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The study of the sensitivity of SiGe nanowire bio-sensor device

fabricated with multi-layer (oxide/SiGe/Si-on-insulator) structure

Student : Cheng-Ting Hsieh Advisor : Dr. Kow-Ming Chang
Department of Electronics Engineering & Institute of Electronics

National Chiao Tung University

ABSTRACT

Science on, research -in-recent years, the nanewire, was: extensively

studied and discussed, particularly in.the application of.bio-sensor devices,
and is considered one of the most promising components for sensing devices.
In our previous research, we successfully<demonstrated ‘the SiGe. nanowire
and by experimental measurement, we confirmed that IS presented
bio-sensor characteristic. In <this thesis;» p-type- SiGe /nanowires were
fabricated, which«is. compatible to VLSI technology.<Then, we exploited
plasma enhanced chemicalvapor deposition (PECVD) to.stack oxide layer.
Next step, we oxidizeds SiGe nanowires.to-precipitate Ge, successfully
fabricated non-homogeneous SiGe nonowires. We use the proportion of
different concentrations of silicon germanium, stack of different thickness of
oxide layer, different oxidation time and ratio of different nitrogen to
compare. Finally, we found non-homogeneous SiGe nanowires, which had
the best sensitivity. In ours results, SiGe nanowires presented the better

application in bio-sensor device.
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Chapter 1

Introduction

1.1 Overview of nhanowire sensors

In recentuyears, many.-of researches have been focused on the
development.of ultrasensitivity nanowire sensors..These sensors.have a wide
variety of potential applications [1]. Due to-the large surface-to-volume ratio,
silicon nanowire  sensor provides achigh sensitivity in the .chemical or
biological detection. In view of‘@above unique feature, physical.properties of
nanowire were ‘greatly.influenced by surface adsorption.of'chemical species
or biomolecules, such.as.electrical or optical signal.

For nanowire sensors operated-as-FETS, the sensing mechanism is the
field-gating effect of charged molecules on the carrier conduction inside the
nanowire. The advantages of nanowire FET sensor were lable-free, selective
real-time detection, direct electrical readout and high density of device,
which were also the advantage in nanowire bio-sensors. According to other
researches, we found the nanowire-based sensors that exhibited faster
response and the higher detection limit than other planar sensors, like

chemical field-effect transistor (CHEMFET) and ion-sensitive field-effect



(ISFET). In Fig.1-1 [2], we clearly found out that the detection limit of
nanowire-based sensors was three to four orders higher than planar sensors.

Semiconductor nanowires composed of silicon or other materials also
can function as FET devices. There were lots of nanowire-based chemical
sensors, including silicon nanowires, polymer nanowires, metal-oxide
nanowires, metal nanowires and nanotubes. Silicon nanowires (SINWS), one
of the best characterized for bio-sensing applications [3].

Many of researches demonstrate that snanoscale device such as
nanowires, carbon nanotubes, and“nanoparticles .are ultrasensitive sensors
due to their one-dimensional (1D) structure. The 1D .Structure, such as
nanowires, are articularly-competling due to their potentialfor biosensing

applications and suitability-for-large-scale high-density integration [4].

1.2 Silicon nanowire fabrication

Silicon nanowire fabrication methods can be divided roughly into two

groups: bottom-up and top-down methods.

1.2.1 Bottom-up approaches of SINW fabrication

We briefly introduce here the bottom-up methods for nanostructure. The
bottom-up method means that nanostructures are certainly formed on
substrate under certain conditions. We know that a lot of nanowire synthesis
methods are developed for bottom-up technology. And we introduce the

following three methods for bottom-up formation which include laser



ablation, thermal evaporation and vapor-liquid-solid (VLS).

First, we introduce the method of laser ablation. Maroles, Lieber and
their groups [5] used the Fe-Si target and the content of Fe in the target was
10%. The nanowire growth model of laser ablation was shown in Fig. 1-2. In
this model, laser ablation of the Si;  Fe, target produces a vapor of Si and Fe
that rapidly condenses into Si-rich liquid nanoclusters, and when the
nanoclusters become supersaturated, the coexisting Si phase precipitates and
crystallizes as nanowires. Ultimately, the growth terminates when the gas
flow carries the nanowires out of the"hot zone.of the furnace.

