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Nanowires are widely used as highly sensitive sensors for electrical detection of biological and chemical species. Modifying the
band structure of strained-Si metal-oxide-semiconductor field-effect transistors by applying the in-plane tensile strain reportedly
improves electron and hole mobility. The oxidation-induced Ge condensation increases the Ge fraction in a SiGe-on-insulator
(SGOI) and substantially increases hole mobility. However, oxidation increases the number of surface states, resulting in hole
mobility degradation. In this work, 3-aminopropyltrimethoxysilane (APTMS) was used as a biochemical reagent. The hydroxyl
molecule on the oxide surface was replaced by the methoxy groups of the APTMS molecule. We proposed a surface plasma
treatment to improve the electrical properties of SiGe nanowires. Fluorine plasma treatment can result in enhanced rates of thermal
oxidation and speed up the formation of a self-passivation oxide layer. Like a capping oxide layer, the self-passivation oxide layer
reduces the rate of follow-up oxidation. Preoxidation treatment also improved the sensitivity of SiGe nanowires because the Si-
F binding was held at a more stable interface state compared to bare nanowire on the SiGe surface. Additionally, the sensitivity
can be further improved by either the N

2
plasma posttreatment or the low-temperature postannealing due to the suppression of

outdiffusion of Ge and F atoms from the SiGe nanowire surface.

1. Introduction

One-dimensional (1D) nanostructures, such as Si nanowires
and ZnO nanorods, have been demonstrated as good can-
didates for ultrasensitive, miniaturized molecule sensors
in biological, chemical, and optical applications [1–7]. The
physical properties of biosensor devices fabricated from sili-
con depend on biochemical/molecular sensitivity. Nanoscale
semiconductor processes can be used to improve chemical
detection sensitivity. A basic phenomenon associated with

the planar semiconductor process that can be exploited
in biological sensors is surface potential modification. An
important feature of nanowires is their ultrahigh surface-to-
volume ratio, which is essential for ultrasensitive detection
of chemical or biomolecular species. Since the conductivity
of nanowires depends on the surface charges around their
surfaces, one way to improve the sensitivity of the nanowire
sensor is to use various biomolecular coatings for detecting
viruses, proteins, ions, and DNA [8–10]. Strained silicon
MOSFETs can be used to increase their electron and hole
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Figure 1:The schematics of different SiGe nanowire surface treatment processes: (a) the “bare” SiGe nanowire without any plasma treatment
and (b) the SiGe nanowire with fluorine plasma treatment.

mobility. To maximize hole mobility, the fraction 𝑥 of
Si
1−xGex should be approximately 0.3 [11]. The SiGe-on-

insulator (SGOI) process [12] has great potential for fab-
ricating high-sensitivity nanowire sensors. Using Ge con-
densation to induce formation of SiGe-on-insulator (SGOI)
nanowires, enhances conductance by increasing hole carrier
mobility. During the Ge condensation process used to fabri-
cate ultrathin SiGe-on-insulators with a high Ge fraction, Ge
pile-up occurs at the SiO

2
/SiGe interface. However, oxidation

increases the trap density at the SiO
2
/SiGe interfaces by

approximately 1012 cm−2 [13]. At its free surface, Si generally
has an interface state approximating 1015 cm−2 eV−1. The
stability of this surface state can be increased by deposition
of a thermal SiO

2
passivation layer to reduce the interface

state of the SGOI nanowire surface to less than 1011 cm−2 eV−1
[14]. Plasma fluorination process also reduces defects at the
SiO
2
/Si interface during the VLSI process [15, 16]. Since

fluorine atoms enhance the thermal oxidation rate [17], the
enhanced thermal oxidation rate accelerates the formation
of a thermal oxide layer, which, like a capping oxide layer,
reduces the rate of follow-up oxidation. Otherwise, F atoms
terminate Si dangling bonds and replace weak Si–H bonds
to prevent the defects and dangling bonds from reducing the
conductivity of transport carriers. This study compared the
effects of surface state on biochemical detection sensitivity
in boron-doped SiGe nanowires with and without surface
treatment.

