan
fied knowing the band splittingDEv as a function of the
applied stressx and assuming that the total number of co
duction holes does not change~all acceptor levels are ex
hausted with and without stress!.12 In the following, for the
sake of simplicity, we will study only the case of a uniaxi
tensile stressx applied in the@111# crystallographic direc-
tion. In that case the heavy-hole band moves up while
light one goes down and the band splittingDEv is given by

DEV5
2

3
Du8

1

C44
x, ~3!

FIG. 2. Valence-band and energy surfaces ink space~for both
heavy- and light-hole bands! in the case of~a! unstressed silicon
The energy surfaces are warped due to the degeneracy,~b! highly
tensile stressed silicon. The energy surfaces are elongated an
late ellipsoids, both having axial symmetry along the stress di
tion.
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whereDu854.4 eV andC4450.79531011 N m22 are the de-
formation potential and the elastic stiffness constant relev
to a stress applied in the@111# direction, respectively.3 Thus,
according to the physics of semiconductors, in the case
nondegenerated silicon and weak stress (DEv!2kT) the
hole concentration relative change for each band can be
ily expressed as

Dp1

p1
5

1

kT

DEV

11~m1* /m2* !3/2

Dp2

p2
52

1

kT

DEV

11~m2* /m1* !3/2,

~4!

wherem* are the density-of-states effective masses. Thu
tensile stress (x.0) causes a hole transfer from the ligh
hole band to the heavy-hole band.

B. Mass change phenomenon

The mass change phenomenon has two origins: The
one is due to the mixing between the light hole and
spin-orbit split-off bands, leading to a mass shift for lig
holes10 @afterwards we will designate it as the band mixin
~BM! mass change effect#. This effect has been quantified b
Hasegawa by expressing the inverse effective mass va
tions as linear functions of the stressx :13

DS 1

m2i
D5a ix and DS 1

m2'
D5a'x, ~5!

where a i525.231029 m2 N2 and a'52.731029

m2 N21 relevant to a stress applied in the@111# direction.
The second mass change effect is caused by the decrea
the interaction between the heavy- and light-hole bands,
lowing the lifting of the degeneracy@afterwards we will des-
ignate it as the degeneracy lifting~DL! mass change effect#.
The DL mass change effect has an influence on both type
holes and occurs as long as the applied stress is insuffic
to completely remove the coupling between the heavy-
light-hole bands.

For highly stressed silicon, when the degeneracy is co
pletely removed, the energy surfaces become elongated
oblate ellipsoids for heavy and light holes, respectively@Fig.
2~b!#.10 The piezoresistivity of silicon has been explained
Susuky starting from this particular case and then with
taking into account the DL mass change effect.3,12 However,
according to the works of Hensel, the case of highly stres
silicon is reached only if the band splittingDEv is markedly
higher than 2kT, which is absolutely not the case at roo
temperature for common stress conditions.10 Indeed, starting
from Eq. ~3!, at room temperature and for a stressx52
3108 N m22, calculations lead toDEv5731023 eV while
2kT55231023 eV. Thus, it is necessary to consider th
case of weakly stressed silicon and consequently to take
account the DL mass change effect. This effect is unfor
nately hardly quantifiable.13,14However, working at the tem-
perature of 1.26 K, Hensel has determined effective mas
by cyclotron resonance experiments in the case of hig
stressed silicon. Indeed, at this temperature the 2kT term is
weak and a common stress is sufficient to completely rem
the coupling between the heavy- and light-hole bands.
have reported in Table I the hole effective masses for
stressed silicon and highly stressed silicon taken from

ob-
c-
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literature.10,11 The study of the piezoresistive effect requir
the knowledge of three effective masses for both heavy
light holes. The longitudinal onemi , is the hole effective
mass in the direction of the applied stress. The transve
onem' , is the hole effective mass perpendicular to the
plied stress and the density of states effective massm* .
Starting from this table, it is possible to estimate the mag
tude of the DL mass change effect. In Fig. 3 one can no
the important variation of transversal effective masses~at-
tributed to the DL effect!, which has to play a significant rol
in the explanation of transversal piezoresistive properties