Second, we introduce the method of thermal“evaporation. Pan and
co-workers successfully used-thermal evaporation to make SINWs [6]. Si
substrate was,oxidized inair-at-high temperature to produce a layer of silicon
oxide on Si surfaces to study the effect of the oxide layer.on the growth of
SiNWSs. To jinvestigate the effects of pressuré and temperaturepthe growth
conditions were changed in/a pressure‘range from 50 Pa to one bar and a
temperature range. from 800 t0w1100 CunThesSEM images of SiNWs

produced by thermal evaporation based on'Si substrate in‘Fig. 1-3. It is noted
that the method is eonvenient for the bulk quality growth of SINWs.

Finally, we introduce the.methed.of-vapor-liquid-solid (VLS). Wu and
co-workers successfully used vapor-liquid-solid(VLS) to make SiNWs [7]
in following process, alloying, nucleation and axial growth. They used Au
for metal catalyst. When increasing amount of Ge vapor condensation and
dissolution, Ge and Au form an alloy and liquefy. The volume of the alloy
droplets increases, and the elemental contrast decreases while the alloy
composition crosses sequentially. Thus, with the concentration of Ge
saturated in Au, the Ge would precipitate to form Ge nanowire. The process

and phase diagram were shown in Fig. 1-4 (a) and (b). Advantages accruing
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from VLS crystal growth are many. For example, highly perfect crystals can
be prepared at a lower temperature than is possible in direct deposition from

vapor onto a solid.

1.2.2  Top-down approaches of SINW fabrication

We briefly introduce here the top-down methods for nanostructure.
Top-down methods start with patterns/made:on a large scale and reduce its
lateral dimensions befere forming-nanostructures. It, approaches include
lithography and eteching process. Most of the VLSI'technelogy is using this
method to process because-it-can-be easily to control pattern.

Traditional lithography:is-using the mask for patterning. A beam of light
passes throughrthe mask and.a-lens, which focuses an image on photoresist
placed on .a surface. of a silicon<wafer. The resolution of the
photolithographic process determines the critical dimension.

Previousstudies have mentioned. the Top-down fabrication processes of
the SINWs sensor with electron beam lithography” (EBL) [8,:9] technology
was easier scaling down, than traditional lithography.The.EBL technology
enabled scale patterning with=eritical dimension under. 30nm, even 10nm
was achieved but the disadvantage of EBL technology was very expensive
and longer process time.

Due to the EBL has some disadvantage, so it maybe replace with
nanoimprint lithography. The advantage of nanoimprint lithography was low
cost, high throughput, high resolution, and different linewidths with the
same template. Nanoimprint lithography has two basic steps [10] as shown
in Fig. 1-5. First, imprinting use a mold to create a thickness contrast pattern

in a resist and move the mold. Second, pattern transfer use anisotropic
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etching (RIE) to remove residue resist in the compressed areas. Next, we
discuss more advanced method of nanoimprint lithography which can make
75nm wide nanowires. Wan and co-workers [11] have successfully used
nanoimprint technology to create the nanowires to detect gas. The Fig. 1-6
was the nanowires fabrication by nanoimprint technology.

In the other way, the nanowires formation by sidewall spacer is also
actively developing. The conformal deposition and anisotropic dry etching
on pre-patterned surface were the significant factor to form the side spacer
nanowires. The height and width-of 'spacernanowires were dominated by the
thickness of thin film deposition and anisotropic etching time. Generally, the

technique of sidewall spacer—was prospective, possible,«versatile and

flexible. Linvand co-workers-[12] have successfully used this' method to

fabricate the"poly-Si spacer to be the channel for thin film transistor. Their
steps flow and structure diagrams_ were<sshown in Fig..1-7. la.the other
research, Kim and co-workers«[13]}<have successfully demaonstrated silicon
single-electronrtransistors with sidewall depletion-gates. An above studies,
showed excellent”reproducibility and controllability .of<spacer formation
technology. In this study, we.successfully used advantage of sidewall spacer

formation to fabricate SiGe nanowires:

1.3 Applications of SINW sensors

Due to the Si nanowires have lot of advantages, such as real-time,
highly sensitivity, label free and large surface to volume ratio, the

application of Si nanowire sensors were developed widely in chemistry and



biological, even based diagnostic tools. In this section, we would introduce
some nanowire sensors, which were located importance on general
researches, such as pH sensors, DNA sensors, gas sensors, protein sensors,

and virus detection.

