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Measurement of conduction band deformation potential constants using
gate direct tunneling current in n-type metal oxide semiconductor
field effect transistors under mechanical stress
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An experimental method to determine both the hydrostatic and shear deformation potential
constants is introduced. The technique is based on the change in the gate tunneling currents of
Si-metal oxide semiconductor field effect transistors (MOSFETs) under externally applied
mechanical stress and has been applied to industrial n-type MOSFETs. The conduction band
hydrostatic and shear deformation potential constants (£, and E,,) are extracted to be 1.0+0.1 and
9.6+£1.0 eV, respectively, which is consistent with recent theoretical works. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2245373]

In the design of strained silicon devices which are now
standard in sub-90 nm production technologies,k4 it is es-
sential to accurately quantify strain-induced energy level
shifts and splitting which are modeled by deformation poten-
tials. Strain-induced band splitting removes conduction and
valence band degeneracies and is primarily responsible for
the engineered mobility enhancement.'™  Strain-induced
shifts in the energy levels alter the electron affinity which
shifts the metal-oxide-semiconductor field-effect transistor
(MOSFET) threshold voltage. While the shear deformation
potentials used to calculate energy level splitting are well
known with good accuracy from piezoresistance measure-
ments (Z,=9.16 ¢V),” the hydrostatic deformation potential
is difficult to directly measure using the conventional optical
techniques. As a result, a very wide range of values including
opposite signs have been reported (1.13 to —10.7 eV).® This
results since optical experimental techniques directly mea-
sure differences in energy levels (for example, strain-induced
band gap narrowing) but not the absolute position of the
energy levels which leaves large uncertainty in important
band parameters such as the electron affinity of strained si.
Recently, numerical calculations by Fischetti and Laux® have
helped resolve some of the uncertainties with the hydrostatic
deformation potential and suggest a value of Z,=1.1 eV. In
this letter, we present a method to extract both the shear and
hydrostatic deformation potentials using the strain and gate
voltage dependence of the gate tunneling current.

A four-point bending jig applies compressive mechanical
stress longitudinal to the (110) channel on (100) n-type
MOSFET (n-MOSFET) samples.9 The MOSFETs consist of
arsenic doped n* polycrystalline Si gate on top of 1.3 nm
nitrided SiO, gate dielectric on 10'” cm™ boron doped p
well. The gate tunneling current is measured with the drain,
source, and body all tied to ground and the gate positively
biased on 2 and 4 um n-MOSFET samples using a Keithley
4200 dc characterization system. It has previously been re-
ported that stress alters the gate tunneling currents on both
(100) n- and p-type MOSFETs,'” with tensile stress typically
used for n-MOSFET. In this work, we apply compressive
stress since electrons primarily populate only the two lowest
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energy levels under this condition"' [population of A, valley
next lowest subband, Egz(cr), is negligible which simplifies

the interpretation of the tunneling current data]. A schematic
drawing of the direct tunneling process from the A, and A,
subbands and the effect of stress on the subband energies are
shown in Fig. 1. Stress alters the tunneling current in
two ways: (1) Stress-induced energy level splitting causes a
repopulation between A, and A,. The lifetime of A, is sig-
nificantly longer compared to A, due to the high out-of-plane
mass (0.92m,, vs 0.19m,). (2) The shift in the energy levels
alters the SiO,/Si barrier height. The change in the gate
current versus applied compressive stress for different gate
voltages is shown in Fig. 2(a). We observe the change nor-
malized to zero stress, [Al;(0)/15(0)], is positive (increases)
and is larger at low gate voltage. At high gate voltage, the
change is a weak function of voltage. Both of these trends
can be understood from how the vertical electric field and
compressive stress shift and split the energy levels. At high
gate voltage (high vertical field), A, is many kT below A,
resulting in electrons primarily populating A,. Hence at high
gate voltage, a smaller change in the gate leakage results
since compressive stress only alters the gate current by low-
ering the Si0,/Si barrier height (shifting A, to higher energy
as seen in Fig. 1). For low gate voltage, electrons populate
both A, and A,, so in addition to the stress-induced change in
barrier height, stress also increases the population of elec-
trons in A, which further increases the tunneling current (due