According to the works of Hensel, from room temper
ture, the silicon is always weakly stressed for common str
conditions and thus the piezoresistive properties have to
explained starting from the effective masses of unstres
silicon. This enables consistency with the density-of-sta
effective mass values used for carrier transport modelin
p-type silicon~m1* 50.49 andm2* 50.16! ~Refs. 11 and 15!
and leads to the well-known result that the heavy-hole c
centration is five times larger than that of light holes. Inde

p15
m1*

3/2

m1*
3/21m2*

3/2 p and p25
m2*

3/2

m1*
3/21m2*

3/2 p, ~6!

wherep is the total number of conduction holes, which c
be calculated starting from the doping concentration.15 It has
to be noted that the case of highly stressed silicon leads
markedly different case since the density-of-states effec
mass values for both heavy and light holes are compar
~m1* 50.293 andm2* 50.264!.

TABLE I. Hole effective masses in silicon relevant to the@111#
direction ~in units of the free-electron mass! for two cases: un-
stressed silicon and highly stressed silicon in the@111# direction.

Heavy holes Light holes

Unstressed m1i50.870 m2i50.135
silicon m1'50.647 m2'50.143

m1* 50.490 m2* 50.160
Highly m1i50.870 m2i50.135
stressed m1'50.170 m2'50.369
silicon m1* 50.293 m2* 50.264

FIG. 3. Mass shift due to incomplete decoupling between
heavy-and light-hole bands~DL mass change effect! without taking
into account the MB mass change~according to Table I!.
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III. LONGITUDINAL PIEZORESISTIVE PROPERTIES
INTERPRETATION IN MONOCRYSTALLINE SILICON

Figure 3 shows that the DL mass change does not h
any influence on longitudinal effective masses. Theref
longitudinal piezoresistive properties of silicon can be e
plained only in terms of hole transfer and BM mass chan
The first one induces an increase of the resistivity for ten
stress according to the fact that the total number of he
holes increases, leading to an average effective mass gr
~sincem1i is higher thanm2i!. The BM mass change als
induces an increase of the resistivity which is due to
increase ofm2i with the stress (a i,0). These two points
enable us to understand the positive sign of the longitud
piezoresistance coefficientp1@111# which is given by

p1@111#52
1

x

sx@111#2s@111#

s@111#
, ~7!

where s@111# and sx@111# are the hole conductivity in the
@111# direction without stress and under stressx, respec-
tively. At room temperature and for nondegenerated silic
calculation of p1@111# using Eqs.~2!–~7! leads top1@111#
5890310212 m2 N21 (K15167), which is in good agree
ment with the experimental value p1@111#5935
310212 m2 N21 (K15175).4 Longitudinal piezoresistive
properties of silicon are mainly due to the hole transfer a
thus proportional to the difference between the heavy-
light-hole masses. This fact is valid in any direction,
shown in Fig. 4, where we have reported the heavy and l
hole masses and the longitudinal piezoresistance coeffic
p1 for different crystallographic planes.

Let us recall that calculations have been made in the c
of nondegenerated silicon and at room temperature. The
eral case requires one to study hole transfer and mass ch
effects as a function of doping concentration and tempe
ture. This has been made by Kanda, taking into account
hole transfer effect.16