1.3.1 pH sensor

The first nanowire field effect devicesshad used to detect analytes in
solution occurred in 2001 with the-sensing.of pH/ by, Leiber’s group [14].
The device structure and<chemical response were shown'in Fig. 1-8. The
SiINW device was transformed-into a pH sensor by maodifying the silicon
oxide surface with‘and without:-3-aminopropyltrietnoxysilane (APTES). We
could obviously' found' -out..that the p-SiINWSs devices ‘modified by
3-aminopropyltriethoxysilane exhibited stepwise increases in conductance as
the solution"pH was increased stepwise from 2 to 9. However, unmodified
SiNWs devicershowed nonlinear_response.at low pH (2-6) and the same
linear response with modified at high pH (6-9). At low pH,the —NH, group
was protonated to <NHs", which dominated reaction”and. formed positive
charge on the surface! In, contrast, at high«pH;rthe,—SiOH group was
deprotonated to —SiO’, which dominated reaction and formed negative
charge on the surface. Without modified 3-aminopropyltriethoxysilane, so it
didn’t have the —~NH, group was protonated to —NH;". Applying the positive
charge depletes carriers and reduces the conductance in the p-type nanowire.
In the same way, applying the negative charge accumulates carriers and
increase the conductance in the p-type nanowire. This comparison clearly

demonstrated that the sening mechanism was successful.



1.3.2 DNAsensor

Gao and co-workers [15] fabricated silicon nanowire arrays for
label-free detection of DNA by top-down approach. The nanowire arrays
fabrication process shown as Fig. 1-9. The electrical DNA assay described
there is ultrasensitive, rapid and label-free, and is able to monitor directly
DNA hybridization process in situ and in real time. The high sensitivity of
nanowire sensors are prospective because the diameters of these sensors are
similar to the size of the DNA~molecules being sensed and because
important signal changes will be caused by the binding.of a small number of
DNA molecules onithe'surface of a single nanowire. The.analysis of working
principle of thexSINW array-biosensor 1s shown as Fig. 1-10.Simply, they
used to determine the amount-of-conductance change in the binding of DNA

with or without on the hanowire surface.

1.3.3 Gas detection

Kim and co-workers" [16] used the electro-deposited. into anodized
alumina template “approach. of Pd nanowire fabrication to process the
nanowire sensor for hydrogen gas.sensor...Ihe hydrogen sensor has been
widely studied for a long time ‘'due to safety reasons. In their study, the
hydrogen sensor utilizing a bundle of Pd nanowires is fabricated, which is
shown in Fig. 1-11. The bottom gate was on Ti layer and the apparatus of
sensor was shown in Fig. 1-12. They used a metal needle as the top contact
because there was no other ways to make the excellent contact on the top of
the Pd nanowires and to guarantee the hydrogen gas of reaching the

nanowire surface. When the hydrogen gas flow presence in apparatus, Pd



metal is subject to swell because the Pd hydride has a larger lattice constant
than pure Pd metal. Their groups utilized the characteristic, different sizes of
metal have different conductance by measurement. As soon as the hydrogen
gas was flowed to the sensing chamber, the electrical resistance of the Pd
nanowire sensor stated to decrease suddenly. Overall, the sensor of hydrogen

gas would be applied in the feature.

1.3.4  Protein detection

Wang and co-workers[17] demonstrate the sensor ofprotein molecules
by using silicon. nanowires-fabricated by top-down approach. The Abl
tyrosine kinase was covalently-linked to the p-type SINWSs, which was set as
surface modification..-F-he.sensing. mechanism<is_similar_previous studies.
The observed.increases in conductance are consistent with the.binding of
negatively charged ATP to Abl of nanowire surface. On the other hand, when
SINW is n-type, the conductance decreases.as.the ATP link tor Abl. The
simple diagram_of nanowire with or without ATP.was shown in Fig. 1-12. If
used the characteristic; there will be greater help on medical.or drug analysis

in the feature.