2. Experimental Procedure

Strategies typically used to fabricate nanowires can be
classified as bottom-up methods (e.g., thermal evaporation
[18], laser ablation, and the vapor-liquid-solidmethods (VLS)
[19]) or top-down methods (e.g., advanced photoemission
approaches, including EUV to X-ray [20], AFM [21],
nanoimprinting [22], and methods that use side-wall spacers
[23]). The side-wall spacer technique is the cheapest and
easiest method of fabricating a nanowire sensor. Accordingly,

the nanowire samples in this study were fabricated by a side-
wall spacer process. A p-type (boron-doped) Si substrate
(100) with a resistance of 8∼10 ohm⋅cm was used. After an
initial standard RCA cleaning, the 500 nm thick oxide was
grown on the Si substrate by wet oxidation at 980∘C for
seven hours. Then, the oxide layer was patterned by optical
lithography and dry etching. The thickness of the remaining
oxide is around 300 nm.This 300 nm thick oxide layer served
as the bottom oxide in side-wall spacer etching. A 20 nm
thick amorphous Si (𝛼-Si) layer was deposited by LPCVD at
650∘C, and a 200 nm thick Si

0.86
Ge
0.14

layer was deposited
by UHV-CVD at 655∘C after RCA cleaning of the wafer.
The side-wall-spacer nanowires were formed by self-aligned
etching. Figure 1 schematically depicts two SiGe nanowire
samples with and without surface plasma treatment.
Figure 1(a) shows a bare SiGe nanowire without surface
treatment, and Figure 1(b) shows a SiGe nanowire after
fluorine plasma treatment. After formation of the 𝛼-Si/SiGe
layer, the samples were treated in a diluted O

2
gas ambient

environment for 3min. The nanowires were then annealed
for 180 s in N

2
gas. After oxidation and N

2
gas annealing,

the nanowires were implanted with 3 × 1015 ions/cm2 of
BF
2

to form p-type nanowires. The final metallization
process was deposition of a 500 nm thick layer of aluminum
followed by Al sintering at 400∘C. Finally, the electrodes
were defined by mask process.The 𝛼-Si/SiGe nanowires were
functionalized by using 3-aminopropyltrimethoxysilane
(APTMS) to modify the silicon oxide surfaces surrounding
the nanowires. A hydroxyl functional group on the oxide
surface was replaced bymethoxy groups of APTMSmodules,
and the nanowire surfaces were simultaneously terminated
by amine groups. When the surface charges of the proposed
SiGe nanowires were modified by APTMS, pronounced
conductance changes were observed, leading to high
sensitivity for chemical/biochemical sensing. The proposed
SiGe nanowire was one-time usable and its response time
after APTMS dripped on nanowire was around 10∼30 s.
A Hewlett Packard HP 4156A was used to measure the
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Figure 2: The functionalization of the 20 nm 𝛼-Si/Si
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nanowire after APTMS and BS3 dripping.

electrical characteristics of the nanowire sensor. The drain
voltage (VD) was varied from −10 to 10V in steps of
500mV, and the back gate voltage was fixed at 0V. The
electrical characteristics were measured at each stage of the
surface modification, and the average conductance was then
extracted from the ID-VD characteristics for a VD = 3∼6V.
The sensitivity (𝑆) of a nanowire-based sensor was defined as
the ratio of the magnitude of the change in conductance to
the baseline conductance:

𝑆 =





𝐺 − 𝐺

0






𝐺
0

=

Δ𝐺

𝐺
0

, (1)

where 𝐺
0
represents the conductance before capture of a

molecule; 𝐺 is the conductance after capture of a molecule,
and Δ𝐺 is the difference between 𝐺 and 𝐺

0
.

