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a b s t r a c t

The low frequency (1/f) noise characteristics of Schottky-gated strained-Si n-channel modulation doped
field effect transistors have been investigated as a function of Ge concentration for different virtual sub-
strates. The gate voltage dependence of the 1/f noise agrees well with the McWhorter carrier number
fluctuations model. The trap density (extracted using a Ge dependent potential barrier height and tunnel-
ling constant) is low in devices on thick virtual substrates (Nt = (2–6) � 1016 cm�3 eV�1), and does not
degrade with the increase of the Ge concentration from 30% to 40%. This trap density is the same for thin
Helax virtual substrates (He+ ions implanted thin substrate) but increases two orders of magnitude for
thin low-temperature grown substrates.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

High electron mobility transistors (HEMT) can deliver high
speed and power performance [1]. These structures are tradition-
ally fabricated in III–V materials. A similar approach can be taken
for more commonly available IV–IV elements such as Si in combi-
nation with SiGe. Schottky-gated n-channel modulation doped Si/
SiGe transistors – MODFETs – have a strained-Si (s-Si) channel sur-
rounded by relaxed SiGe layers [2]. One of these layers is the vir-
tual substrate (VS), which is a relaxed Si1�xGex layer on top of a
traditional Si substrate. The Ge concentration, x, in the VS is graded
to allow relaxation of the layer, while preventing dislocation prop-
agation in the growth direction. The strain in the s-Si channel
causes a conduction band offset between the s-Si and surrounding
SiGe, forming a quantum well channel. The strain also causes an in-
crease in carrier mobility due to the reduction of the effective mass
and intervalley scattering. Similarly, s-Si channels can be used for
the fabrication of MOSFETs with strain in the channel underneath
the gate oxide giving increased speed performance [3]. Electrical
noise in FETs gives an indication of the material quality and is
important for RF applications. The low frequency noise and trap
density in s-Si MOSFETs is mainly determined by the oxide quality
on these devices, similar to Si MOSFETs. In s-Si MOSFETs, the trap
ll rights reserved.
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density can increase with increasing Ge concentration in the vir-
tual substrate (0–40% Ge) on which the strained channel is defined
[4]. This degradation is attributed to Ge diffusion during non-opti-
mised high-temperature fabrication steps that reduces the oxide
quality. In Ref. [5] a MOS-gated Si/SiGe MODFET with deposited
oxides was investigated. The noise in these devices is mainly deter-
mined by the oxide–semiconductor interface quality.

Since SiGe is a poor thermal conductor and the traditional VS is
3–5 lm thick, Si/SiGe MODFETs suffer from self-heating at high
drain bias. In order to control the self-heating effect and reduce
the fabrication costs, thin substrates are used. Thin SiGe VSs have
been shown to reduce the self-heating effect [6]. Ref. [6] presented
RF noise in this material and some 1/f noise results, the latter, how-
ever, without further analysis. In Ref. [7] the low frequency noise
was studied on s-Si n- and p-type MOSFETs on thin and thick sub-
strates. The thin substrate was grown via a low-temperature
growth process. The Ge concentration was different for both sub-
strate types and therefore noise dependence on Ge concentration
and substrate growth technique was convoluted. The thick sub-
strate showed unexpectedly higher noise levels than the thin sub-
strate. The extracted trap density in [7] was the lowest reported for
s-Si n-channel MOS-gated FETs.

In this work, we investigate Schottky-gated Si/SiGe MODFETs
using two Ge concentrations, 30% and 40%. This allows investiga-
tion of the trap density as a function of Ge concentration only, thus
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without the influence of gate oxides. Additionally structures with
thin and thick VSs were studied.

2. Device description

The MODFET device layers were grown by Molecular Beam Epi-
taxy (MBE) on Low Energy Plasma Enhanced Chemical Vapour
Deposition (LEPECVD) grown VSs on p-doped Si substrates.

In this work four different VSs are considered. Two device layer
structures were grown on 5 lm thick standard VSs, where the Ge
concentration was graded linearly from Si to Si1�xGex with
x = 0.3, respectively, 0.4 (thick VS).

