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Comparison of Threshold-Voltage Shifts for Uniaxial
and Biaxial Tensile-Stressed n-MOSFETSs

Ji-Song Lim, Scott E. Thompson, Member, IEEE, and Jerry G. Fossum, Fellow, IEEE

Abstract—Large differences in the experimentally observed
strain-induced threshold-voltage shifts for uniaxial and biaxial
tensile-stressed silicon (Si) n-channel MOSFETs are explained
and quantified. Using the deformation potential theory, key quan-
tities that affect threshold-voltage (electron affinity, bandgap,
and valence band density of states) are expressed as a function
of strain. The calculated threshold-voltage shift is in agreement
with uniaxial wafer bending and published biaxial strained-Si
on relaxed-Si; _,Ge, experimental data [1], [2] and explains the
technologically important observation of a significantly larger
(>4x) threshold-voltage shift for biaxial relative to uniaxial
stressed MOSFETs. The large threshold shift for biaxial stress is
shown to result from the stress-induced change in the Si channel
electron affinity and bandgap. The small threshold-voltage shift
for uniaxial process tensile stress is shown to result from the nt
poly-Si gate in addition to the Si channel being strained and
significantly less bandgap narrowing.

Index Terms—Biaxial stress, MOSFET,
threshold-voltage shift, uniaxial strain.

strained silicon,

1. INTRODUCTION

TRAINED-SILICON MOSFETs (Fig. 1) have been exten-
S sively investigated for performance improvements [3]-[9].
Typically, biaxial tensile stress is introduced via a thin epitaxial
Si channel grown on a relaxed Si ;_,Ge, substrate. Alterna-
tively, electron mobility enhancement can be obtained using
longitudinal uniaxial tensile stress typically introduced with a
nitride capping layer [5], [10], [11]. Since the strain capping
layer approach requires negligible alterations to a standard
CMOS process flow, uniaxial strain is being widely adopted at
the 90-nm generation [5], [8], and [11].

Biaxial and uniaxial tensile stress-enhanced electron mobility
has been well studied, and shown to result from lower con-
ductivity effective mass in the preferentially occupied Ay val-
leys and reduced intervalley scattering [12]. Less attention has
been paid to the strain-induced threshold-voltage shifts [13].
The experimental data [1], [2] suggest large threshold-voltage
shifts occur for biaxial stress, and much smaller shifts under
uniaxial stress [9]. In this letter, we quantitatively explain the
experimental results and show that the larger and undesirable
threshold-voltage shift for biaxial stress is fundamental to this
technique.

Understanding the magnitude of the threshold-voltage
shift is important when determining the performance gain of
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strained-Si. Since performance benchmarking needs to be done
at constant off-state leakage, an adjustment to compensate
for the strain-induced threshold-voltage shift is required. This
adjustment is typically accomplished by increasing the well
doping concentration which degrades mobility and increases
junction capacitance. Recent compact modeling shows half the
performance gain is lost when correcting for the large biaxial
stress-induced threshold-voltage shift [14].

II. STRAIN-INDUCED THRESHOLD-VOLTAGE SHIFT

The threshold-voltage expression for biaxial tensile-stressed
Si on relaxed Si;_,Ge, MOSFETs has recently been derived
[13]. The same derivation can be used for uniaxial process
stress, except strain-induced changes in the nT poly-Si gate
electron affinity and bandgap need to be included. Unlike wafer
substrate strain techniques, an interesting feature of process
strain, such as a tensile nitride capping-layer or SiGe in the
source and drain [10], is that the Si channel and gate are both
strained as shown in Fig. 1. With the gate strain, the expression
for the strain-induced threshold-voltage shifts is shown in (1)
and (2)

(m—1) [AEg(a) +ETIn gggg}

for uniaxial tensile stress

(1)

qAVth(U) = .
ABc(o) + (m = 1) [AE(0) + kT 323 ]
for biaxial tensile stress 2)

where the last expression (2) is taken from [13],

AFEq,AEy,AE, are the changes in the silicon conduction
band, valence band, and energy gap, respectively, and m is the
body-effect coefficient, typically ~1.3-1.4. The terms in (1)
and (2) are expressed as a function of stress o and defined as,
for example, AVin(0) = Vin(o)-Vin(0), which denotes the
threshold-voltage change before and after stress. Note that
AE, (o) and AEc (o) are negative values, and AEy (o) is
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positive. In (2), the threshold-voltage shift results from three
effects: change in the silicon electron affinity, bandgap, and
valence band density-of-states. Also note that (2) for biaxial
stress has an additional term AF¢ (o), compared to (1) for
uniaxial stress. This difference results for uniaxial process
stress since the electron affinity change for the n poly-Si gate
and silicon channel is the same.