IV. TRANSVERSAL PIEZORESISTIVE PROPERTIES
INTERPRETATION IN MONOCRYSTALLINE SILICON

Figure 3 clearly shows that transversal effective mas
m1' and m2' are strongly stress dependent. Therefore,

e

FIG. 4. Heavy- and light-hole effective masses~Ref. 11! and
longitudinal piezoresistance coefficientp1 ~Ref. 16! in different
planes. For each curve the full scale corresponds to 10210 m2 N21

for piezoresistance coefficient and to one unit of free electron m
for m1 andm2 .
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57 8969STRESS-DEPENDENT HOLE EFFECTIVE MASSES AND . . .
explanation of transversal piezoresistive properties requ
in addition to take into account the DL mass change effe
In the transversal case, the hole transfer tends to induc
increase of resistivity for tensile stress~positive gauge factor!
in the same way as for the longitudinal piezoresistive effe
Let us note that this last point is in contradiction with curre
models where piezoresistivity is explained starting from
fective masses in highly stressed silicon.3 Actually, in this
latter casem1',m2' and consequently the hole transfer i
duces a decrease of resistivity. This enables one to exp
the experimental negative sign observed for the transve
piezoresistance coefficientp1@111# ~Fig. 1!.

However, in the weakly stressed silicon case, although
hole transfer tends to induce an increase of resistivity
negative sign for the transversal piezoresistance coefficie
explained by the DL mass change. Indeed this latter ef
induces a large decrease of the resistivity owing to the la
decrease ofm1' . It has to be noted that the increase ofm2' ,
which should produce the opposite, has a limited effec
silicon because the light hole concentration is five tim
smaller that the heavy one@Eq. ~6!#. In order to evaluate
p t@111# it is necessary to quantify the DL mass change effe
For this purpose, we introduce two constantsb1 and b2 in
the same way as for the BM mass change@Eq. ~5!#. Taking
into account both the BM and DL mass change effects,
verse effective mass variations can be expressed as a
tion of the applied stressx, as follows:

DS 1

m1'
D5b1x and DS 1

m2'
D5b2x1a'x. ~8!

Starting from this equation, the experimental value12 p t@111#

52445310212 m2 N21 is fitted taking b152b252.4
31029 m2 N21, which is in good agreement with the tran
versal mass variations reported by Hensel. Indeed, sta
from values in Table I and assuming a linear variation
inverse effective masses between unstressed silicon
highly stressed silicon, we find b152b253.1
31029 m2 N21 at room temperature. However, this la
point has to be taken carefully because the transversal e
tive mass variations as a function of stress are badly kno
It simply enables us to estimate the importance of the
mass change effect in the explanation of transversal piez
sistive properties. Contrary to the longitudinal piezoresis
ity, the transversal one is mainly attributed to the ma
change effect. At this level, it is interesting to point out th
the transversal piezoresistivity is the sum of two oppos
phenomena. The hole transfer, which is in the minor
tends to induce an increase of resistivity under posit
stress. The mass change effect, which is in the majo
tends to induce a decrease of resistivity under positive str
This will enable us to explain the experimental sign chan
of transversal piezoresistive properties of polysilicon, sho
ing that for low doping concentration hole transfer can b
come the major phenomenon.
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V. PIEZORESISTIVITY OF POLYCRYSTALLINE SILICON

In order to study effects of hole transfer and mass cha
phenomena in the case of polycrystalline silicon, first it
necessary to take an interest in carrier transport propertie
is well known that these properties differ from those of s
con due to grain boundaries, which has been extensiv
studied the past decade.17 In the case ofp-type polysilicon,
the common basis is to model the electrical behavior of gr
boundaries by a potential barrier, which limits the carr
transport~Fig. 5!. On the one hand, this potential barrier
due to the trapping of free carriers by grain boundari
which creates a space-charge region inside the grain.6 On the
other hand, the potential barrier at the grain boundary le
expresses that the grain boundary behaves as an intr
wide-band-gap semiconductor, the gap of which is differ
from that of silicon.18

Thus, polysilicon resistivityrpoly can be expressed by
neutral region and a potential barrier contribution, as f
lows:

rpoly5rmonoS 12
WB

L D1rb

WB

L
, ~9!

whereL is the average grain size,WB the width of the po-
tential barrier,rmono and rb are the monocrystalline silicon
and potential barrier resistivities, respectively. Starting fro
this expression, the polysilicon piezoresistive study cons
in establishing a mechanical stress effect on termsrmono and
rb . In a first approximation, the stress effect on the neu
region resistivityrmono can be considered to be the same
for silicon resistivity. However, as the piezoresistivity in si
con is anisotropic, it is necessary to average the neutra
gion piezoresistivity in order to take into account all possib
orientations of crystallites.20 This hypothesis is used b
many authors.