Two different methods were used to produce thin VSs in this
work. One is the Helax process [8], in which He+ ions are implanted
into a thin constant composition MBE grown SiGe layer. Upon
annealing, the relaxation process is induced by the defects intro-
duced by the implant process. This VS was 200 nm thick with com-
position x = 0.3. The other method was based on low-temperature
LEPECVD growth of a thin constant composition SiGe layer [9]. The
high growth rate at low-temperatures combined with the focused
high-density plasma on the surface leads to relaxation and confine-
ment of dislocations. The LEPECVD grown VS was 500 nm thick
with composition x = 0.4.

Fig. 1 shows the device layer structures. There is only small dif-
ference between the layers thicknesses for the different devices.
Both 30% MODFETs had a 12 nm thick channel; the 40% MODFETs
had a 9 nm thick channel. Fig. 1 also shows the schematic conduc-
tion band diagram for the Schottky-gated structures. The tensile
strain in the thin Si channel is due to the relaxed surrounding SiGe
layers. It causes the energy band offsets in valence and conduction
bands (DEc � 0.6 � x eV, with x the Ge concentration) and leads to
a quantum well channel for electrons. The d-doping in the SiGe
supply layers causes depletion mode operation of the MODFETs.

Devices were processed as described in [6] with a maximum fab-
rication temperature of 600 �C, in order to avoid diffusion of Ge. The
mushroom gate material was Ti/Pt/Au with the gate length and
width of the measured devices Lg = 150 nm and W = 50 lm, respec-
tively. The Schottky-gated structures were not self-aligned and the
source–drain distance in all measured devices was 2 lm, with the
gate in the middle between the source and drain. The contact resis-
tance and access resistance of the devices were measured on TLM
structures. These values are important in order to separate the noise
generated by the contacts and ‘‘long” access regions from that gen-
erated by the carriers in the ‘‘short” channel. The values of the TLM
measurements: contact resistance Rc and access resistance Racc, are
p-Si substrate

50Helax5000VS-type

15100100Si 1-xGex undoped

555Si 1-xGex n-δ-doped

433Si 1-xGex undoped

91212Si channel

344Si 1-xGex undoped

555Si 1-xGex n-δ-doped

468Si 1-xGex undoped

3.53.54Si cap layer

x=
thi

x=30% 
thin VS

x=30% 
thick VS

Thickness layers (nm)

Fig. 1. Left: the layer structures for the four different Schottky-gated MODFETs. Right: the
electrons. DEc is the conduction band offset between s-Si channel and surrounding SiGe
given in Table 1. The difference in Racc between the different devices
is due to small variations in layer structure and the substrate prep-
aration process that led to different carrier concentrations in the s-Si
quantum well. The value of Rc is much lower than that of Racc. There-
fore, the noise related to the channel series resistance will be mainly
due to the access regions. The gate voltage dependent channel resis-
tance Rch, given by: RchðVGS � VthÞ ¼ dVDS

dI

���
VGS

� Rc � Racc; is lower for

the thin 30% virtual substrate than for the thick substrate at VGS �
Vth � 0.55 V. Also given in Table 1 are some of the MODFET perfor-
mance parameters: the carrier mobility, l, determined by Van der
Pauw measurements, the maximum transconductance gmmax

and
the sub-threshold slope S, both at VDS = 50 mV.

3. Low-frequency noise

The low-frequency noise was measured using an electro-stati-
cally shielded probe station with 10-lm diameter tungsten probes
under controlled pressure, in a frequency range from 1 Hz to
50 kHz at 300 K with the FETs in common source mode at
source–drain bias VDS = 50 mV in the linear region for all gate volt-
ages, VGS. The voltage fluctuations SV from the load resistor RL con-
nected in series with the drain were analyzed by a SR770 FFT
Spectrum Analyzer.

The spectral noise density of the short circuit drain current fluc-
tuations, SI, was calculated using: SI ¼ SV ½ðRL þ RSDÞ=ðRLRSDÞ�2;
where RSD is the drain-to-source differential resistance. All MOD-
FETs showed 1/fc noise with c � 1 below 1 kHz. At higher frequen-
cies the contribution of the generation recombination (GR) noise
was found for the majority of devices. An example of the norma-
lised spectral noise density for two 30% devices at the same gate
voltage overdrive VGS � Vth � 0.1 V is given in Fig. 2. The traps
responsible for the GR noise might reside in the Si channel or at
some well defined distance from the channel. For example, traps
may be located at delta-doped/un-doped interfaces at a distance
of approximately 10 tunnelling lengths from the channel.

