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Strain-induced changes in the gate tunneling currents in p-channel
metal–oxide–semiconductor field-effect transistors
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Changes in the direct gate tunneling current are measured for strained p-channel metal–oxide–
semiconductor field-effect transistors �MOSFETs� on �100� wafers for uniaxial and biaxial stress.
Decreases/increases in the gate tunneling current for various stresses primarily result from
repopulation into a subband with a larger/smaller out-of-plane effective mass. Strain-induced
changes in the valence band offset between Si and SiO2 are also important but play a secondary role.
Hole tunneling current is found to decrease for biaxial and uniaxial compressive stress and increase
for biaxial tensile stress. The hole tunneling data is modeled using k · p self-consistent solution to
Poisson and Schrödinger’s equation, and a transfer matrix method. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2168671�
Strained silicon is being adopted into all high-
performance nanoscale logic technologies.1–3 The strain al-
tered metal–oxide–semiconductor field-effect transistor
�MOSFET� in-plane conductivity mass and its effect on mo-
bility has been well studied.1–4 Much less understood is how
strain alters the out-of-plane conductivity effective mass and
the valence band offset between Si and SiO2, both of which
will affect the hole direct tunneling gate current, which
dominates in ultrathin oxides. The SiO2 to Si valence band
offsets are altered by strain-induced �i� splitting of the four-
fold degenerate heavy and light hole bands, �ii� shift in the
electronic band by the volumetric change of the crystal and
�iii� valence band warping which changes the out-of-plane
mass and the subband energy in the quantum confined inver-
sion layer. Changes in the out-of-plane mass directly affect
the hole tunneling current by altering the tunneling probabil-
ity and indirectly by shifting the subband energy4 in the
MOSFET inversion layer. It has recently been inferred from
the hole mobility data that strain-induced band warping cre-
ates a small out-of-plane mass in the top band for biaxial
tensile4 and a large out-of-plane mass for uniaxial and biaxial
compressive stress.3 This strain-induced out-of-plane mass
change should increase the hole tunneling current for biaxial
tensile stress and decrease the current for biaxial and uniaxial
compressive stress, which is what we observed.

For these reasons, it is important to understand how
strain alters the MOSFET gate current. Recently, Zhao et al.
measured the hole and electron gate current change versus
tensile transverse stress on a �100� substrate, and the gate
currents of the n-MOSFETs and p-MOSFETs were found to
change linearly and in opposite directions as a function of
uniaxial strain.5 In this work, we experimentally measure the
change in the hole tunneling current for more types of stress
on �100� wafers, focusing on stresses commonly considered
in the industry, i.e., biaxial and longitudinal uniaxial com-
pression and tension.

Experiments were performed on industrial long channel
1 �m p-MOSFETs with p+ poly-Si gate electrodes,
1017 cm−3 n-type substrate doping, and 1.3 nm physical
thickness nitrided SiO2 gate insulators. Mechanical uniaxial
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and biaxial stress is introduced into the MOSFET using four-
point rods and concentric rings, respectively �Fig. 1�a��. The
MOSFET channel direction is �110�. The change in gate cur-
rent is measured at 1 V gate-to-source/drain/well bias at
room temperature. The experimental data �dots� and physical
model �lines� for the relative change in the gate tunneling
currents versus various applied stresses are shown in Fig. 2.
For p-MOSFETs, it is observed that gate tunneling current
increases for biaxial tensile stress but decreases for biaxial
and longitudinal compressive stresses.

We now quantify the strain-induced change in the gate
tunneling current. We include strain-induced change in the Si
subband energy level relative to the valence band of SiO2,
valence band warping, and repopulation among the top three
valence subbands. Stress-induced changes in the thickness of
the gate insulator layer could also influence the tunneling
current,6 but it does not seem large enough to explain the
experimental data or trends. For 300 MPa of mechanical
stress, the Si channel strain and gate oxide strain is �0.18%.
Using a Young’s modulus of 169 GPa for silicon and a Pois-
son ratio for oxide of 0.17, the oxide thickness change is
only �0.03%, which results in a leakage current change
about 8% of what is observed in Fig. 2.

