
IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 55, NO. 7, JULY 2008 1741

Numerical Study of Flicker Noise in p-Type
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Abstract—Device-level simulation capabilities have been de-
veloped to investigate low-frequency noise behavior in p-type
Si0.7Ge0.3/Si heterostructure MOS (SiGe p-HMOS) transistors.
The numerical model is based on the impedance field method; it
accounts for a trap-induced carrier number fluctuation, a layer-
dependent correlated mobility fluctuation, and a Hooge mobility
fluctuation in the buried and parasitic surface channels, respec-
tively. Simulations based on such models have been conducted
for SiGe p-HMOS transistors, and the results have been carefully
correlated with experimental data. Quantitative agreement has
been obtained in terms of the noise level dependence on gate biases,
drain currents, and body biases, revealing the important role of
the dual channels in the low-frequency noise behavior of SiGe
p-HMOS devices.

Index Terms—Flicker noise, heterostructure, MOSFETs, SiGe,
1/f noise.

I. INTRODUCTION

THE SUPPRESSION of low-frequency noise in active
transistors is highly desirable in various analog/RF circuit

applications. As the FET technologies continue to scale, their
impact on device low-frequency noise performance needs to be
carefully evaluated. Such effects can come from size (channel
length/width) scaling, adoption of advanced doping profiles
(pocket implantation), or incorporation of alternative gate and
channel materials (high-κ oxide, SiGe). Heterostructure MOS
(HMOS) transistors with buried SiGe channels, particularly
those operated using the dynamic threshold (DT) scheme, have
exhibited attractive low-frequency noise performance [1], [2]
owing to additional control of the body bias. In this paper,
device-level flicker noise simulation capabilities have been
developed and employed to investigate the low-frequency noise
behavior in these SiGe p-HMOS devices.

Two sources are commonly regarded as to contribute to
the flicker noise in MOSFET devices as reviewed in [3]—the
channel carrier number fluctuations (∆N theory [4]) and the
mobility fluctuations (∆µ theory [5]). The latter is primarily
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related to phonon scattering; however, other scattering mecha-
nisms such as surface roughness can also play a role. An im-
proved model accounting for the effect of parasitic source/drain
resistance was also proposed in [6] and [7]. More recently, the
correlation between the carrier number fluctuation and the mo-
bility fluctuation due to Coulomb scattering has been discussed
[8]; a unified model was proposed (∆µ−∆N theory) to explain
the origin of low-frequency noise in p-type MOSFETs (pMOS)
[9]. The model was later critically reviewed in [10], where
an improvement was suggested to consider the dependence on
the inversion carrier density in modeling the screening effect.
Such a modified unified model was later used for modeling
flicker noise in both n- and p-type MOSFETs with high-κ gate
dielectrics [11], [12]. The unified model was also extended
to qualitatively model the low-frequency noise behavior in
SiGe p-HMOS [13]. In essence, the channel carrier number
fluctuation is induced by the trapping/detrapping of oxide traps
with energies close to the channel quasi-Fermi level [3], [4].
The unified model accounts for the mobility fluctuations due
to remote Coulomb scattering from those trapped charges. In
[13], different Coulomb scattering coefficients were considered
for buried and parasitic surface channels, as those two channels
are separated from the trapped charges by different distances.
On the other hand, a modified Hooge model was proposed to
explain the low-frequency noise origin in SiGe p-HMOS [14].
In that model, different Hooge parameters were used for the
surface and buried channels, and noise sources between those
two channels were assumed to be uncorrelated. The dominant
component of the flicker noise in their p-HMOS was attributed
to the Hooge model instead of the unified model [14].