1.3.5 Virus detection

Lieber and co-workers [18] report rapid, label free, direct and real-time
electrical detection of single virus particles with high selectivity by using
nanowire field effect transistors. The different antibody receptors were
covalently linked to the p-type SiNWSs, which were set as surface

modification, the diagram was shown in Fig. 1-13. We could find out that
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modification of different nanowires within the array with receptors specific
for different viruses provided a means for simultaneous detection of multiple
viruses. And the Fig. 1-14 showed the conductance (upper) and optical
(lower) data that was recored simultaneously. Overall, single viral particle
sensitive, and capability of selective multiplexed detection of their approach
suggest that this work could lead to useful viral sensing devices. This could
provide an indication of mutations in samples as required for robust medical

and bioterrorism detection, even drug discovery:

1.4 Other materials of nanowire sensors

There are many researches used Si nanowire as sensor, but other
materials step’by step respected in nanowiresensors. Not/only thesilicon are
used as the material of sensor, there are other kinds of materials.have been
used as a nanowire sensor, such as metal oxide semiconductor nanowire

sensor, polymer‘nanowire sensor, and metal'nanowire sensor.

1.4.1 Metal oxide nanowire sensor

Metal oxide nanowire sensor had been determinate good potential to be
used as chemical sensors in many recent researches. Many groups
successfully demonstrated metal oxide 1-D nanostructure, which used as
chemical sensors, involving nanowire [19], nanoribbon [20], nanobelt [21]
nanorod [22], nanotube [23], and nanoparticle [24]. There are many kinds of
metal oxide have been used as oxide of nanowire structure, involving ZnO,
Sn0O,, In,03, Co30,, Fe,05, TiO,, M003;, and V,0s. The above mentioned
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materials, especially, ZnO,, SnO,, and In,O3; were most attention on recent
researches.

Liu and co-workers [25] successfully demonstrated a field effect
chemical sensor, which was based on ZnO nanowire. Their sensor were used
to detect NO, and NHs. They likely controlled the gate potential to affect the
sensitivity, and we clearly found out that when we want to desorb gas
molecules on the surface we could apply a large negative voltage to reach. In
other studies, ZnO nanostructures were developed in nanotube, nanocube,
nanorod, and nanowire: Common-feature of.these nanostructures is large
surface-to-volume ratio.

Nguyen and, co-workers—[26] successfully fabricated™metal oxide
nanowire in wmertical field-effect transistor, by buttom-up ‘process that the
materials includingInzOs. Likewise, Zhang and co-workers [27] fabricated
and tested ansln,O; nanowire sensor, which could detect CO. Especially, the
sensor could_detect in variousatmespheres comprised of mixtures of
N2/02/CO, which'is advantage in-their-researchailt-also obviously explained
the detection of«a wide range.of sensor with.the.metal oxidesnanowire. In
other research, Zhang “and co-workers [28] alsosfabricated the In,0O;
nanowires as chemical sensor.“Here, they.used 1n,O3 nanowire sensor to
detect NO, and NH; at room temperature. The mechanism of gas sensor had
been introduced in section 1.3.3. Their nanowire sensor showed sensitivities
as high as 10° for diluted NO, and 10° for diluted NH; and the diagram was
shown in Fig. 1-15, which showed the energy band diagrams and I-Vp
curves. The response time was 10 sec for 1% NH; and 5 sec for 100ppm
NO,. Thus, In,O3 nanowire sensor of gas detection will maybe apply in the

future.
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1.4.2  Conducting polymer nanowire sensor

Ramanathan and co-workers [29] successfully fabricated conducting
polymer nanowire sensor, which had revolutionized to provide label-free,
real time, high sensitivity, and selective detection of a wide range of
chemical and biological. In Fig. 1-16 showed that the electrical response of
an unmodified nanowire. Briefly, they have already demonstrated that the
conductivities of Ppy or polyanilinecan be modulated by simply controlling
the oxidation state of these polymers:=in-other:studies, several methods of
polymer nanowire fabrication were electrochemical dip-pen:lithography [30],
mechanical stretching [31];—electro-spinning [32], and. template-directed
electrochemical” synthesis -[33].. Summary, " conducting polymer nanowire
(CPNW) was fabricated.by-electrochemical polymerization.