3. Results and Discussion

The SiGe nanowires were functionalized by using APTMS
to modify their surrounding silicon oxide surfaces. The
hydroxyl functional group on the oxide surface was replaced
by the methoxy groups of the APTMS molecule, and the
nanowire surface was simultaneously terminated by amine
groups. Next, bis (3-sulfo-N-hydroxysuccinimide ester)
sodium salt (BS3) was used to link the APTMS with the IgG
antibody. Figure 2 presents the conductance characteristics
of a nanowire after APTMS and BS3 were dripped onto the
nanowire surfaces. Conductance was decreased in nanowires
treated by drip application of APTMS on their surfaces. The
APTMS tended to become positively charged, as reflected
in the decrease of the conductance when hole carriers were
depleted from the surface of the p-type nanowire. The
conductance of the APTMS-modified nanowire increased
after drip application of BS3. These experimental results
indicate that the BS3 reduced the surface potential and
caused hole carriers to accumulate at the nanowire surface.
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The functionalization was consistent with the results of
our previous experiments in n-type SiGe nanowire [24].
The hydroxyl molecules were replaced by the methoxy
sides of the APTMS molecules, which caused the surface
potential of the nanowire to become positive and deplete
the hole carriers. As the BS3 molecules released sodium
ions or broke the single bonds between the carbon atoms
and the oxygen atoms, the accumulation of the hole carriers
changed the surface potential from positive to negative.
Figure 3 depicts the sensitivity of Si

0.86
Ge
0.14

nanowires by
different CF

4
plasma treatment times. There were 8 tested

samples for production of error bars. The results show that
the sensitivity of the sample by plasma treatment time of 20 s
is better. It can be speculated that the oxidation rate becomes
slow because oxygen needs to diffuse through the capping
layer. The oxidation rate in the samples capped with an
oxidation layer is reduced, further suppressing the formation
of surface defects. The free surface of a semiconductor
is well known to have high surface state as a result of its
dangling bonds. Accumulation of Ge at the nanowire surface
during the Ge condensation process also causes interface
defects. Thus, a SiGe nanowire without an oxide capping
layer should have a lower conductance compared to one
with an oxide-capped sample. The oxide cap was exploited to
increase the biochemical sensitivity of SiGe nanowires [25].
Since fluorine atoms enhance thermal oxidation [17], the
enhanced thermal oxidation rate assumedly causes a thermal
oxide layer to form rapidly. Like a capping oxide layer, the
thermal oxide layer reduces the rate of follow-up oxidation.
This self-passivation effect was verified in a control sample of
p-type wafers that had received varying durations of fluorine
plasma treatment.The oxide thickness was measured with an
ellipsometer. Figure 4 plots the oxide thickness after varying
durations of CF

4
plasma treatment. The sample by plasma

treatment time of 20 s obtained the lowest passive oxide
thickness. Although nanowire samples that received a longer
treatment had a thicker oxide layer and a lower oxidation
rate, fewer O

2
atoms passed through their thick oxide layers,
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which minimized the Ge pile-up effect. The long duration of
fluorine treatment also degraded sensitivity [26, 27]. Hanrath
and Korgel reported that [28], in Ge nanowires with p-type
behavior, Ge tends to accumulate holes at the nanowire
surfaces owing to a trapped negative surface charge. Hence,
the bare SiGe nanowire sample should have had a higher
conductance compared to other SiGe nanowire samples.This
difference resulted from enhanced surface doping; therefore,
carrier scattering caused by ionized impurities and surface
scattering are major concerns with respect to sensitivity
variation [29, 30]. Several recent studies have used fluorine
to improve the quality of the interfacial layer at a high-𝜅/Si
interface. The strong Si–F bond (5.73 eV) replaces the weak
Si–H bond (3.18 eV) [31, 32] which increases the sensitivity
of the nanowire upon plasma fluorination by suppressing the
formation of dangling bonds in Ge condensation process.

The effects of the posttreatment were also examined.
Figure 5 schematically depicts two SiGe nanowire samples
that received different plasma posttreatment after fluorine
plasma pretreatment. Figure 5(a) shows a SiGe nanowire that
received the N

2
plasma posttreatment, and Figure 5(b) shows

a SiGe nanowire that received theNH
3
plasma posttreatment.