In this paper, device-level flicker noise simulation capabili-
ties have been developed to investigate the low-frequency noise
behavior in SiGe p-HMOS devices. The numerical analysis of
thermal noise in MOSFETs is achieved using the impedance
field method (IFM) [15], which essentially computes the noise
propagation from a local source to the terminals of interest.
Combined with proper modeling of the local noise source, the
integrated terminal noise can be obtained. The extension of the
IFM for flicker noise simulations is based on the modeling
of tunneling-based nonlocal charge trapping/detrapping [16],
whereby the number fluctuations are quantitatively modeled.
This method was implemented in a general device simulator,
PROPHET [17], and used to investigate the flicker noise be-
havior in high-κ gate oxide MOSFETs [18]. In this paper, an
additional postprocessing step is used to take into account the
correction term of correlated mobility fluctuations according to
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the unified model as well as the contribution from the Hooge
model. Layer dependence of the surface and buried channels
are considered for the unified model and the Hooge model.
Using simulation capabilities based on our improved numerical
model, the flicker noise in p-type Si0.7Ge0.3/Si HMOS is simu-
lated and carefully correlated with experimental data in terms of
its dependence on gate biases, drain currents, and body biases.
The underlying cause of the observed flicker noise behavior is
investigated with the aid of detailed device simulations. It is
shown that, in general, the ∆N−∆µ fluctuation and the Hooge
mobility fluctuation processes are playing dominant roles in the
turn-on and subthreshold regimes, respectively.

II. FLICKER NOISE MODELS

The numerical device-level noise model is achieved by
adopting the IFM and proper modeling of the local noise fluc-
tuations, which are combined with tunneling-based nonlocal
charge trapping/detrapping. The microscopic noise source of
the number fluctuation is modeled as originating from the traps
inside the gate oxide layers [19]. In addition to the Poisson and
continuity equations, a rate equation for the trapped electron
density is self-consistently solved, i.e.,

dnt/dt =G − R

= [(NT − nt)/τ − nt exp(ET − EF /kBT )/τ ]

(1)

where nt is the trapped carrier density, NT is the total trap
density, τ is the tunneling time calculated based on the WKB
method, ET and EF reflect the trap energy and the quasi-Fermi
level, respectively, and G and R are the generation and recom-
bination rates, respectively. It should be noted that this approach
is nonlocal from a simulation viewpoint. The impedance field is
then solved with the inclusion of this rate equation. According
to Bonani and Ghione [20], the microscopic noise source inside
the gate oxide is modeled as white generation–recombination
noise in the following:

Snt(r) = 2(G + R). (2)

To account for the correlated Coulomb mobility fluctuation
based on the inversion carrier density dependence [10], a
postprocessing approach is adopted; the noise contribution is
multiplied by a correction term, i.e.,

η = (1 + µ
√

n2-D/µc0)
2 (3)

where n2-D is the 2-D inversion carrier density, and uc0 is
a mobility fitting scattering parameter, which depends on the
interface properties and the material of gate oxide [11]. In
this approach, the correction applies to the sheet of 2-D in-
version charge and produces satisfactory results for high-κ
bulk devices [18]. In modeling SiGe p-HMOS, the surface and
buried channels possess quite different interface properties. The
surface channel generally incurs higher ∆N -induced mobility
fluctuations compared to the buried channel due to the fact that
it is closer to the oxide interface. Therefore, an improvement

Fig. 1. Schematic plots of a p-type SiGe/Si HMOS device structure and a
band diagram along the vertical direction.

is made in this paper—the correction term is applied to the
3-D carrier density n3-D, and the fitting mobility scattering
parameter µc0_3-D is a function of the vertical position, which
is used to model the different noise properties of the two
channels.

The Hooge mobility fluctuation model was suggested to be
the flicker noise source in SiGe p-HMOS [14]. This paper
also accounts for its contribution. For SiGe p-HMOS, two
uncorrelated Hooge parameters, i.e., αcap and αSiGe for the
cap and SiGe channels, respectively, are used to model the
respective noise components, i.e.,

Sid

I2
d

=

(
qαcap

WLQcapf

I2
d cap

I2
d

+
qαSiGe

WLQSiGef

I2
dSiGe

I2
d

)
(4)

where Qcap and QSiGe are the inversion charge densities at the
surface and SiGe channels, respectively; W and L are the chan-
nel width and the channel length, respectively. The total drain
current noise is calculated as the sum of the layer-dependent
∆N−∆µ fluctuations and Hooge mobility fluctuations, i.e.,

Sid_total = Sid_unified + Sid_Hooge. (5)