However, CPNW was used as chemical or biological detection has
several advantages, but we could find out that CPNW ‘may not be
biocompatiblerand. postsynthesis._assembly. remained a problem, because

CPNW was mechanically weak and not very reliable.

1.4.3 Metal nanowire sensor

Many of studies had successfully fabricated metal nanowire that used as
chemical or biological detection, and the metal nanowires smaller than
100nm in diameter. In research of Walter and co-workers [34], they
fabricated the metal nanowire by electrodeposition. Their studies suggest
that metal nanowires might form the basis for chemical sensors. The
formation of the structure was electrochemical step-edge decoration (ESED),

which can be implemented in two different ways to obtain metal nanowire
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arrays. The details of two methods are shown schematically in Fig. 1-17.
This electrochemical step-edge decoration (ESED) supplies a new and very
general method for preparing metal nanowires that possess important
attributes involving adjustability of the diameter, great dimensional

uniformity, strength, and lengths of more than 500 ¢ m. Generally, metal

oxides such as copper, nickel, gold, and palladium can be selectively
electrodeposited at the step edges present on the basal plane of highly
oriented pyrolytic graphite, (HOPG). In/ their, other study [35], they
successfully used the ‘metal nanowire as efficient chemical sensors. The
detection of hydrogen gas was shown in Fig..1-18: We could obviously
found out the resistance was-decrease when Hy/N, flow in the apparatus at
room temperature; Therefore, it"is used as'the sensor. of hydrogen gas is no
doubt.

1.5 Sensitivity

The sensitivity® forynanowire sensor was defined to the ratio of
conductance, which was the value of shift.=Thesnanowire sensor reveals
higher sensitivity than other traditional planar sensor chiefly because of two
arguments. First, the surface-to-volume ratio of the nanowire sensor is larger
than other planar sensors. Second, it has the contribution of surface charges
from sidewall. The argument was demonstrated [36] in Fig. 1-19, which
shown the simulated conductance values as function of the surface potential
for the 200-nm-wide and 50-nm-wide Si wires that the 50-nm-wide
nanowire was more sensitive to 200-nm-wide nanowire, due to the

surface-to-volume ratio of 50-nm larger than 200-nm.

12



We considered semiconductor nanowiers, such as Si and SiGe
nanowires. According to the discussion of the paper [37], we could simply
define the expression of conductance, conductance variation, and sensitivity

respectively as follows:

2
G, _ GuNp7d” (1.1)
NW

A 27T (1)

I‘NW
s ACl_ 40Ty
G | qdN,

,where d : diameter, length of nanowire : Ly, uniform doping density : Np,
andqg:1.6 x.10™ C.

1.6 Ge condensation technology

The process of oxidation of SiGe was also called Ge condensation
because only Si during oxidation process was oxidized, and Ge was declined
from pure SiO, layer that caused increasing Ge concentration under oxide
layer. This phenomenon was first published in 1980s [38] and acquired a lot
of attention because of at that time the importance of silicon germanium and
germanium for electronic and optoelectronic devices [39]. Traditionally, in
order to acquire SiGe film, the Ge has high concentration and great quality,

it was essential to gradually increase Ge concentration during deposition,
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caused by very thick SiGe film which was not practical. Many of groups had
actively researched and demonstrated that ultrathin SiGe film with very high
Ge concentration and great quality was achievable by process of Ge
condensation.

In our research group, we would depend on the Ge condensation
technology to implement size reduction and achieved increase of the Ge
concentration at interface, which was used as material of nanowire and was

great sensitive.

1.7 The oxidation mechanism of SiGe

The SiGe.alloys exhibited higher carrier' mobility than Si'and could be
thermal oxidized at relatively low temperature, so it was one of the most
important materials for semiconductor device fabrication.’ In“research of
SiGe alloys [39, 40], they had efficiently —demonstrated’ the oxidation
mechanism of SiGe, which-were explained by the diffusion kinetics and
combination of oxidation kinetics in the following expression:

Si 9.0, "="8i0,(1.4)
With Gibbs free energy change of AG;=-732"KJ/mol O..

