
IEEE ELECTRON DEVICE LETTERS, VOL. 33, NO. 9, SEPTEMBER 2012 1237

Correlated Flicker Noise and Hole Mobility
Characteristics of (110)/〈110〉 Uniaxially

Strained SiGe FINFETs
Bijesh Rajamohanan, Student Member, IEEE, Injo Ok, Salil Mujumdar, Chris Hobbs, Senior Member, IEEE,

Prashant Majhi, Senior Member, IEEE, Raj Jammy, Senior Member, IEEE, and Suman Datta, Senior Member, IEEE

Abstract—Hole mobility and flicker noise characteristics
of uniaxially strained (110)/〈110〉 Si0.75Ge0.25 pFINFETs
(SSGOI0.25) are investigated in this letter. Equivalent gate re-
ferred flicker noise in SSGOI0.25 is dominated by correlated
number and mobility fluctuation in the low-bias regime and
Hooge mobility fluctuation in the high-bias regime. The extracted
Hooge parameter in SSGOI0.25 and in Si pFINFETs is 10−5 and
10−4, respectively. The lower value of the Hooge parameter in
SSGOI0.25 pFINFETs is attributed to improved phonon-limited
mobility compared to the SOI pFINFETs. SSGOI0.25 FINFETs
are found to exhibit the lowest equivalent gate referred flicker
noise among any nonplanar devices reported to date.

Index Terms—FINFETs, flicker noise, hole mobility, Hooge pa-
rameter, SiGe, (110)/〈110〉 uniaxial strain.

I. INTRODUCTION

F INFETs are an attractive replacement for MOSFETs due
to their superior electrostatics compared to their planar

counterpart [1]. Strain-engineered FINFETs provide higher
drive current along with immunity to short-channel effects [1].
Uniaxial compressive strain combined with 110 channel orien-
tation with SiGe as the channel material is found to give the
best hole mobility enhancement in FINFETs [2]. An important
figure of merit for analog and RF devices is the low-frequency
noise or flicker noise [3] which increases with technology
downscaling [4] and is becoming a major concern for analog
and RF applications at scaled technology nodes. Thus, it is
important to understand the flicker noise characteristics of
SSGOI0.25 FINFETs, and in this letter, we present, to the best
of our knowledge, the first flicker noise characterization of a
SiGe FINFET.
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Fig. 1. (a) Cross-sectional TEM micrograph of the SiGe/Si stacked fin under
the gate with 30 nm of Si0.75Ge0.25 and 10 nm of Si. (b) FEM simulation of
10-µm-long SSGOI0.25 pFINFET shows a compressive average sidewall stress
of ∼1.6 GPa.

II. FLICKER NOISE CHARACTERISTICS

A 30-nm-thick biaxial compressively strained Si0.75Ge0.25
layer was epitaxially grown on 10-nm-thick (100) SOI wafers
which, upon patterning, produced uniaxially strained 20-nm-
wide 40-nm-tall fins with (110)〈110〉 channel orientation. Sil-
icon fins were also fabricated for comparison. Gate stack
comprising atomic-layer-deposited HfO2 high-κ dielectric,
TiN, and polysilicon gate electrode was deposited followed by
nitride spacer formation, source/drain implantation, activation
anneal, and silicidation. Fig. 1(a) shows the cross-sectional
TEM micrograph of the SSGOI0.25 FINFET. Finite-element
method (FEM) simulation study on the SSGOI0.25 FINFET
with a fin length of 10 µm shows that, after strain relaxation
through amorphized source–drain regions, an average sidewall
stress of −1.6 GPa is retained [see Fig. 1(b)] which corresponds
to a 1% compressive strain.

Noise measurements are performed on SOI and SSGOI0.25
pFINFETs with gate length and width of 100 nm and
10 µm, respectively. The dc transfer characteristics have been
reported in [2]. The measurement setup consists of an SRS 570
low-noise preamplifier and an HP35670A dynamic signal an-
alyzer. All the measurements are done at room temperature
and at a constant drain–source bias of −50 mV. The drain
current noise is converted to the equivalent gate referred noise
(Svg) by normalizing with the transconductance of the device
[see Fig. 2(a)]. Over a frequency range of 10–100 Hz and
a gate bias ranging from subthreshold to strong inversion,
the frequency exponent of the flicker noise characteristics is
close to 1, indicating that the traps are uniformly distributed

