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A tunneling piezoresistive model for polysilicon*
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Abstract: Based on the trap model, the band structure and the conductive mechanism of polysilicon were analyzed,
and then an equivalent circuit used to interpret the tunneling piezoresistive effect was proposed. Synthesizing the
piezoresistive effect of the grain boundary region and grain neutral zone, a new piezoresistive model—a tunneling
piezoresistive model is established. The results show that when the doping concentration is above 102° cm™3, the
piezoresistive coefficient of the grain boundary is higher than that of the neutral zone, and it increases with an
increase in doping concentration. This reveals the intrinsic mechanism of an important experimental phenomena
that the gauge factor of heavily doped polysilicon nano-films increases with an increase in doping concentration.
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1. Introduction

Since the 1970s, concern has increased regarding the
piezoresistive properties of polysilicon films (PSFs), which are
used for the development of mechanical sensorst"> 2], Since this
period, theoretical studies on polysilicon piezoresistive films
have been systematically performed®], however research into
the piezoresistive properties of the grain boundary (GB) and
both sides of the GB barrier is not comprehensive enough. In
1984, French and Evans described the piezoresistive mecha-
nism of the polysilicon GB region!* 3. They considered that
both the grain neutral zone and the barrier region contribute
to polysilicon piezoresistive characteristics, and the piezoresis-
tive effect of the barrier zone is mainly due to the variation of
the thermionic emission current with strain, as the gauge factor
(GF) is about half of the grain neutral zonel®l. Obviously, the
smaller the grain size is, the larger the scale which the poten-
tial barrier occupies. Typically, the size of the grain decreases
as the film thickness decreases; therefore according to French
and Evans’s theory, the GF of PSF should also decrease with
decreasing film thickness.

However, for polysilicon nano-films (PSNFs), < 100 nm
in thickness, the above conclusions are different from the ex-
perimental resultsl”). GFs of heavily doped PSNFs are larger,
up to 30 or more, which is obviously higher than the predicted
values of the theoretical model given by French and Evans.
The reason for this is that besides the thermionic emission cur-
rent, the tunneling current should be also considered. When the
doping concentration exceeds 10'° cm™3, the tunneling cur-
rent usually exceeds the thermionic emission current, and thus
plays a major role in the barrier current. The variation of the
tunneling current with stress is more obvious when compared
to the thermionic emission current, which brings a more sig-
nificant tunneling piezoresistive effect’’]; and therefore heav-
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ily doped PSNFs have a higher GF. A calculation method for
the GF of the GB is proposed based on PSNF experimental re-
sults by analyzing the dependences of the tunneling current and
stressl”]. At present, several researchers have successfully de-
veloped pressure sensors utilizing PSNFs[® 9], and proved that
this kind of piezoresistive material has advantages, such as im-
proving the stability of high temperature piezoresistive devices
and enhancing the sensitivity. In order to give a comprehen-
sive explanation for the piezoresistive properties of PSNFs and
to develop a piezoresistive sensor utilizing the advantages of
PSNFs more conveniently, in this paper, the intrinsic factor of
the polysilicon piezoresistive effect and the role of the tunnel-
ing piezoresistive effect were analyzed, which began from the
band structure of polysilicon and the current formation mech-
anism. On this basis, synthesizing the piezoresistive charac-
teristics of the GB region and the grain neutral zone, a new
piezoresistive model—a tunneling piezoresistive model was
established. The model was verified by a comparison of dif-
ferent experimental results.

2. Polysilicon energy band structure and piezore-
sistive mechanism

Polysilicon is composed of grains and GBs, and the grains
that are separated by GBs have different scale and orientation.
The grain neutral zone is a monocrystalline structure with the
piezoresistive properties of monocrystal. However, GBs with
an amorphous structure conduct multiply, of which the piezore-
sistive properties are far more complex than the monocrystal’s.
Its electrical properties can be usually described by the car-
rier trap model. The trap model was originally proposed by
Kamins['% and Rai-Choudhury and Hower ez al.['1], which has
been widely accepted and successfully explains lots of experi-
mental phenomena about polysilicon conductivity.
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Fig. 1. Energy band diagrams near a grain boundary under thermal
equilibrium.