Fig. 3 gives the synopsis of the measurement results at f = 10 Hz.
Other MODFETs on the same die with the same gate length but
slightly different access regions (1 and 1.5 lm) were also measured
and showed similar characteristics.

The noise contribution of channel and contacts can be separated
using a fit to the experimental data based on the following
equation:

SI

I2 ¼
SRch

R2
ch

� R2
ch

ðRch þ Rc þ RaccÞ2
þ SRc

R2
c

� R2
c

ðRch þ Rc þ RaccÞ2
ð1Þ
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schematic conduction band diagram. Grey area is the channel region filled with free
layers. LT* is the low-temperature LEPECVD grown thin VS.



Table 1
The contact resistance Rc, FET access resistance Racc and channel resistance Rch at
VGS � Vth � 0.55 V. The carrier mobility, l, the maximum transconductance gmmax

and
the sub-threshold slope S, both at VDS = 50 mV.

x = 30% x = 40%

Thick VS Thin VS Thick VS Thin VS

Racc (X) 56.4 54.8 59.4 43.6
Rc (X) 5.2 5.9 3.0 9.0
Rch (X) 26.5 16.8 34.0 34.4
l (cm2V�1s�1) 1405 1627 1254 1303
gmmax

(S) 2.9 � 10�4 2.8 � 10�4 2.7 � 10�4 2.3 � 10�4

S (mV/dec) 104 104 90 140

f (Hz)

S
I/

I2  (
H

z-1
)
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thick VS
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Fig. 2. The normalised spectral noise density as a function of frequency for two 30%
devices at the same gate voltage overdrive VGS � Vth � 0.1 V. The dashed line is the
theoretical 1/f line.
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Fig. 3. The normalised spectral current noise density as a function of gate voltage
overdrive, VGS � Vth. Top graph for x = 0.4 and bottom graph for x = 0.3. Diamonds
and squares are the measured data, diamonds for thin VS and squares for thick VS.
The lines are the fit to the data by Eq. (1). Bold line: total fitted noise, dashed line:
channel noise contribution, dotted line: contact noise contribution.
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where SRc

R2
c

is the spectral noise density of the contact resistance, inde-

pendent of gate voltage overdrive, SRch

R2
ch

is the spectral noise density of

the channel resistance fluctuations. Based on the McWhorter model
of the 1/f noise in MOSFETs SRch

R2
ch
/ 1

n2 where n is the electron concen-

tration in the channel [10]:

n ¼ CggkT
q2 ln 1þ exp

qðVGS � VthÞ
gkT

� �� �
; ð2Þ

In Eq. (2), Cg is the gate capacitance given for HEMT structures by
Cg ¼ e0eðxÞ

tinsþDd with x the Ge concentration, Dd � 9 nm the correction

factor following [11], e(x) is the dielectric constant of relaxed SiGe
– calculated based on linear interpolation between the value for Si
and Ge, and tins is the total thickness of Si/SiGe layers on top of the
s-Si quantum well channel. The assumption is that the delta doped
layer is depleted of mobile carriers due to electron transfer to the
quantum well. g is the quality factor used to improve the fit in weak
inversion (3 6 g 6 4). Eq. (2) describes the gate voltage dependence
of the carrier concentration both below and above threshold.

The measured normalised current noise SI/I
2 is fitted to Eq. (1)

and the result is given in Fig. 3. The dashed line is the contribution
of the channel noise, given by the first term of the right hand side
of Eq. (1). The dotted line is the contribution of the access noise, gi-
ven by the second term of the right hand side of Eq. (1). The bold
line is the sum of the dashed and dotted line and thus gives the
fit to the measured data. Fig. 3 shows that the fits to the data are
in good agreement. The noise contribution of the access resistance
in the thick VS samples overwhelms the channel noise at large gate
voltage overdrive. This is possibly due to aging of the surface of the
access region or the older fabrication process used for these
structures.
In order to estimate the Hooge parameter [12], aH for the gated
part of the structure and the trap density, Nt only the channel noise
has to be taken into account. The Hooge parameter aH can be ex-
tracted from SRch