0741-3106/$31.00 © 2012 IEEE



1238 IEEE ELECTRON DEVICE LETTERS, VOL. 33, NO. 9, SEPTEMBER 2012

Fig. 2. (a) Gate referred flicker noise for both SSGOI0.25 and SOI shows
slope of close to 1. (b) Comparison of Svg as a function of gate overdrive
voltage shows that SSGOI0.25 FINFETs have lower noise levels compared
to SOI FINFETs. (c) CMF is dominant in the low-gate-bias range and the
Hooge model is dominant in the high-gate-bias range in SSGOI0.25 pFINFETs.
(d) Hooge model covers the entire gate-bias range in SOI pFINFETs.

from the oxide–channel interface into the oxide [5]. Fig. 2(b)
plots Svg as a function of gate overdrive voltage (Vg − Vt).
For a given gate overdrive voltage, the Svg of SSGOI0.25 is
lower than that of SOI pFINFETs. In order to understand the
physical mechanisms that determine the flicker noise perfor-
mance, the experimentally calculated Svg is modeled using
different noise models. In SSGOI0.25 pFINFETs under low
bias, correlated mobility and number fluctuation (CMF) [6]
is dominant, whereas for high bias, the Hooge model be-
comes dominant [see Fig. 2(c)]. CMF is modeled using the
following: Svg = Svfb[1 − αµCox(Vg − Vt)]2, where Svfb =
kTq2Nit/(ΥfWLC2

ox), k is the Boltzmann constant, T is the
temperature in kelvin, Nit is the interface state density per unit
volume, W is the width of the FINFET, L is the length of
the FINFET, Cox is the capacitance per unit area, and Υ is
the attenuation coefficient of the wave function in the oxide.
From the WKB theory, Υ = 4π

√
2mzϕB/h, where h is the

Planck’s constant, mz is the effective mass in the direction of
confinement, and ϕB is the height of the tunneling barrier at
the oxide–semiconductor interface. The Hooge mobility fluc-
tuation is modeled as follows: Svg = (qαH/WLfCox)(Vg −
Vt)[1 + θ1(Vg − Vt) + θ2(Vg − Vt)2]

2 [7], where αH is the
Hooge parameter and θ1 and θ2 are the mobility attenuation
coefficients. For Si FINFETs, the entire gate-bias range is
modeled using the Hooge model [see Fig. 2(d)], and CMF does
not play a significant role. The calculated Hooge parameter
in SSGOI0.25 FINFETs is ∼10−5, whereas in Si FINFET, the
Hooge parameter is ∼10−4. In the Hooge model, the flicker
noise arises from fluctuations in the phonon-limited mobility
[8]. For this reason, the Hooge parameter is often treated as a
material specific parameter and used as a quality metric of the
material [9]. Temperature- and field-dependent mobility study
was done to extract the phonon-limited mobility component for
further examination, as explained in the next section.

Fig. 3. (a) SSGOI0.25 FINFETs exhibit 57% enhancement in hole mobility
over SOI at Ns = 1 × 1013 cm−2 and T = 300 K. (b) At T = 77 K, due
to the presence of alloy scattering, mobility enhancement in SSGOI0.25 is
negated. (c) Excellent agreement between the extracted and fitted mobility
values is seen in both SSGOI0.25 and SOI pFINFETs. (d) At Ns = 1 ×
1013 cm−2 and T = 300 K, the percentage contribution of phonon scattering
is smaller in SSGOI0.25 than in SOI.

III. MOBILITY MODELING

Split C–V technique was used to extract the hole mobil-
ity. SSGOI0.25 exhibits a 57% net enhancement in the hole
mobility over SOI FINFETs at sheet carrier density (Ns) of
1 × 1013 cm−2 [see Fig. 3(a)] at 300 K. This enhancement
is negated at 77 K due to the presence of alloy scattering
in SSGOI0.25 [see Fig. 3(b)] and also results in a weaker
dependence of the hole mobility on Ns. Hole mobility extracted
across temperatures (77, 150, 220, and 300 K) was fitted with
empirical models which capture the temperature and Ns de-
pendence of different scattering mechanisms. In both SOI and
SSGOI0.25 FINFETs, bulk coulomb scattering is ignored due
to low channel doping levels used, and remote high-k phonon
scattering is ignored due to the screening effect by the metal
gate [10]. The scattering mechanisms considered for modeling
SOI pFINFET mobility data are the following: interface charge
scattering [11] (µintαN−1.6