III. RESULTS AND DISCUSSIONS

The noise model has been used to numerically investigate
the flicker noise behavior at various gate biases, drain cur-
rents, and body biases in SiGe p-HMOS. A schematic cross-
sectional view of the SiGe p-HMOS is shown in Fig. 1. Two
different SiGe p-HMOS devices and two control Si PMOS
devices are used for this study on bulk and partially depleted
(PD) SOI substrates, respectively. Table I gives a summary
of simulated device structure parameters. In the simulations,
the oxide trap density NT is set to 4 × 1017/(cm3 · eV) and
4.7 × 1017/cm3 · eV for Si and SiGe devices, respectively, and
the fixed interface charge density is 1.75 × 1011/cm2. For noise
simulations, it is important to firstly ensure that the device dc
characteristics are properly simulated. The carrier transport in
the p-HMOS devices is modeled by solving the Poisson and
electron and hole continuity equations under the drift-diffusion
assumption. The Darwish model [21] with adjusted parameters
has been adopted to model the effective field dependence of
the carrier mobility. The transport of the carriers across the
heterostructures is modeled as a thermionic emission process.
Simulated and measured Id–Vg curves of the studied devices
are shown in Fig. 2(a)–(d).
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TABLE I
SUMMARY OF SIMULATED DEVICE PARAMETERS

Fig. 2. Measured and simulated Id–Vg characteristics for (a) bulk Si0.7Ge0.3 p-HMOS, (b) control Si bulk pMOS, (c) PD Si0.7Ge0.3 p-HMOS, and
(d) PD control Si pMOS.

A. Gate Bias and Drain Current Dependence

The bulk SiGe p-HMOS and bulk Si control devices are
used for this study. Different gate biases are applied, ranging
from subthreshold to strong inversion for each device. In the
layer-dependent correlated mobility fluctuation model, the 3-D
mobility fitting parameter µc0_3-D is set to 1.4 × 1011 and
1 × 1012 √

cm/(V · s) for the surface (Si) and buried (SiGe)
channels, respectively. These values of µc0_3-D correspond
to 2-D parameter µc0_2-D values of 5 × 107 and 3.57 ×
108 cm/(V · s) for the surface (Si) and buried (SiGe) channels,
respectively. The value in the surface layer is consistent with
the number reported in [11]. The larger value in the buried
SiGe channel reduces the correlated mobility fluctuation term
in the SiGe channel compared to that in the Si channel [note
that larger µc0_2-D corresponds to lower noise according to
(3)]; the reduction factor between the two channels agrees well
with that used in [13]. The Hooge parameters used in this paper
are 6 × 10−6 and 1 × 10−5 for the SiGe buried channel and
the surface channel, respectively, which are within the expected
reasonable range of 10−4−10−6 [22].

Our noise measurement setup follows that described in [23].
A noise analyzer, i.e., BAT 9812B, is used to amplify the
current generated by test devices. HP 4142B provides the dc
bias for test devices and provides I–V measurements and
the network signal analyzer SR 780 for the measurement of
the spectral density of the noise in MOSFET. All pieces of
equipment are controlled by NoisePro [24].

The normalized drain current noise Sid/I2
d at 10 Hz is plotted

as a function of the gate voltage in Fig. 3. From Reimbold’s
theory [25], the gate bias dependence of Sid/I2

d should show a
weak inversion plateau and then decrease in strong inversion.
On the other hand, in the Hooge model, Sid/I2

d is usually
inversely proportional to the inversion carrier density [26]. This
leads to an exponential increase in noise in the Hooge model in
the subthreshold regime with decreasing overdrive voltages. As
shown in Fig. 3, the measured Sid/I2

d at subthreshold rapidly
increases with decreasing overdrive biases, indicating the ap-
plicability of the Hooge model in this regime. As suggested
from the simulated noise components in Fig. 3, the Hooge
model is dominant in subthreshold, and the ∆N−∆µ unified
model plays a major role under strong inversion. The measured
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Fig. 3. Measured and simulated normalized drain current noise Sid/I2
d at

10 Hz as a function of the gate voltage for (a) Si pMOS and (b) SiGe p-HMOS.

data for p-HMOS in [27] show similar noise behavior in sub-
threshold that is consistent with the model proposed in this
paper. Moreover, flicker noise data for p-HMOS in strong in-
version have been reported in [28] and [29], which show trends
in agreement with the measured and simulated results in this
paper. We note that an improved ∆µ-based model accounting
for the effect of parasitic series resistance was proposed in [6].
We have found that it is not directly applicable in explaining the
measured data in our devices when using realistic source/drain
series resistance values.