According to the basic assumption of the trap model, there
are a large number of carrier traps in the GB with impurities be-
ing uniformly distributed in the polysilicon. For boron-doped
p-type polysilicon, the traps form positive charged centers after
capturing holes, which uniformly distribute on the grain bound-
aries. Due to requirements of electric neutrality, hole depletion
layers must exist on both sides of the GB, resulting in the bar-
rier zone forming on both sides of the GB. In the case of mod-
erate doping, the barrier width, W, is often much higher than
the natural GB thickness, §. Thus, during the analysis of the
electrical properties, the natural GB can be ignored and only
the depletion barrier effect is taken into account.

As the piezoresistive device is fabricated from PSNFs, a
doping concentration"?l more than 102° cm=3 is generally
chosen. In this heavily doped case, the depletion layer is narrow
and the potential barrier is low, and the GB has more remark-
able effects on the carrier transport processes than the depletion
region, which cannot be ignored. So, the physical properties of
the GB are further complemented and it is assumed:

(1) The GB is a kind of disordered amorphous material, of
which the band gap is much greater than that of monocrystal.
Generally, the amorphous silicon band gap is about 1.5-1.6 eV,
and the Fermi level is clamped in the middle of the forbidden

[13]
gaps .

(2) The structure of PSF can be seen as a large number
of small size monocrystal grains with thin intervals. The thin
interval (about a few atomic layers) is a kind of amorphous ma-
terial. Heterojunctions form between each grain and the amor-
phous material of its surrounding GB. Then a position barrier
appears between the grain and the GB in the energy band struc-
ture diagram.

Based on the above assumptions, the energy band structure
of polysilicon is shown in Fig. 1, Where the position barrier
height equals the difference between the top of monocrystal va-
lence band to the mobility edge of the amorphous valence band,
as denoted by g¢. For convenience, a polysilicon model with
a one-dimensional array is analyzed as an example, which as-
sumes the grain is a uniform cube with a side length of L. When
E,, the kinetic energy along the x direction, is less than gV}
(the potential barrier height of the depletion layer), the holes
can pass the depletion layer within the crystal grain and the GB
barrier only in tunnel mode, forming a field emission current,
and the current density is denoted by J;.
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Fig. 2. Equivalent circuit of tunnel piezoresistive model. (a) The gen-
eral form. (b) The simplified form at moderate temperature.

While gV, < Ex < g¢, the holes pass the depletion layer
by thermionic emission, and then tunnel through the GB bar-
rier, the current density formed in this way is expressed as J5.
While E, > g¢, the holes completely pass through the deple-
tion region and the GB barrier by thermionic emission, form-
ing a thermionic emission current whose density is expressed
as Js3.

For the p-type material, whether it is monocrystal silicon
or polysilicon, the piezoresistive effects are due to the split of
the degeneracy band near the top of the valence band by stress,
which leads to some changes in the effective mass of holes.
However, for polysilicon, the change of effective mass not only
varies the grain resistivity in the neutral zone, which generates
a piezoresistive effect the same as the mechanism of monocrys-
tal silicon, but also directly varies the current flowing through
the GB, which brought the GB piezoresistive effect. There-
fore, the piezoresistive effect of the grain neutral zone and the
GB region together determine the piezoresistive properties of
polysilicon.

J» is a kind of mixed current where the holes tunnel
through the GB after passing the depletion region through ther-
mal emission. In order to analyze the piezoresistive charac-
teristics of compound GB (GB and both sides of its barriers),
the mixed current path will be seen as two equivalent series
resistances. One is the equivalent emission resistance of the
depletion region determined by thermal emission, as denoted
by Ry, the other is the equivalent tunneling resistance of GB
determined by tunneling which is denoted as Rs. Therefore,
the model of the tunneling piezoresistive equivalent circuit is
given. As shown in Fig. 2(a), R, is the resistance of the grain
neutral zone, Ry is the resistance determined by the thermal
emission current J3, Rp is the resistance determined by the
field emission current J;.