s T−1), surface roughness scattering
[12] (µSR ∝ N−2

s ), and phonon scattering [12] (µphonon ∝
T 1.735Ns−0.33). For modeling SSGOI0.25 pFINFET mobility,
the additional mechanism of alloy scattering [13] (µalloy ∝
N−0.33

s ) is included. Excellent agreement is seen between
the measured and modeled mobility values [see Fig. 3(c)].
Mobility in SSGOI0.25 and SOI pFINFETs at 300 K and at
Ns = 1 × 1013 cm−2 is dominated by phonon scattering, but
its percentage contribution to the total mobility is lower in
SSGOI0.25 compared to SOI pFINFETs [see Fig. 3(d)] thus
resulting in the lower value of the Hooge parameter.

Assuming mz = 2m0 which is the reported value for (110)/
〈110〉 biaxially strained SSGOI0.25 pMOSFET [14], Nit is cal-
culated from Svfb as 2 × 1018 cm−3 for SSGOI0.25 pFINFETs.
The spatial extent of traps into the oxide is calculated to be
1.0 nm [20], and thus, the average interface state density per
unit area is found to be 2 × 1011 cm−2 which is in reasonable
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Fig. 4. (a) Subthreshold slope as a function of temperature at Vds = −50 mV
shows higher interface state density in SSGOI0.25 than in SOI. (b) Measured
interface state profile via charge pumping measurements.

TABLE I
NOISE BENCHMARK TABLE OF NONPLANAR

TRANSISTORS REPORTED TO DATE

agreement with the Nit value of 5 × 1011 cm−2 calculated
from the subthreshold slope as a function of temperature [see
Fig. 4(a)] and further confirmed from charge pumping measure-
ments [see Fig. 4(b)].

IV. CONCLUSION

Table I summarizes the normalized input referred noise
spectral density for different nonplanar transistors as a
function of the oxide thickness and vertical electric field.
SSGOI0.25 pFINFETs exhibit the lowest gate referred flicker
noise (Svg ∗ L ∗W = 6.4 ∗ 10−12 um2V2/Hz, Sid/id2 ∗ L ∗
W = 4 ∗ 10−11 um2/Hz) among any nonplanar devices re-
ported to date. We conclude that this improvement arises due
to the following: 1) reduced interface states at the oxide–SiGe
interface resulting in lower Svg at lower gate bias and 2) lower
value of the Hooge parameter due to improved phonon-limited
mobility, thus resulting in lower Svg at higher gate bias.

REFERENCES

[1] J. Kavalieros, B. Doyle, S. Datta, G. Dewey, M. Doczy, B. Jin,
D. Lionberger, M. Metz, W. Rachmady, M. Radosavljevic, U. Shah,
N. Zelick, and R. Chau, “Tri-gate transistor architecture with high-k
gate dielectrics, metal gates and strain engineering,” in VLSI Tech. Dig.,
Oct. 2006, pp. 50–51.

[2] I. Ok, K. Akarvardar, S. Lin, M. Baykan, C. D. Young, P. Y. Hung,
M. P. Rodgers, S. Bennett, H. O. Stamper, D. L. Franca, J. Yum,
J. P. Nadeau, C. Hobbs, P. Kirsch, P. Majhi, and R. Jammy, “Strained
SiGe and Si FINFETs for high performance logic with SiGe/Si stack on
SOI,” in IEDM Tech. Dig., Dec. 2010, pp. 34.2.1–34.2.4.

[3] Y. Nemirovsky, I. Brouk, and C. G. Jakobson, “1/f noise in CMOS tran-
sistors for analog applications,” IEEE Trans. Electron Devices, vol. 48,
no. 5, pp. 921–927, May 2001.

[4] M. Valenza, A. Hoffmann, D. Sodini, A. Laigle, F. Martinez, and
D. Rigaud, “Overview of the impact of downscaling technology on 1/f
noise in p-MOSFETs to 90 nm,” Proc. Inst. Elect. Eng.—Circuits Devices
Syst., vol. 151, no. 2, pp. 102–110, Apr. 2004.

[5] M. von Haartman and M. Ostling, Low-Frequency Noise in Advanced
MOS Devices. New York: Springer-Verlag, 2007.