In Fig. 4, the measured and simulated Sid are plotted against
the gate bias for SiGe p-HMOS. Two simulations have been
conducted with and without considering the layer dependence
of the correlated mobility fluctuation model, respectively. It
is evident that in the nonlayer-dependent case, Sid decreases
as the overdrive gate voltage rises above threshold. This is
because, as the overdrive voltage increases, more holes are
spilled over into the surface channel. Without considering the
difference in the mobility fluctuations, the surface channel has
much lower mobility, and, therefore, the simulations lead to a
reduction of Sid. Conversely, only when the significant corre-
lated mobility fluctuation in the surface channel is accounted for
can simulations predict the increase in Sid with increasing over-
drive voltages, which is in agreement with experimental data.
Other measurement results [30] also have shown an increase

Fig. 4. Measured and simulated drain current noise Sid at 10 Hz as a function
of the gate bias for SiGe p-HMOS. The gray dotted line neglects the layer-
dependent contribution of the correlated mobility fluctuation, whereas, in this
work, different fitting mobility scattering parameters are used in the Si cap layer
and in the SiGe channel, and Hooge mobility fluctuations are also accounted.

in Sid with rising overdrive biases, which further confirms the
validity of our model.

In Fig. 5, the normalized drain current noise Sid/I2
d is plotted

versus the drain current for the two devices—Si and SiGe
p-MOSFETs. As can be seen from the figure, Sid/I2

d and
(gm/Id)2 exhibit good correlation for both devices; this can
be regarded as an additional evidence to support the unified
model under inversion conditions [24]. On the other hand, the
noise level increases with the lower drain current in subthresh-
old, which deviates from the saturation behavior of (gm/Id)2.
This also indicates that the Hooge model is playing a domi-
nant role in subthreshold. This observation agrees with that
reported in [13].

B. Body Bias Dependence

The PD SiGe p-HMOS and PD Si pMOS devices are used
for the study of body bias dependence, and the mobility fit-
ting parameter µc0_3-D is the same as the bulk devices. A
contact to the body region has been fabricated in the PD
devices to provide direct body biasing. Such a body contact was
originally designed for DT mode operation, where the major
device performance benefit came from efficient channel carrier
modulation through body biasing [1], [2].

In Fig. 6, the simulated and measured drain current noise
spectra are given, and four different body biases are applied,
ranging from a reverse bias (0.2 V) to a forward bias (−0.4 V);
the overdrive voltage is kept at −0.3 V for each device. The
simulation results agree well with the noise measurements, and
strong body bias dependence of the drain current noise is ob-
served in the SiGe p-HMOS. The flicker noise level decreases
by about an order of magnitude as the body bias is varied from a
reverse bias to a forward bias in SiGe p-HMOS. However, under
the same conditions, the Si control device shows no observable
body bias dependence. It should be noted that in [14], the flicker
noise body bias dependence was observed in Si pMOS, and the
difference can be explained by the quality of surface roughness.
Using the Darwish model, in this paper, the parameter δ of
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Fig. 5. Measured and simulated normalized drain noise Sid/I2
d at 10 Hz

(right y-axis) together with (gm/Id)2 (left y-axis) as functions of the drain
current. Data for (a) Si pMOS and (b) SiGe p-HMOS are shown.

carrier mobility limited by surface roughness scattering µsr is
set as 4.1 × 1015 V/s, which agrees with [21] and is about two
orders-of-magnitude larger than [14]. In the Hooge model, Sid

is inversely proportional to µ2
sr [5]; therefore, compared with

[14], the effect of an effective vertical electrical field Eeff is
about four orders-of-magnitude smaller in this paper.