Concerning therb term, most authors consider that it
stress independent.19 However, this hypothesis does not e
able to one model either the polysilicon piezoresistivity
low doping level8 or the thermal drifts.21 The potential bar-
rier piezoresistivity has been first shown by French a
Evans8 and can be studied starting from therb resistivity
expression. In the more general case, this resistivity is ca
lated taking into account thermionic emission and tunnel
effect through the potential barrier.18 Let us note that in the
same way as for monocrystalline silicon we have to consi
heavy-hole and light-hole valence bands. Calculations
quire using a numerical model.22 However, in the case o

FIG. 5. Structure of polysilicon and representation of one
lence band.
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nondegenerated polysilicon, for each band the potential
rier conductivity can be expressed, as follows:

sb1,2
5

4pq2WB

h3 m1,2 expS 2
j1,2

kT D
3E

0

`

expS 2
E

kTD t1,2~E!dE, ~10!

where h is the Planck’s constant,j the energy difference
between the valence-band energyEv and the Fermi level
energyEF , andt(E) the transmission probability of a ca
rier with energyE through the potential barrier. This prob
ability is dependent on potential barrier dimensions and
fective masses. It is calculated using the one-dimensio
time-independent WKB approximation.23 As crystallites are
more or less randomly oriented in polysilicon,m1 andm2 are
average effective masses. In that way we can assume th

m15m1* 50.49 and m25m2* 50.16. ~11!

Expressingj1 andj2 as a function of heavy- and light-hol
concentrationsp1 and p2 , respectively, the total potentia
barrier conductivitysb can be expressed as follows:

sb5
q2WB

A2p~kT!3/2 S p1

Am1

G11
p2

Am2

G2D , ~12!

with G1,25*0
`exp(2E/kT)t1,2(E)dE.

Compared to expression~2! this expression enables one
clearly show the potential barrier piezoresistivity since h
concentrations and effective masses are stress depen
However, hole transfer and mass change phenomena do
intervene in the same way as for silicon piezoresistivity. F
thermore, expression~12! shows that this piezoresistivity i
dependent on the potential barrier shape~throughG terms!.
Thus it is not possible to study the potential barrier piezo
sistivity properties of one and the same problem, since
tential barrier dimensions depend, among others, on
polysilicon texture. However, limiting the study to the mod
of Seto6 ~only the thermionic current is taken into account! it
is possible to qualitatively explain the piezoresistivity
polysilicon. Indeed, in this case expression~12! leads to

sb5
q2WB

A2p~kT!3/2
expS 2

qVB

kT D S p1

Am1

1
p2

Am2
D , ~13!
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whereVB is the height of the potential barrier. In that cas
only carriers that have enough energy to get over the po
tial barrier take place in electrical conduction. Now, Ch
shows that the mass change effect mainly concerns car
that have weak energy.14 Thus, for low doping concentration
as the potential barrier is high, both longitudinal and tra
versal potential barrier piezoresistivity can be interpre
only in terms of hole transfer. This enables one to explain
positive sign ofKt , in the same way asK1 . At room tem-
perature, using expressions~3!, ~4!, ~6!, ~11!, and ~13!, cal-
culation leads topb5130310212 m2 N21 (Kb521). This
value is valid for both longitudinal or transversal effects
well as. This is in relatively good agreement with the valu
reported on Fig. 1, knowing that the tunneling effect h
been neglected. When the doping concentration increa
the potential barrier height decreases6 and more carriers take
place in electrical conduction, notably those having we
energy. Thus the mass change phenomenon is gai
ground andKt becomes negative as in silicon.