Ge + 0, — Ge0O,(15)
With Gibbs free energy change of AG,= -376 KJ/mol O,. Combining above
two equations, it would obtain the third equation:

GeO, + Si — Ge + SiO,(1.6)

With Gibbs free energy change of AGs;= -356 KJ/mol O,. According to
above equations, we could clearly understand that Si and Ge would be
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oxidized simultaneously when we oxidized the SiGe. Incidentally, Si was
more active than Ge that had been demonstrated in many of researches.
Moreover, from the energy change of AGs, we could find out that any Ge
oxidized would terminally be reduced by Si, resulting in pure SiO, and Ge
accumulated at interface. According to the Fig. 1-20, we clearly realized
while the Si existed, no GeO, was formed under equilibrium. In other
researches [41, 42], they mentioned that the oxide layer on top of SiGe layer
was not very thick and then Ge-enhanced thg oxidation rate of Si by a factor
about 2~3 in wet oxidation and 1:5~2 in dry-oxidation.Due to their studies,
we could obviously know Ge concentration was_higher when oxidation rate
was increase. This interesting-phenomenon was explained. by both single
crystalline SiGe and polyerystalline SiGewin both wet.surrounding and dry
surrounding.

Brief summary of SiGe and Si oxidation«was raised in the fallowing. Si
interstitials injection was a factorthat‘not only reduced oxidation rate but
also greatly alleviated with-the presence-of Ge:vAdditionally, the vacancy
flux from oxideo SiGe bulk was notify, which-mean more Siratoms diffuse

to the interface through vacancy and reacted with oxygen atoms.
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Chapter 2

Experiment

In this study, we utilized the top-down fabrication method to fabricate
SiGe/Si stack nanowires. In‘plain.terms, we:demonstrated SiGe/Si nanowires,
which were nanometer _scale on the spacer, instead of<e-beam lithography

and other complex-buttom-up fabrication!

2.1 Process flow

A p-type Si substrate{100) was‘used in this study. The resistivity of

silicon substrate was about 1~10Q-cm.

1. Standard RCA clean andwet oxidation to grow 5000A" thick bottom
oxide by SVCS Furnace systemuaThesstructure is shown in Fig. 2-1.

2. Mask#1: Define active area. TEL CLEAN TRACK MK-8 and Canon
FPA-30001 5+stepper lithography system were employed to transfer
pattern onto oxide layer. Then, dry etching 3000A was carried out with
TELS5000R.I.E system to form oxide step. It is ready for sidewall spacer
formation. The structure is shown in Fig. 2-2.

3. Standard RCA clean, a-Si layer was deposited on bottom oxide by
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Vertical furnace system. This a-Si layer deposited 200A -~ 400A and

separately for the stack structure. Then, a-Si served as seed layer for

SiGe film deposition. The structure is shown in Fig. 2-3.

Standard RCA clean, and then SiGe was deposited by ANELAVA SiGe
UHV-CME. The structure is shown in Fig. 2-4.

Mask#2: Define S/D region and form spacer sidewall. Dry etching was
carried out with TCP9400-SE poly etcherto.define S/D region on the
active layer and the SiGe/Si nanowires were defined on the spacer. The

structure is‘shewn in Fig--2-5.

Mask#3: Remove unwanted sidewall spacer. TCP 9400 SE poly etcher
was employed to remove unwanted-spacer, which would have resulted
in short circuit between two nanowire devices.if not removed.. The

structure 1s shown in‘Fig. 2-6:

100A and 200A “ofusilicon dioxide were deposited on the SiGe/Si
nanowires by PECVD PD-220N.respectively: The structure is shown in
Fig. 2-7.

Using the furnace tube to do surface treatment and etch the oxide by
DHF.

Boron-fluoride (BF2""") was implanted into SiGe nanowires by E500HP
implanter. The implantation dose is focused on 1x101s ions/cmzand

energy was focused on 50keV.The structure is shown in Fig. 2-8.
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10. Annealing in Furnace at 950°C for 30min to activate dopants.