[6] K. K. Hung, P. K. Ko, C. Hu, and Y. C. Cheng, “A unified model for the
flicker noise in metal–oxide–semiconductor field-effect transistors,” IEEE
Trans. Electron Devices, vol. 37, no. 3, pp. 654–665, Mar. 1990.

[7] F. Li, S. H. Lee, Z. Fang, P. Majhi, Q. Zhang, S. K. Banerjee, and
S. Datta, “Flicker-noise improvement in 100-nm LgSi0.50Ge0.50 strained
quantum-well transistors using ultrathin Si cap layer,” IEEE Electron
Device Lett., vol. 31, no. 1, pp. 47–49, Jan. 2010.

[8] R. P. Jindal and A. van der Ziel, “Phonon fluctuation model for flicker
noise in elemental semiconductors,” J. Appl. Phys., vol. 52, no. 4,
pp. 2884–2888, Apr. 1981.

[9] E. Simoen and C. Clays, “On the flicker noise in submicron silicon
MOSFETs,” Solid State Electron., vol. 43, no. 5, pp. 865–882, May 1999.

[10] R. Chau, S. Datta, M. Doczy, B. Doyle, J. Kavalieros, and M. Metz,
“High-k/metal-gate stack and its MOSFET characteristics,” IEEE Elec-
tron Device Lett., vol. 25, no. 6, pp. 408–410, Jun. 2004.

[11] D. S. Jeon and D. E. Burk, “MOSFET electron inversion layer
mobilities—A physically based semi-empirical model for a wide tempera-
ture range,” IEEE Trans. Electron Devices, vol. 36, no. 8, pp. 1456–1463,
Aug. 1989.

[12] S. Takagi, A. Toriumi, M. Iwase, and H. Tango, “On the universality
of inversion layer mobility in Si MOSFETs: Part II—Effects of surface
orientation,” IEEE Trans. Electron Devices, vol. 41, no. 12, pp. 2363–
2368, Dec. 1994.

[13] M. J. Kearney and A. I. Horrell, “The effect of alloy scattering on the
mobility of holes in a Si1−xGex quantum well,” Semicond. Sci. Technol.,
vol. 13, no. 2, pp. 174–180, Feb. 1998.

[14] W. C. Wang, S. T. Chang, and B. F. Hsieh, “Subband structure and
effective mass of strained SiGe (110) inversion layer for PMOSFET,” in
Proc. INEC, Jan. 2010, pp. 598–599.

[15] J. Zhuge, R. Wang, R. Huang, Y. Tian, L. Zhang, D. W. Kim, D. Park,
and Y. Wang, “Investigation of low-frequency noise in silicon nanowire
MOSFETs,” IEEE Electron Device Lett., vol. 30, no. 1, pp. 57–60,
Jan. 2009.

[16] K. M. Persson, E. Lind, A. W. Dey, C. Thelander, H. Sjoland, and
L. E. Wernersson, “Low-frequency noise in vertical InAs nanowire FETs,”
IEEE Electron Device Lett., vol. 31, no. 5, pp. 428–430, May 2010.

[17] M. Fulde, A. Mercha, C. Gustin, B. Parvais, V. Subramanian, K. V. Arnim,
F. Bauer, K. Schruefer, D. Schmitt-Landsiede, and G. Knoblinger, “Ana-
log design challenges and trade-offs using emerging materials and de-
vices,” in Proc. Solid State Device Res. Conf., Sep. 2007, pp. 123–126.

[18] M. Fulde, Variation Aware Analog and Mixed-Signal Circuit Design in
Emerging Multi-Gate CMOS Technologies, vol. 28. Berlin, Germany:
Springer Science+Business Media, 2010, ser. Springer Series in Ad-
vanced Microelectronics.

[19] T. Ohguro, K. Okano, T. Izumida, S. Inaba, N. Momo, and K. Kokubun,
“Analysis of Fin width and temperature dependence of flicker noise for
bulk-FINFET,” in Proc. 4th Eur. Microw. Integr. Circuits Conf., Sep. 2009,
pp. 61–64.

[20] S. Jakschik, A. Avellan, U. Schroeder, and J. W. Bartha, “Influence of
Al2O3 dielectrics on the trap-depth profiles in MOS devices investigated
by the charge pumping method,” IEEE Trans. Electron Devices, vol. 51,
no. 12, pp. 2252–2255, Dec. 2004.