Although the three types of current co-exist, in general,
only J, is dominant. Therefore, the equivalent circuit of the
piezoresistive model can be simplified as the form shown in
Fig. 2(b). Therefore, the GF of polysilicon can be expressed
as:
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Fig. 3. Dependences of piezoresistance coefficients 7y and 7y, on
doping concentration.

R,

G
P Ry, + Ry

g
= Ry + Ry G, + Gy, €))
where Ry, is a compound GB resistance, which satisfies R, =
R4 + Rs; G, and Gy, are the GFs of R, and Ry, respectively.
G, and Gy, are determined respectively by 74, the piezoresis-
tive coefficient (PRC) of monocrystal silicon and my,, the PRC
of compound GB and the elasticity of the monocrystal silicon
substrate.

3. Calculations of the GFs of PSNFs

Using Eq. (1), the GF of PSNF can be expressed as:

G, = e, 4 (1- %) g,
P Rp g Rp

2W + 6 2W + 6
_r A @Gg+(1— + @)Gb,
L L 2)

Pp Pp

where R, = Ry + Ry, pg and p, are the grain neutral zone
resistivity and the polysilicon resistivity, respectively. If the
polysilicon grain orientation is uniform, for example, in the
orientation of (111), G, and Gy, can be obtained from the cor-
responding 77, and 7.

The compound boundary PRC, , can be obtained from
the PRCs of Ry and Rg. For the (111) orientation, sty the lon-
gitudinal PRC of the compound GB can be expressed asl’!:

Vap Vb
= 05251 — — Trgl + 1.406_7Tg1, (3)
V() VO

where 7y is the longitudinal PRC of (111) orientation of
monocrystal silicon, Vj is the bias voltage of the compound
GB, Vg, is the bias voltage of GB. Equation (3) reflects the
dependence between 71, and 7g. At room temperature, using
the relationship between 774 and the doping concentration, the
dependence between the PRC of compound GB and doping
concentration N can be obtained from Eq. (3), as shown in
Fig. 307,

Our experiment results prove that the grain-orientation of
PSNF is random!'2l. Tanikawa’s results also proved this['4].
Therefore, for analysis of the piezoresistive properties of
PSNFs, (Gg) the average longitudinal GF of grain neutral
zones with various orientation and (Gy;) the average longi-
tudinal GF of corresponding compound GBs should be used
to replace Gy, the longitudinal GF of grain neutral zone, and
Gy, the longitudinal GF of compound GB respectively. For
the PSFs with a random grain orientation, until now, almost
all research has averaged the GFs of monocrystal silicon in all
possible grain orientations to calculate the GF of the grain neu-
tral zone[zl, and this method is widely accepted. In this work,
we adopt Schubert’s method!!! to calculate the average GF of
the grain neutral zone. The ratio between the average longitudi-
nal GF of the grain neutral zone of the PSF with random grain
orientation and (111) monocrystal silicon longitudinal GF was
calculated to be 0.537, then

(Gg1> = 0.537 (1 +2v + Yﬂg]) £, 4)
(Gn) =0.537(1 +2v + Ymy) f, %)

where Y = 1.87 x 10!! Pa, v = 0.25, are Young’s modulus of
(111) orientation and Poisson’s ratio, respectively. f is the ad-
justment factor. The purpose of the introduction of adjustment
factors is to compensate for errors, which are caused by the fol-
lowing three main factors. The first one is the error of Young’s
modulus values. Here, we used the value of monocrystal sil-
icon. Generally, Young’s modulus of polysilicon is slightly
smaller, sometimes less than 70% of the monocrystal silicon
Young’s modulus*® 171, Secondly, the errors are caused by the
dispersion of grain size. The last one is due to the uncertainty
of the grain orientation, which also brings some errors. For the
samples of p-type PSNFs with a thickness of 80 nm and an
average grain size of 32 nm!l, f equals 0.86, which was ob-
tained from the comparison between the theoretical calculation
G,—N4 curves and experimental results.