R2
ch
¼ aH

f n with f the frequency (f = 10 Hz) and n given

by Eq. (2). Thus the Hooge parameter varies as (VGS � Vth)�1 in
strong inversion. For the thick VS devices and the thin VS Helax de-
vices, the Hooge parameter was found to be aH = 10�4–10�3 for VGS

� Vth = 0.2 V. For the thin 40% VS device, the Hooge parameter was

an order of magnitude larger (aH � 10�2).
Since the spectral noise density follows a (VGS � Vth)�2 slope, the

trap density, Nt can be assumed to be homogeneously distributed
in energy and can be derived from [13]:

SRch

R2
ch

¼ kðxÞ � k� T � Nt

f �W � Lg � n2 ð3Þ

with k the Boltzmann constant, T the temperature in K, f the fre-
quency, W and Lg, respectively, the gate width and length, n given
by Eq. (2) and kðxÞ ¼ h

4p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meðxÞDEc ðxÞ
p the tunnelling length in Si1�xGex.

h is Planck’s constant, me(x) is the Ge concentration dependent elec-
tron effective mass and DEc � 0.6 � x (eV) is the potential barrier for
electrons between the s-Si quantum well channel and the surround-
ing relaxed SiGe layers. The Ge dependent tunnelling lengths are
k(0.4) = 4.4 � 10�8 cm and k(0.3) = 4.9 � 10�8 cm. Eq. (3) is typically
used to derive the trap density in oxide-gated FETs. The value of k
for tunnelling into the oxide is approximately 10�8 cm. In MODFETs,
however, no oxide is present and carrier tunnelling is into the sur-
rounding relaxed SiGe layers. The Ge dependent tunnelling length is
found to be four times larger than into oxide as a consequence of



Table 2
The trap density as a function of Ge concentration in the virtual substrate for n-channel s-Si MODFETs and MOSFETs.

Ge% Nt(Efn) (cm�3 eV�1) Nt(Efn) (cm�3 eV�1) Nt(Efn) (cm�3 eV�1)
s-Si Schottky-gated MODFET on thick VS (this work) s-Si Schottky-gated MODFET on thin VS (this work) Other work on s-Si MOSFETs (except [5] – MOSMODFET)

0 2 � 1017 [4], 3–12 � 1016 [7], 1017 [15]
15 2 � 1017 [4]
20 2 � 1018 [4], 9 � 1017 [14], 3–12 � 1016 [7]
25 2 � 1018 [4]
30 6 � 1016 4 � 1016 2.3 � 1018 [4], 1.4 � 1019 [5]
40 2 � 1016 1 � 1018
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the lower barrier height presented by the SiGe layers. The trap den-
sity Nt extracted from Eq. (3) and the Ge dependent tunnelling
length is given in Table 2 and compared to values found in other
work.

It is found that the trap density of the thick VS samples is very
low, comparable to the lowest values reported in Si technology.
The trap density of the 30% and 40% thick VS device are of the same
order of magnitude. Indicative that with the lack of oxides on SiGe
layers, there is no noise degradation with increased Ge concentra-
tion. The trap density of the thin Helax VS devices is also of the
same order of magnitude as the thick VS devices, indicating that
the He+ implantation process gives good quality SiGe VS. On the
other hand, the trap density in the thin LEPECVD grown 40% VS in-
creases almost 2 orders of magnitude, indicative of a poorer quality
virtual substrate.

4. Conclusions

The trap density in Schottky-gated s-Si MODFETs on traditional
thick virtual substrates is found to be lower than for their oxide
gated equivalents. In contrast to oxide gated s-Si MOSFETs, where
the trap density increases with Ge concentration, the trap density
in Schottky-gated MODFETs does not degrade with Ge concentra-
tion but is determined by the MBE grown material quality. In Scho-
ttky-gated MODFETs, the trap density is sensitive to the virtual
substrate preparation. Thin LEPECVD virtual substrates show in-
creased trap densities. For the Helax virtual substrate, however,
no increase in trap density is seen and thus this technology is
promising for s-Si devices on thin virtual substrates.
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