11. 4000A ~5000A Aluminum deposited by AST Peva 6001. The structure is
shown in Fig. 2-9.

12. Mask#4: Define aluminum contact pad. Al pads are formed by wet
etching (HNO3z:CH3COOH:HsPO4:H20=2:9:50:10). The structure is
shown in Fig. 2-10¢

13. Aluminim sintering at 400°C in N2 ambient for 30 min.

14. The device view from top position. The structure is shown in.Fig. 2-11.

2.2 Functionalization

First, we dripped the, DI water on the surface’of the nanowires, the
native oxide was around' nanowires.that-set as<linker. Second, we used
amino-propyl-trimethoxy-silane | (APTMS) | to" modify the surface of
nanowires, and then the APTMS to oxide surface resulted in a surface
terminating in both —NH, and —SiOH groups. The diagram of modification
was shown in Fig. 2-11. After dripped the APTMS, the surface of the
terminal of nanowires was amine groups. In our experiment, amine group
would be as positive charge. It was similar that nanowires had the positive
gate bias, so the conductance of P-type nanowires would be decreased. Next

step, we dripped the bis-sulfo-succinimidyl substrate (BS3) on the nanowires,
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which was modified by APTMS. BS3 treatment resulted in negative charge,
so the conductance of the P-type nanowires would be increased. In this study,
we focused on sensitivity of different surface treatment and different stack

structures.

2.3 Measurement of electric characteristics

The electric characteristics of-nanowire sensors, were measured by
HP4156A in our study. We applied the drain voltage:(\V/p) from -10V to 10V
and step was 100mV, and.didn’t. apply the back gate voltage (V). The
measurement of electric characteristics \was achieved at every stage of
surface modification,.and the data of average conductance was extracted

from 1p-Vp characteristics.

2.4 Definerthe sensitivity

In the beginning, we. measured the |-V curvesof devices which had
dripped the DI water to the surface"of-SiGe nanowires, and then we defined
the current was l,. Next step, we similarly measured the I-V curve of devices,
which had dripped the APTMS to the surface of SiGe nanowires, and then

we defined the current was I. In our study, we used the above information

and defined the sensitivity was S:"I_—'O

0

. Overall, we would focus on the

sensitivity of different conditions in our study.
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Chapter 3

Results and Discussions

3.1 Motive of the experiment

According to eur group’s previous researches, we cconcerned about
oxidation time,;nGe’ concentration, annealing temperature, and different of
thickness of amorphous Si--We-used our group’s‘previous researches for our
foundation, and then we applied new process on'the device. The new process
used PlasmasEnhanced Chemical \Vapor-Deposition (PECVD) technique to
stack thin oxide layer before entering furnace oxidation. This'new approach
was the main purpose ofiincreasing sensitivity.-\When we stacked thin oxide
layer of about a<few hundreds angstrom before entering furnace, the thin
oxide could reduce Ge oxidation after entering furnace. If we could obtain
more pure germanium nanowires, the-mobility ‘could be higher and the
current could be similar increasing. However, the sensitivity should be
increased when we successfully fabricated the structure.

In our group’s previous researches, we focused on different of annealing
temperature, Ge concentration, and thickness of amorphous Si. At the

annealing temperature, we focused on 950°C because Ge would diffuse over
1000°C and would not have energy to repair defects under 900°C. Due to

above two reasons, we would set the annealing temperature of 950°C in
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order to improve the sensitivity of SiGe/Si nanowires. On the structure, we
used nanowires of Poly Si, Sigg3Gepo7, SlpgsGeo1s4 and SipnGeggo IN
combination of amorphous Si 200A, 400A and 100A, 200A thin silicon
dioxide layer that the thin oxide layer was by PECVD. We would exploit
above structures to find out the best combination in our experiment. The
experimental procedure was shown in Fig. 3-1.

