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Strained Pt Schottky diodes on n-type Si and Ge
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The variation of electron barrier height and built-in voltage of Pt Schottky diodes on the
mechanically strained n-type Si and Ge is investigated experimentally and theoretically. The
mechanical strain is measured by Raman spectroscopy and analyzed by the finite element method.
The built-in voltage and barrier height measured by capacitance-voltage and current-voltage
methods, respectively, decrease with increasing external tensile strain. The reduction of the built-in
voltage and barrier height originates mainly from the conduction band lowering with strain. The
extracted value of conduction band lowering is consistent with the theoretical calculations using the
“stress-free” boundary condition. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2191831兴
Strained Si and Schottky barrier source/drain technologies have received considerable attention recently and can be
used for high performance metal oxide semiconductor field
effect transistors 共MOSFETs兲1,2 The substrate strain technology using the lattice misfit between Si and SiGe yields global biaxial strain and changes the conduction band and the
valence band structure of Si. The carrier effective mass and
the intervalley scattering are reduced, and thus the mobility
is enhanced. Process and package induced strains can also
produce sufficient strain for mobility enhancement at low
cost.3,4 Schottky barriers improve the short channel effect
due to the shallow junction.2 The previous study of the
Schottky barrier height on the Pt/ p-strained Si Schottky diode was reported.5 The external biaxial strain to reduce the
Schottky barrier height and to increase complementary
MOSFET drive current was also calculated by another
group.6 In this Letter, the effect of externally mechanical
strain on n-type Schottky barrier diodes on Si and Ge is
presented experimentally and theoretically, and the shifts of
the conduction band edge with mechanical strain are also
studied.
The n-Si 共100兲 and n-Ge 共100兲 wafers used in this study
were cleaned by dipping in dilute HF to remove the native
oxide layer just before loading in the deposition chamber. Pt
was deposited through a shadow mask with an area of
5 ⫻ 10−3 cm2 by electron beam evaporation at a pressure of
2 ⫻ 10−6 mbar to form the Schottky diodes. The Ohmic contact was made by thermal evaporation of Al on the back side
of the wafer. The experimental setup to apply external mechanical strain to Schottky barrier diodes is similar to that
a兲
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described in Refs. 7 and 8. Two external strain conditions are
applied in this work: 共1兲 uniaxial tensile strain along the
具110典 directions on 共001兲 substrate and 共2兲 biaxial tensile
strain on 共001兲 substrate. The level of strain is determined by
the four screws on the sides of the washer. The strain of the
Si and Ge under mechanical strain is simulated by finite
element method 共ANSYS兲 and measured by Raman spectroscopy. Raman spectra were excited by an Ar laser 共wavelength of 514 nm兲. The Ge–Ge peak in the Raman spectra
共Fig. 1兲 shifts towards the negative axis under mechanical
tensile strain. The Raman shifts of 0.91 and 1.32 cm−1 under
uniaxial and biaxial tensile strains, respectively, were extracted from the curve fitting using a Lorentzian profile. The
strain is obtained by9
⌬ =

1
关pzz + q共xx + yy兲兴.
20

共1兲

For biaxial tensile strain,

FIG. 1. Raman spectra of the mechanically strained Ge. The position of
Ge–Ge peak of strained Ge indicates 0.32% for the biaxial tensile strain and
0.45% for the uniaxial tensile strain.
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TABLE I. The numerical value of parameters used in the calculation.
C11
共GPa兲

C12
共GPa兲

C44
共GPa兲

S11
共GPa兲

S12
共GPa兲

S44
共GPa兲

p
共1027 s−2兲

q
共1027 s−2兲

⌶d + 共1 / 3兲⌶u
共eV兲

167
131

65
49

79
66

770
960

−214
−261

126
151

−14.3
−4.7

−18.9
−6.17

4.18
−6.84

Si共⌬兲
Ge共L兲

zz = − 共2C12兲/共C11兲xx,

xx = yy .