In Fig. 7, the hole density in the Si cap layer and the carrier
density in the SiGe channel, as functions of the body bias, are
shown. The decrease in the body bias leads to the increased
hole density in the buried channel and reduces the hole density
in the Si cap layer. The strong body bias dependence of PD
SiGe p-HMOS devices can be attributed to the redistribution of
carriers between the two channels with the body bias change;
the surface channel incurs higher mobility fluctuations than the
buried channel. To clarify this point, in the inset of Fig. 7,
simulated valence band diagrams are shown for two different
body bias conditions, whereas the overdrive voltage is kept
constant. It can be seen that as the body bias varies from a
reverse bias to a forward bias, the buried channel is pulled
closer to the quasi-Fermi level, so the carrier density in the SiGe
buried channel increases.

Fig. 8 shows the drain current noise and the carrier density
in the Si cap layer at different body bias conditions ranging

Fig. 6. Measured and simulated drain current noise spectra for (a) Si pMOS
and (b) SiGe p-HMOS. The frequency range is 10 Hz to 1 kHz. Four body
biases are used ranging from 0.2 to −0.4 V.

Fig. 7. Hole density in the Si cap layer and carrier density in the SiGe channel
as functions of the body bias. The small plot is TCAD simulations of the band
diagrams along the vertical direction for two body bias conditions (Vb = 0.2 V
and Vb = −0.4 V).

from a reverse bias to a forward bias. The correlation between
the flicker noise level and the hole density in the Si cap layer
indicates that the flicker noise is mostly determined by the
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Fig. 8. Drain current noise Sid (left y-axis) at 100 Hz together with the hole
density in the Si cap layer (right y-axis) as functions of the body bias.

Fig. 9. Simulation data for the drain current noise Sid as a function of the
overdrive voltage at a frequency of 100 Hz.

Si cap layer carrier density due to higher Coulomb scattering
near the Si cap layer. In PD SiGe p-HMOS, the Si cap layer
carrier density is efficiently modulated by the body bias, leading
to strong body bias dependence of the flicker noise level.

In Fig. 9, the body bias dependence is also studied for
different overdrive bias levels. When the overdrive voltage is
small (−0.05 V), Sid is decreased by 16.4 times from the
reverse bias to the forward bias. However, when the overdrive
voltage increases (−0.6 V), the decrease in Sid from the reverse
bias to the forward bias is just 3.8 times. In general, for a more
negative overdrive voltage, smaller body bias dependence of the
drain current noise level is observed. This can be attributed to
the fact that for more negative overdrive voltages, the carrier
concentrations in both channels are controlled by the gate
electrode to a larger extent and, therefore, less sensitive to the
body bias variation.

Fig. 10 shows the simulated two-channel carrier density as
a function of the overdrive voltage for the reverse and forward
body biases, respectively. It can be seen that when the forward
body bias is applied, in a region of smaller negative overdrive,
both buried and surface channels contribute to the total flicker
noise. However, with larger negative overdrive, the hole density
in the Si cap layer starts to dominate. Conversely, when the

Fig. 10. Carrier density for both surface and buried channels as a function of
the overdrive voltage in two different body biases, −0.4 and 0.2 V.

reverse body bias is applied, the hole density in the Si cap layer
is dominant across the entire overdrive voltage range. For a
larger negative gate bias, the hole density in the Si cap layer
is dominant for both reverse and forward body biases, resulting
in a less difference in the Sid values observed. However, with a
smaller negative gate bias, hole densities in the Si cap layer
and in the SiGe channel are dominant in the reverse and
forward body biases, respectively; a larger difference in the
body bias dependence is observed for this condition. The results
are consistent with the gate bias dependence of Sid shown
in Fig. 9.

IV. CONCLUSION

Flicker noise mechanisms in the SiGe p-HMOS have
been numerically investigated and correlated with experi-
mental data. The analysis is based on the IFM with physi-
cal modeling of the local noise sources, including nonlocal
trap/detrap processes from the gate dielectric. In particular,
layer-dependent ∆N−∆µ fluctuations with Hooge mobility
fluctuations are applied to separate treatments of the buried and
parasitic surface channels. Agreement with the observed vari-
ations of gate biases, drain currents, and body biases suggests
the applicability of the proposed flicker noise model for SiGe
p-HMOS.
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