However in the same way as forp-type monocrystalline
silicon piezoresistivity it is not possible to well quantify th
variation of the potential barrier piezoresistivity with dopin
concentration and temperature, due to little knowledge of
effective mass change effect, all the more because of
tunneling current through the barrier, which is very sensit
to effective mass variations.

VI. CONCLUSION

The particular behavior of thep-type polysilicon transver-
sal gauge factor with doping concentration enables one
underline that the physical origin of longitudinal and tran
versal piezoresistive properties are different for bothp-type
monocrystalline and polycrystalline silicon. By studying th
mechanical stress effect on the silicon valence-band struc
we have shown that the longitudinal piezoresistive effec
mainly attributed to the hole transfer phenomenon wher
the transversal one is mainly due to the mass change ef
Applying this to the case of polysilicon, we have shown th
it is possible to explain the experimental sign change of
transversal gauge factor. However, quantification of b
silicon and polysilicon piezoresistivity as a function of do
ing concentration and temperature would require a better
derstanding of the stress-dependent hole effective mass
fect in silicon.
o.
1C. S. Smith, Phys. Rev.94, 42 ~1954!.
2C. Herring and E. Vogt, Phys. Rev.101, 944 ~1956!.
3K. Susuki, H. Hasegawa, and Y. Kanda, Jpn. J. Appl. Phys.23,

871 ~1981!.
4E. Obermeier and P. Kopystynski, Sens. Actuators A30, 149

~1992!.
5W. P. Mason,Crystal Properties of Interaction Processes~Aca-

demic Press, New York, 1966!, p. 344.
6J. W. Seto, J. Appl. Phys.46, 5247~1975!.
7E. Obermeier, Dr. Ing. Thesis, Technische Universita¨t München,
1983 ~unpublished!.

8P. J. French and A. G. R. Evans, Sens. Actuators8, 219 ~1985!.
9P. J. French and A. G. R. Evans, EMIS Datareview Report N

15724, 1987~unpublished!, pp. 94–103.
10J. C. Hensel and G. Feher, Phys. Rev.129, 1041~1963!.
11P. Kireev, La Physique des Semiconducteurs~MIR, Moscow,

1975! p. 728.
12Y. Kanda, Sens. Actuators A28, 83 ~1991!.



e-

ice

rs

er,

ier,
gs

ter.

d

57 8971STRESS-DEPENDENT HOLE EFFECTIVE MASSES AND . . .
13H. Hasegawa, Phys. Rev.129, 1029~1963!.
14C. Y. Chao and S. L. Chuang, Phys. Rev. B46, 4110~1992!.
15S. M. Sze,Physics of Semiconductor Devices~John Wiley &

Sons, New York, 1981!, p. 852.
16Y. Kanda, IEEE Trans. Electron Devices29, 64 ~1982!.
17N. C. C. Lu, L. Gerzberg, and J. D. Meindl, IEEE Electron D

vice Lett.1, 38 ~1980!.
18D. P. Joshi and R. S. Srivastava, IEEE Trans. Electron Dev

31, 920 ~1983!.
19V. Mosser, J. Suski, J. Goss, and E. Obermeier, Sens. Actuato

28, 113 ~1991!.
s

A

20P. Kleimann, B. Semmache, M. Le Berre, and D. Barbi
in Materials for Mechanical and Optical Microsystems, edited
by M. L. Reed, M. Elwenspock, S. Johansson, E. Oberme
H. Fujita, and Y. Venishi, MRS Symposia Proceedin
No. 444 ~Materials Research Society, Pittsburgh, 1997!, pp.
131–136.

21P. Kleimann, B. Semmache, M. Le Berre, and D. Barbier, Ma
Sci. Eng. B46, 43 ~1997!.

22P. Kleimann, Dr. Ing. thesis, INSA de Lyon, 1997~unpublished!.
23M. Alonso and H. Valk,Quantum Mechanics: Principles an

Applications~Wiley, New York, 1973! pp. 181–197.