共2兲

For uniaxial tensile strain,
xx = 0.5T共S11 + S12兲 + 0.25TS44 ,

共3兲

yy = 0.5T共S11 + S12兲 − 0.25TS44 ,

共4兲

zz = TS12 ,

共5兲

where 0 is the longitudinal phonon frequency at the zone
center of reciprocal space, p and q are phenomenological
potentials to calculate the frequency shift as the function of
external strain in Raman spectra, xx, yy, zz are the strain
along the 具110典, 具11̄0典, 具001典 directions on 共100兲 wafer, T is
the stress, and S11, S12, S44, C11, and C12 are elastic coefficients. The material parameters used in the calculation are
given in Table I.9,10 In Table I, the ⌶d + 共1 / 3兲⌶u is the deformation potential constant to calculate the conduction band
shift of Si and Ge as a function of external strain. Using the
Raman shift of the Ge–Ge phonon peak in Fig. 1, the strain
in Ge is estimated to be 0.32% for biaxial strain and 0.45%
for uniaxial strain. Similarly, the strain in Si can also be
estimated to be 0.13% for biaxial strain and 0.35% for
uniaxial strain.7 The strain level obtained from Raman shift
agrees well with the finite element simulation using ANSYS
software.
Figure 2 shows the current-voltage 共I-V兲 characteristic of
Pt/ n-Si and Pt/ n-Ge Schottky barrier diodes under biaxial
tensile and uniaxial tensile mechanical strains. The barrier
height and ideality factor 共n兲 can be calculated from the forward I-V curves. The ideality factors of n = 1.07 and
n = 1.13 for Si and Ge are observed, respectively, indicating
that the current is mainly due to the thermionic emission.11
The barrier height changes of the Pt/ n-Ge sample are found
to be −9 and −27 meV for uniaxial strain 共⬃0.45% 兲 and
biaxial strain 共⬃0.32% 兲, respectively. For Pt/ n-Si diode, the
changes are −8 and −13 meV for uniaxial strain 共⬃0.35% 兲
and biaxial strain 共⬃0.13% 兲, respectively. The Schottky barrier height decreases with increase of external mechanical

tensile strain. Neglecting the effect of surface dipole, the
barrier height change of a Schottky junction under mechanical strain can be written as
⌬bn共兲 = ⌬m共兲 − ⌬共兲,

共6兲

where bn, m, and  represent barrier height, metal work
function, and electron affinity of the semiconductor, respectively. The change of metal work function m共兲 for single
crystalline Pt is within ⬃4 meV under our mechanical strain
conditions based on the derivation in Ref. 12.

冉

EF,strain
Vunstrain
=
EF,unstrain
Vstrain

冊

2/3

共7兲

,

where V is the volume of metal and EF is the Fermi energy.
Since the Pt in our sample is polycrystalline, the exact strain
in the polygrains can be even smaller, and the change of the
work function can be neglected. Therefore, the change of the
Schottky barrier height under mechanical strain is mainly
due to the change of the conduction band edge of the
semiconductor.
Capacitance-voltage 共C-V兲 characteristics of Pt/ n-Si and
Pt/ n-Ge samples under the biaxial tensile or uniaxial tensile
strain are shown in Fig. 3. The doping concentrations
obtained from the Si and Ge devices at reverse bias are
⬃1 ⫻ 1015 and ⬃1 ⫻ 1016 cm−3, respectively. The barrier
height variation can be determined from11
⌬bn共兲 = ⌬Vbi共兲 + ⌬共EC − EF兲共兲,

共8兲

where Vbi共兲 is the built-in voltage measured from the voltage intercept of C-V, and 共EC − EF兲共兲 is the depth of the
Fermi level below the conduction band, which can be computed when the doping concentration is known,

冋 册

⌬共EC − EF兲共兲 = − KT ln

n
,
Nc共兲

共9兲

where Nc共兲 is the electron effective density of state as a
function of strain in Si and Ge, respectively.13 Based on
C-V measurement, the barrier height also decreases with external tensile strain.

FIG. 2. Experimental forward I-V characteristics of Pt/ n-Si and Pt/ n-Ge
FIG. 3. C-V characteristic of Pt/ n-Si and Pt/ n-Ge Schottky diodes with and
Schottky diodes with and without mechanical strain.
without mechanical strain.
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FIG. 4. Theoretical calculation and the experimental data of the shift of
conduction band of Si and Ge under the external mechanical strain.

The theoretical calculation and experimental data of the
conduction band shift in Si and Ge as a function of external
strain along 具110典 are shown in Fig. 4. Using the parameters
in Refs. 10 and 14, and the formulas in Refs. 14 and 15, the
shift of conduction band edge due to external tensile strain
along 具110典 is calculated under the stress-free condition.
“Stress-free” means no stress along the in-plane direction
perpendicular to the uniaxial strain axis 具110典, i.e., 具11̄0典
direction. The downshifts of −23 共−22兲 meV/ % for the
uniaxial strain and −100 共−84兲 meV/ % for the biaxial strain
are obtained for the Si 共Ge兲 devices from I-V measurement.
In summary, the reduction of the Schottky barrier height
for the n-type semiconductor under external mechanical
strain is observed. This reduction is shown to originate from
the reduction of the conduction band edge. Using the stressfree boundary condition, a reasonable agreement between experimental data and theoretical calculation is obtained.
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