A qualitative schematic of the direct hole tunneling pro-
cess for a p-MOSFET is shown in Fig. 1�b�, where EC, EV,
and EF are the silicon conduction band edge, valence band
edge, and Fermi energy level, respectively. E1, E2, and E3 are
the energy levels of the top three subbands in the quantized
inversion layer, resulting from the heavy, light, and split-off
bands. VOX= ��Si /�OX�ES ·TOX is the oxide voltage drop,
where �Si and �OX are the dielectric constants of silicon and
silicon dioxide, ES is the silicon surface electric field, and
TOX is the thickness of the oxide layer. As shown qualita-
tively in Fig. 1�b�, the tunneling current in each nth band
depends on the subband hole concentration, subband out-of-
plane effective mass �m�,n

* �, and tunneling barrier ��B,n�.
The direct tunneling current density can be expressed as

a sum of the tunneling current contributions of the n
7
subbands,
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J = q�
n

Nn

�n
, �1�

where Nn is the subband inversion charge density, �n is the
corresponding lifetime of the subband, and q is the electronic
charge. The charge density and subband energy levels are
calculated by self-consistent solution of the one-dimensional
Schrödinger and Poisson equation. For a MOSFET in the z
direction, the electrostatic potential VH�z� is determined by
the total charge density from,4,8

−
d2

dz2VH�z� =
q

�Si
�N�z� − n�z� + ND�z�� , �2�

where N�z� is the mobile hole density, n�z� is the mobile
electron density, and ND�z� is the density of donors. Based on
a six-band k · p procedure,8 we calculated the strain-induced
band bending, charge density change, and out-of-plane effec-
tive mass. The lifetime of an nth subband state in the inver-
sion layer is given by9

1

�n
=

Tn�En�

	 
2m�,n
* /�En − EV�dz

, �3�

where Tn is the hole transmission probability. By using the
transfer matrix method, we obtained the transmission
coefficient,10
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Tn�En� = 1 − �m11 + m12 − m21 − m22

m12 + m21 − m11 − m22
�2

, �4�

where m11, m12, m21, and m22 are simplified transfer matrix
elements. The charge population of the lowest three sub-
bands is calculated using

Pn��,ES� =
Nn��,ES�

N1 + N2 + N3
, �5�

where Pn is the population of the nth subband, and � is the
stress. The relative change of the leakage current can be
expressed as

�J

J0
=

�N1 + �N2 + �N3

N1 + N2 + N3

+
�P1/�1 + �P2/�2 + �P3/�3

P1�0�/�1 + P2�0�/�2 + P3�0�/�3
, �6�

where Pn�0� is the population of the holes without stress, J0

is the leakage current without stress, and �J=J−J0. Since
the total charge density is approximately constant with stress,
�N1+�N2+�N3=0. The relative change of the leakage cur-
rent can be simplified as

FIG. 1. �a� Wafer bending for biaxial and uniaxial
stress; �b� schematic band diagram for direct hole tun-
neling in a p-MOSFET.

FIG. 2. The relative change of the tunneling currents
versus applied uniaxial compression, biaxial compres-
sion, and biaxial tension, respectively. Dots are experi-
mental data and lines are physical model.
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�J

J0
=

�P1/�1 + �P2/�2 + �P3/�3

P1�0�/�1 + P2�0�/�2 + P3�0�/�3
. �7�

Figure 3 plots the charge density in the top three bands ver-
sus stress on the �100� wafer at 1 V gate bias. Also listed in
Fig. 3 is the out-of-plane effective mass at the gamma point

FIG. 3. Charge density versus applied stress for the top, bottom, and split-
off bands for three applied stresses. �a� Uniaxial compression, �b� biaxial
compression, and �c� biaxial tension. The inset shows the simplified hole
valence band structure for the out-of-plane direction with the corresponding
effective mass.
for the three highest subbands: 0.29m0 �0.27m0�,
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0.20m0 �0.22m0�, and 0.24m0 �0.23m0�, respectively, for bi-
axial �uniaxial� stress on �100� wafers. The out-of-plane
masses in the top three subbands are observed to be fairly
constant at the � point for �1–500 MPa of stress. The
change in gate current from Eq. �7� is compared with the
experimental data in Fig. 2, showing good agreement. Defor-
mation potential a describes the shift in the energy levels
while b and d the splitting. Values of a, b, and d used are
2.46,11 −2.58,12 and −14.3, respectively. The values chosen
for a and b are commonly used13 and similar values provide
good fits to the strain-induced MOSFET threshold voltage
shift.14 The modeled results primarily depend on b and d and
are only weakly affected by a. The value of d used in this
work is larger than reported elsewhere13 and is needed to fit
the magnitude of the tunneling current decrease for compres-
sive uniaxial stress �d has no effect on the modeled biaxial
stress�.

In summary, it is shown that a model based on subband
repopulation can explain the �100� experimental p-MOSFET
gate tunneling data. For stresses that produce favorable hole
mobility versus electric field �biaxial and uniaxial
compressive1 as opposed to biaxial tensile4 stress�, it is ob-
served that the gate tunneling current is reduced by stress,
which results from the top subband having a larger out-of-
plane effective mass. The same should be true for strain-
induced electron mobility enhancement. “Good” n-MOSFET
stresses such as biaxial and uniaxial longitudinal tensile
stress decrease the direct electron tunneling current.5
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