Figure 6 displays the effect of the posttreatment of SiGe
nanowire after fluorine plasma treatment. The sensitivity of
the nanowire sample posttreated with N

2
is higher than those

of nanowire samples posttreated with NH
3
and those that

did not receive treatment. Several studies have reported the
successful incorporation of nitrogen into the interfacial layer
(IL) and dielectric layer of high-𝜅 material [33–36]. Hence,
plasma treatment was effective for incorporating nitrogen on
the SiGe nanowire surface. Compared to the NH

3
-treated

sample, the N
2
-treated sample has a higher conductance

because it incorporates more N atoms. Weak Si–H bonds
are easily broken in the following annealing process at high
temperature, which causes dangling bonds to reappear. In
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Figure 5: The schematics of different post-plasma treatment pro-
cesses: (a) the N

2
plasma posttreatment and (b) the NH
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posttreatment.
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the NH
3
-treated sample, because of these dangling bond

traps the conduction carriers are trapped in n-type traps [37–
40], reducing its sensitivity. Figure 7 shows the sensitivity of
SiGe nanowire samples with and without plasma treatment
under different annealing temperatures. The change in the
sensitivity of the plasma-treated nanowire is opposite that of
the bare nanowire in the temperature region 800∼950∘C. At
1000∘C, the sensitivity of the bare nanowire sample decreases.
According to the literature, temperature has an important
effect on the SGOI structure [41–43]. It is observed that
the raise of the sensitivity of “bare” SiGe nanowire is more
obvious at temperature of 950∘C due to better concentra-
tion and enough energy to recrystallize. A suitable thermal
budget can recrystallize the interface between the oxide
and SiGe, which reduces the number of dislocations and
interior defects. Therefore, sensitivity decreased as annealing
temperature increased to 1000∘C owing to the diffusion
of the Ge, which had originally piled up at the nanowire
surface, into the SiGe/SiO

2
interface. The sensitivity was

reduced becauseGe diffusion decreased theGe fraction at the
surface. In preoxidation treatment, fluorine atoms eliminated
most of the defects in the plasma-treated nanowire sample.
Furthermore, Ge atoms did not diffuse into the amorphous
Si/buried oxide interface. Hence, the average sensitivity of
plasma-treated SiGe nanowires exceeded that of bare sam-
ples after annealing at various temperatures and increased
as annealing temperature decreased. Figure 8 summarizes
the sensitivity of the SiGe nanowire after fluorine/nitrogen
plasma treatment for different postannealing conditions.The
rate of increase in conductance of the plasma-treated samples
declined with increasing temperature. It can be attributed to
the fact that the SiGe nanowire surface lost fluorine atoms
when annealing temperature exceeded 700∘C. According to
the literature [43, 44], most fluorine is retained at an anneal-
ing temperature of 600∘C. When annealing temperature
reaches 700∘C, the retained dose substantially decreases. In
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Figure 8: The effect of the postannealing of SiGe nanowire after
fluorine/nitrogen plasma treatment.

preoxidation treatment, fluorine atoms eliminated most of
the defects in the plasma-treated nanowire sample. Hence,
the reduced sensitivity of the SiGe nanowire resulting from
defects was reproduced by the loss of fluorine atoms in
SiGe nanowire surfaces exposed to higher postannealing
temperature.

4. Conclusion

This study examined the use of self-passivation and dual
plasma methods for increasing the sensitivity of SiGe
nanowires in the Ge condensation process. A self-passivation
capping oxide layer formed on SiGe nanowire by fluo-
rine enhanced-oxidation reduced the oxidation rate, which
suppressed defect formation during the Ge condensation
process. Fluorine plasma treatment also efficiently enhanced
the sensitivity of SiGe nanowires by increasing the strength of
Si–F bonds, which then increased the stability of the interface
state on SiGe surface. Accordingly, F atoms can eliminate
the dangling bonds in the Ge condensation process in a
SiGe nanowire with a high fraction of Ge, which improves
its conductance. Plasma posttreatment in N

2
ambient is

better than that in NH
3
because the H atoms are more

easily dissolved by subsequent annealing at high temperature.
Sensitivity can also be improved by adjusting postannealing
temperature. A suitable thermal budge not only prevents Ge
redistribution, but also retains the highest fluorine dose at the
SiGe nanowire surface, which provides a high sensitivity and
conductance.
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