In order to describe the dependences between polysilicon
GF and doping concentration using Eq. (2), the resistivity ra-
tio of the grain neutral zone to polysilicon should be deter-
mined. Usually, during the calculation of polysilicon GF, the
resistance of the grain neutral zone is calculated by utilizing
the resistivity of monocrystal silicon[?- 151, The resistivity of
polysilicon can be obtained from the test results. For the above
discussed PSNF with a thickness of 80 nm, according to the
fitting curve of actual test results at room temperature, the de-
pendences between resistivity and doping concentration can be
given as:

pp = 15.651e"73%107 "N | 0 014(Q-cm).  (6)

According to semiconductor physics, at room temperature,
the resistivity of p-type monocrystal silicon is:

m;(Ps"'Pi)

= 7
Pg A @)

where m;‘ is effective mass of hole; P; is the scattering proba-
bility caused by acoustic waves, which is considered as a con-
stant that is independent to the doping concentration at room
temperature; P; is the scattering probability due to ionized im-
purities, which is in proportion to the doping concentration.
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Fig. 4. Dependence of monocrytsal silicon resistivity and the boron-
doped concentration.

Therefore, at room temperature, Equation (7) can be rewritten
as:
pe = asNy' + aj, ®)

where ag and a; are constants determined by P and P;, respec-
tively. Then, according to the curvel!®! of dependence between
the p-type silicon resistivity and the doping concentration, dop-
ing concentration data are selected in a range of 5 x 1018-102!
cm™3. Using the data, the functional relationship between re-
sistivity and doping concentration is fitted according to Eq. (8),
and the fitting result is shown in Fig. 4. Thereafter, at room tem-
perature, the dependence between the resistivity of monocrys-
tal silicon and the doping concentration is proposed, which is
expressed as:

pg = 68741 x 10N ' +2x 1072 (2 -m).  (9)

The smaller the grain size is, the higher the defect den-
sity is. For the polysilicon grain neutral zone, due to a higher
defect density, the resistivity can not be calculated simply by
Eq. (9), the lattice defect scattering must be also considered. If
it was assumed that the defect density is not related to the dop-
ing concentration, then a correction factor a4 could be intro-
duced which is determined by defect density, thereby, during
the calculation of the resistivity of the neutral zone, Equation
(9) can be modified as:

pe = (6.8741 x 10*° + aq) Ny' +2x107° (2 -m). (10)

For PSNFs, by comparing the theoretical calculation G,—
N4 with the experimental results, the value of a4 is determined
to be 1.2 x 1022 Q/m?2. The role of the defect scattering is
equivalent to ionized impurity scattering with an impurity con-
centration of 6 x 102° cm™3, which is well understood for
polysilicon nano-film with a thickness of 80 nm and a grain size
of 32 nm. If the grain surface dangling bonds are considered as
defects, the magnitude of the defect density is 10?! cm™3.

For the samples of p-type PSNFs, by synthesizing Egs. (2),
(4), (5), (6) and Eq. (10), combining with the dependences be-
tween PRCs and doping concentration shown in Fig. 3, the the-
oretical curve between GF of PSNF and doping concentration
can be obtained, as shown in Fig. 5.

50
m  Exp. data
45t Theoretical curve
401
n
[ ]
S35 .
n

30F

251

20

I Ill(;l‘) I I — I].(I)ZU I I — ”1‘(‘)21
Doping concentration (cm™)

Fig. 5. The theoretical and experimental G,—N4 relationship of PSNF.

The experimental data shown in Fig. 5 are from the ac-
tual test results!”). A comparison of the curve shown in Fig. 5
and the experimental results show that the tunnel piezoresis-
tive model is in good agreement with the experimental data;
proving the validity of the tunnel piezoresistive model.