III. CALCULATED RESULTS AND DISCUSSION

In this section, deformation potential theory is used to ex-
press AEc and AE, as a function of strain, which is needed
to evaluate (2). The hydrostatic shift and shear splitting of the
valence and conduction band edges [15] can be calculated from
three classic papers [16]-[18]. In this letter, we calculate the
threshold-voltage shift for biaxial and uniaxial tensile-stressed
n-channel MOSFETs with (110) channel direction on (001)
wafers. For these stresses, the conduction band minimum
occurs at the two out-of-plane valleys on the k, axis (Ay). The
valence band minimum occurs at the light-hole band for biaxial
tensile stress and the heavy-hole band for uniaxial tensile stress.
From [16]-[18], we obtain the following expressions for the
band-edge shifts due to strain, shown in (3) and (4):

AEg)(cr) =Zi(e1 +e2+e3) + Zue; 3)
ale] + &3 + e3) & [b2(e2 — 3)% + (d?/4)e2]"/?
ABy (o) = for uniaxial [110] stress (4)
aler +e2+e3)+ (1/2)(1 £ 3)(e3 — 1)
for biaxial stress

The strain tensor components ¢;s linearly depend on stress o
as given by &1 = g2 = (S11 + S12)0/2,65 = Si20,66 =
S440/2,e4 = €5 = 0 for uniaxial (110) stress, and €1 = €9 =
(Sll + 512)0, €3 = 251207 €4 = €5 = € = 0 for biaxial
in-plane stress.

As seen from (3) and (4), the band edge shift results from a hy-
drostatic term (energy level shift without change in degeneracy)
and shear terms, which split the valence and conduction band
states (E,,b,d). The shear terms modulate conductivity and
mobility. The hydrostatic deformation potential affects impor-
tant electronic properties such as band gap and electron affinity.
The shear deformation potentials are well known with good ac-
curacy from piezoresistance measurements (=, = 9.16,b =
—2.35, and d = 5.0) [3], while the hydrostatic deformation can
not be directly measured and a very wide range of values (1.13 to
—10.7) has been reported [4]. Some optical experimental tech-
niques can directly measure differences in the conduction- and
valence-band deformation potential, which helps to determine
the strain-induced band gap narrowing but still leaves large un-
certainty in the electron affinity of strained-Si. Recently, nu-
merical calculations by Fischetti [19] have been used to resolve
some of the uncertainty with the hydrostatic deformation poten-
tial.

Using Fischetti’s recommended deformation potentials
(listed in Table I) and (3) and (4), we calculate AF¢c and AFE,
as functions of strain, as listed in Table I. With AE¢ and AFE,,
Fig. 2(a) plots the contribution to the threshold-voltage shift
due to the electron affinity and bandgap narrowing terms in
(1) and (2). The electron affinity term is the largest factor for
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TABLE 1
BAND EDGE DEFORMATION POTENTIAL CONSTANTS, AE¢, AND AE,
CALCULATED VERSUS STRAIN (YOUNG’S MODULI, E}y10) & 169
GPa AND Ej100) = 130 GPa USED)