Compressive strain
Epofe) increases population in E,,
/ Ec and lowers electron affinity
< Esic ’
e |oe i Ey Ea —_—
- Eaq g

Direct Tunneling Egpfo) T
of Electrons

+
. . MOSFET  Compressive
Polygate Oxide Si-Channel Subbands Strain
@ ®)
FIG. 1. (a) Schematic band diagram for the gate direct tunnel current in

an n-MOSFET on a (100) wafer. (b) A, and A, energy level shifts under
compressive stress and MOSFET inversion layer confinement. Under com-
pressive stress, A, energy levels are raised while A, energy level (dotted
line) is lowered.
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FIG. 2. (a) Relative direct tunnel current change [Al;(0)/15(0)] vs applied
compressive stress at different gate voltages. Data (squares) were measured
on industrial MOSFETs. The solid lines are our model. [(b)—(d)] Breakout of
the various contributions to Al;(0)/1;(0) at different gate voltages: [elec-
tron repopulation from A, to A, (dominates at low V;), change in lifetime of
A, or A, electrons due to change in barrier height].

to the shorter lifetime in A4 than A,). Capturing the change
in tunneling current with stress (or slope of curves in Fig. 2)
for the full range of gate voltage, Fig. 3 shows the change in
d[Al;(0)/15;(0)]/do versus applied gate voltages. The slope
was extracted from the raw data of I5(o) with the method of
least squares.

The electron direct tunneling current density J; can be
expressed in terms of the charge density (N;;) and lifetime
(7;)) of each energy subband in the inversion layelr,1 12 which
are functions of stress, o,

ol = 3 AL, 1)
1Y) )

where the subscript i denotes A, (or A4) valley and j each
subband belonging to one of these two valleys, respectively.
When stress is applied, the change of tunneling current den-
sity AJg(o) is written as

g

Ag(o) =2

i.j

AN;i(0) + %ATU(O') . (2)
' I

Above the threshold voltage, most electrons occupy the low-

est two energy states, or each ground state for A, and A,

valleys. From (2), the relative change of tunneling current

due to these two states, Al;(0)/1;(0), referenced at zero

stress, is calculated as follows, to first order in Ar{(c)/7(0):

Al (o) AN, (o) A7y (0) A7y, (0)
w0 e P00 V0
(3)
where
-1+ TA2(0)/TA4(O)
A(0) =

Ny (0)/Ny (0) + 75 (0)/75 (0)
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FIG. 3. Change in slopes (d[Al;(0)/15(0)]/do) vs gate voltage with 95%
confidence error bars. Best fit for the entire data set occurs for =, and =, of
1.0 and 9.6 eV. Deviations from the best fitting values are shown by chang-
ing the deformation potentials by ~10%. The insets represent schematic
band diagrams at low and high gate biases. Higher slopes at low V; are due
to a larger strain-induced repopulation between A, and A, subbands since
their energy levels are closer to each other.

B(0) = Ny, (0)/N,,(0) ’
Ny, (0)/Ny (0) + 75, (0)/ 74 (0)
and
C0) = Ny, (0)/N,4,(0)

Ny (0)/Ny (0) + 75 (0)/75 (0)°

Note in the approximation, we use AN, (0)+AN, (0)=0
(neglecting higher subbands) and assume that linear relation-
ships for parameters, 7 and N, are valid since the applied
stresses are small (<300 MPa). The approximation has been
checked numerically and introduced little error. The tunnel-
ing lifetimes of the electrons in each A, and A, ground state
under compressive (110) stress are given by

1 Th

 Taya,(0) Eays,(0)

(4)