4. Discussions

Figure 3 shows that the variation of the PRC of compound
GB with the doping concentration is more complex compared
to that of monoscrystal silicon, but the variation magnitude is
much smaller, and the PRC is greater than for monocrystal
silicon in the heavily doped case. This is the intrinsic reason
that the PRC of heavily doped PSNF is larger. As the doping
concentration increases further, the ratio of equivalent tunnel-
ing resistance and the equivalent emission resistance becomes
larger, and the GF of heavily doped PSNF increases with in-
creasing doping concentration, as shown in Fig. 5.

The thickness of conventional PSF used for piezoresistive
sensors is typically a few hundred nanometers, or even up to
several microns, and the grain size is generally more than 80
nm. As the grain size is larger, in the heavily doped case, the
piezoresistive effect in the grain neutral zone dominates, and
ignoring the tunneling piezoresistive effect will incur much er-
ror. When the doping concentration is low, the influence of the
depletion layer barrier is much more than the effect of the GB
barrier, so the tunneling piezoresistive effect can also be ig-
nored. Thus, although the tunneling piezoresistive effect was
not considered in previous model, there is still a good explana-
tion for general piezoresistive characteristics of conventional
PSFs. Obviously, the characteristics of conventional PSFs also
can be explained by the tunneling piezoresistive model. To
prove this, the new model has been used to simulate the G,—Na
relationship of the PSFs made by Schubert ez al.['5].

Schubert et al. deposited 400 nm-thickness PSFs on a
(100) silicon substrate at 625 °C. The grain orientation of the
PSFs was mainly (110), and the average grain size L was
120 nm. They measured resistivity at different doping concen-
trations, and used a simple beam structure to test piezoresis-
tive characteristics. In theoretical calculations, they ignored the
piezoresistive effect of compound GB, and only considered the
piezoresistive effect of the grain neutral zone, and then calcu-
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Fig. 6. Gp—N relationship simulation of PSF and experimental re-
sults.

lated the theoretical curve of the G,—Nj, relationship utilizing
the dependences given by Kanda[lgfbetween the p-type silicon
PRCs and the doping concentration. For the GB trap density,
they took data of 1.9 x 10'2 cm~2 presented by Lu et al.[20].
The resistivity ratio of monocrystal silicon to polysilicon was
amended so that the ratio is 0.58 at a doping concentration of
2.5 x 101 em™3.

Based on the experimental results of Schubert et al., the
G,—N, relationship was simulated using the tunneling piezore-
sistive model, as shown in Fig. 6. During the simulation, we
fully adopted the parameters used by Schubert et al., and took
a GB thickness of 1 nm.

In Fig. 6, it shows that the simulation result of tunneling
piezoresistive model is broadly consistent with the experimen-
tal results. There is an error at the high doping concentrations,
just the same as the theoretical results by Schubert, due to us-
ing the dependencies given by Kanda between the p-type sili-
con PRCs and the doping concentration. In the heavily doped
case, there is a large deviation from the dependences given by
Kanda and the experimental results2!].

5. Conclusions

Through analyzing the polysilicon band structure and the
conductive mechanism, the tunneling piezoresistive model is
established. The results showed that: in heavily doped (usually
more than 102° cm™3) concentrations, the PRC of the com-
pound GB of a PSNF is not only greater than that of the grain
neutral zone, but also increases with increasing doping concen-
tration. The piezoresistive model reveals the intrinsic mech-
anism of important experimental phenomena that the GF of
a PSNF increases as the doping concentration increases in a
heavily doped case.

For PSNFs and conventional PSFs, the dependence be-
tween GF and doping concentration has been simulated respec-
tively using the tunneling piezoresistive model. The results of
the two simulations are in good agreement with the correspond-
ing experimental test results. This indicates that the tunneling

piezoresistive model can not only be used for analyzing the
piezoresistive characteristics of PSNFs, but also for the con-
ventional PSFs.
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