Stress | Deformation potential | AE.(c) AE (o)
type constants [eV] [eV] [eV]
a=2.46
110] | ==
Uiiaxi]al LS | p=035 | -266e | 619
E=916 | 4= 508
Biaxial | E~1.13 | a=2.46
M | ==91s | b=-235 -5.67¢ -17.01¢
Biaxial | E~-10.7 a=-9.7
@ | 2105 | b=-233 -41.04¢ | -44.72¢
V; shift due to AE,, AE,
0T
E N e, (m-1)AE; Uniaxial
wF N, ¢
=37 W G S
E - (m-1)AE, Biaxial
E oT 1
] L
<+ -80 : AE_ Biaxial
OF 2= 143, 8,2 9.16, a= 246, b= 2,35, m=1.3
20 1 L 1 . 1 L

o

0.005 0.01
Strain €

@)
V; shift due to density-of-states

0.015 0.02

12
L (m=-1)kT*In[N,(0)/N,{(c)]

i Biaxial ——pp-

V; shift/ (meV)
(-]
T

Uniaxial

3 !
‘ e cveeeres
0 0.005 0.01 0.015 0.02
Strain €
()

Fig. 2. Plot of key parameters in AVy,(0): (a) {AEc(o) and (m —
1)AE (o)} and (b) kT« In[Ny (0)/Ny (¢)] versus strain.

biaxial stress, but bandgap narrowing is also a significant factor.
Fig. 2(a) also shows the bandgap narrowing term is larger for
biaxial stress than uniaxial stress, which will be discussed in
the next paragraph. Lastly, to bracket the uncertainty in the
threshold-voltage shift, a second set of deformation potentials
[19] is given in Table I, which will be discussed at the end.

In addition to electron-affinity and bandgap-narrowing
terms, stress-induced changes in the density-of-states also shift
the threshold-voltage (last term in (1) and (2)). For uniaxial
and biaxial tensile stress, the heavy- and light-hole bands are
shifted up in energy, respectively. From (4), this creates larger
bandgap narrowing for biaxial stress since a larger shift occurs
for the light- than heavy-hole band. The density-of-states
in the valence-band is defined as Ny = 2[2rkTm,/ h?]3/?
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Fig. 3. Biaxial and uniaxial stressed Si MOSFET threshold-voltage shifts
versus strain.

where the hole effective mass m, = [mi/® + m>[*]%/3,
and my, and myy, are the light- and heavy-hole masses, re-
spectively. Thus, the change in density-of-states is given by
Nv(0)/Ny (o) = m5(0)3/2/m}(o)*/2. The expressions for
the hole effective mass my; (o) are obtained as shown in (5)

2/3
(25 H ()2 + 7]
* for uniaxial [110] tensile stress
my(0) = 3/2 3[/2 : 2/3 ®)
[mlh + My *H(U)g’/z}
for biaxial in-plane tensile stress
where
AFEy, AFEw,
H(o) = exp {—' I (U)|]:—T| ”(a)q .

Fig. 2(b) plots the threshold-voltage shifts due to the change
in valence-band density-of-states. Again for biaxial stress, the
density-of-states term contributes more, but in general the den-
sity-of-states contribution to the threshold-voltage shift is small
compared to the electron-affinity and bandgap-narrowing terms.

Finally, we note that the above formalism for AFE,. and
AE, is identical to the classic paper by Peoples [21], which
resulted in the classic and commonly used expression for
biaxial tensile-strained-Si bandgap narrowing of AE, = 0.4x
eV, where x is the Ge concentration in the SiGe substrate. How-
ever, using the most recently accepted deformation potentials
results in AE, = 0.68x eV. To bracket the uncertainty in the
electron affinity, the entire range of the dilation deformation
(1.1.3 to —10.7) is used. Fig. 3 plots the threshold- voltage
shift for uniaxial and biaxial stress with the two sets of de-
formation potentials. Also included in Fig. 3 is experimental
data for n-MOSFET threshold-voltage shift due to uniaxial
tensile stress, obtained using a four-point bending method,
and reported literature values for biaxial stress obtained with
Si;_.Gey substrates. The experimental data agree well with the
calculated results. Using the range of dilation deformation po-
tentials, the calculated biaxial stress-induced threshold-voltage
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shift brackets the experimental data and supports the conclusion
that the shift is at least 4 larger than for uniaxial stress.

IV. CONCLUSION

In summary, the large difference in the experimentally ob-
served threshold-voltage shifts for uniaxial and biaxial stressed
silicon n-channel MOSFETs are explained and quantified. The
small threshold-voltage shift for uniaxial process strain is shown
to result from less band gap narrowing and the n™ poly gate
being strained.
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