TA2/A4(0')

and quantized energy levels, EAZ(O') and EA4(0'), are also
given bylHG

OhqFeea, \** (_ E,
Ey(0)= P 2m22 Rty (S11+28p)o
+(?)(S12—S11)0, (5)
OhgFeea, \ > ( E )
E, (0) = |+ B+ 228+ 280
A, 16+ 2, at 37 |Bu 12
—(%)(512—511)0, (6)

where T sp (o) is the transmission probability of a modified
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WKB method,'""* and the quantization effective masses,
m22=0.92m0 and mZ4:O.l9m0, and the elastic compliance
constants,  §;;=7.68x107?m?/N  and S,,=-2.14
X 1072 m2/N. In the above expressions, the second and
third terms are hydrostatic and shear strain components, re-
spectively, and the stress, o, has negative values for com-
pression, but the plots (Figs. 2 and 3) are made on a positive
scale for convenience. The effective electric fields (Fefm2
and F A4) are introduced into our model to compensate for
triangular potential approximation errors in the inversion
condition,

Qd,max + 7]A2/A4Qinv
Fetram, = . , (7)
Si

where O .« is the maximum depletion sheet charge density,
O, 1s the inversion sheet charge density, and &g; is the Si
dielectric constant. The correction factors used in our model
are 75,=0.75 and 7, =1."""? Figures 2(b)-2(d) show which
terms in (3) contribute to the change in the gate leakage at
low and high gate voltages. At low gate biases, the stress-
induced repopulation term [the first term in (3)] contributes
greatly to tunnel current as shown in Fig. 2(b), while its
effect reduces gradually as the gate bias increases as shown
in Figs. 2(c) and 2(d). In Fig. 3, two deformation potential
constants (£, and E,) are used to fit the measured data.
The model fits well with the data over the entire range
of gate bias (0.4—1.6 V), which encompasses the entire di-
rect tunnel current region.12 The best fit [AEAZ(O') =-1.705
X107 eV and AEAA(O') =2995X 107" eV with o in
units of pascal] results in E,;=1.0+0.1eV and E,
=9.6x1.0 eV. The obtained values of deformation potential
constants are very close to theoretical values for bulk Si by
Fischetti and Laux (E,=1.1 eV and E,=10.5 eV).® The sen-
sitivity to different values of deformation potentials is also
shown in Fig. 3. The low gate bias slopes are set by the
stress-induced band splitting energy, AEA4(0'). The entire
curve is adjusted up or down by the magnitude of the
SiO,/Si barrier height [AE, (0)] since the change in
AE Az((r) results in a parallel shift without any change in the
already determined low gate bias slopes. To illustrate the
goodness of the model fit, +10% deviations in both AE Az(a)
and AE, (o) are plotted, in which E, ranges from 0.873 to
1.141 eV and E,, ranges from 8.61 to 10.5 eV. These fits are
shown as the dashed lines in Fig. 3 and significant deviation
is observed for 5% differences in the deformation potential
constants. Stress effects on the oxide thickness are less than
0.05% at 0=-300 MPa, assuming SiO, contracts the same
amount as Si along the stress direction, and has negligible
effects on the model prediction and least-squares fit of the
deformation potential constants.

In summary, the gate bias dependence on Al;(o)/15(0)
as a function of mechanical stress for n-MOSFETs has been
used to extract the conduction band deformation potential
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constants. The hydrostatic deformation potential constant,
which is traditionally hard to measure, is extracted from the
tunneling current and shows excellent agreement with recent
numerical calculations.*'*'* These values of deformation
potential constants suggest that the strain-induced conduc-
tion band shift is approximately E-(0)=-1.71X10""o eV
for (110) uniaxial strain and E-(0)=-3.65X10""g eV for
biaxial strain. The measured conduction band shift in this
work is smaller than that typically assumed for biaxial strain,
E(8)=-14.05¢ [or Eo(0)=-9.04x10""¢ eV].'"'"® How-
ever, this smaller value of conduction band shift is consistent
with both the theoretical calculations®™'*'* and magnitude of
the strain-induced MOSFET threshold voltage shift.”
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