The treatment of oxidation was N, 0%, N, 13% and N, 100% at 900°C

for 3min, 5min, 7min and 110min." And then, we also discussed the
characteristics of SiGe/Si stacksstructure that*had the same conditions unless
without deposited oxideslayer by PECVD in this. chapter. Combining these
conditions, we would find-out-the best sensitivity, whether there nanowires
after deposited-oxide layer by PECVD:

3.2 Nanowires cross-section view

3.2.1  Nanowires cross-section view.of SEM

We observed the' cross=section view .of different structure and
concentration nanowire by Scanning Electron ‘Microscopy (SEM). The
structure of 200A 7% imaged Fig. 3-2, which showed the width of nanowire
was 72nm. The structure of 200A 14% imaged Fig. 3-3, which showed the
width of nanowire was 77nm. The structure of 200A 20% imaged Fig. 3-4,
which showed the width of nanowire was 65nm. The structure of 400A 7%
imaged Fig. 3-5, which showed the width of nanowire was 67nm. The
structure of 400A 14% imaged Fig. 3-6, which showed the width of

nanowire was 73nm.
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3.2.2  Nanowires cross-section view of TEM

We observed the cross-section view of different structure and
concentration nanowire by Transmission Electron Microscopy (TEM). The
structure of 200A 7% imaged Fig. 3-7. The structure of 200A 14% imaged
Fig. 3-8. The structure of 200A 20% imaged Fig. 3-9. The structure of 400A
7% imaged Fig. 3-10. The structure of 400A 14% imaged Fig. 3-11.

3.3 Electrical response after dripping APTMSand BS3

We fabricated the p-type-nanowires, and then the APTMS and BS3’s
bond structure. contained—positive and negative electricity, respectively.
Consequently, the conductance would decreaseafter drip APTMS on p-type
SiGe nanowire. Similarly, the conductance would be increased=when the
BS3 bond with-nanowires after the”/APTMS dripped. The following sections
will have many of the figures to illustrate the response.

We would introduce. the ‘calculation of sensitivity and'show the response
of conductance andsensitivity. figures in our_thesis: First, we dripped the

APTMS on SiGe nanowires, andythen we defined the sensitivity

Si= '1|_ o 100. Second, we dripped BS3 on the SiGe nanowires, which were

0

after dripped APTMS, and then we defined the sensitivity S,= 2 I_ L 100 (lo:

1
dripped water current, 1;: dripped APTMS current, I, dripped BS3 current).
The example of conductance change was shown in Fig. 3-12 and the
conditions were fixed on amorphous 2004, SiggsGep1s, 100A oxide by
PECVD, and three minutes oxidation time. We obviously found the
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conductance decreased after dripped APTMS and the conductance increased
after dripped BS3. According to the conclusions, we could confirm the
nanowire had the characteristic of bio-sensor. The example of sensitivity
variation was shown in Fig. 3-13. The sensitivity of dripped water was
1.082%. The sensitivity of dripped APTMS was -3.254%. The sensitivity of
dripped BS3 was 2.663%. By the above results, we could obviously obtain
the conclusion that we want. The conclusion was that the APTMS was
positive charge, which could accumulate the'p-type nanowire on the surface.
And the BS3 was negative charge;"whichcould deplete the p-type nanowire
on the surface.

Then there/must‘be note-that-we would focus the sensitivity S; in the

following sections. For simplicity, we added absolute value,.so the new

definition was-$,=5= 'I‘—'o <100 (3.1).

0

3.4 The ssensitivity * of “SiGe nanowire with different stacked

structures and Ge concentrations

3.4.1 Comparing with sensitivity of different stacked structures

In this section, we discussed whether the different structures have
different sensitivity and focused the oxidation time at three minutes. We
used and focused the multi-layer structure, which was oxide, SiGe and
Si-on-insulator. Moreover, we also compared the similar structure, which
was SiGe and Si-on-insulator. This structure was made prior to the study of

our team. The following discussion we would frequently use this structure to
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compare with our multi-layer structure. The main difference between these
two structures was that the top of oxide layer. The top of oxide layer was
deposition by PECVD and the thick was 100A and 200A . This oxide layer
could control the rate of oxidation that possibly made lots of Ge
precipitations on the surface. The stacked structure of bottom part was
different thick of amorphous Si, which was 200A and 400A . The purpose
was the amorphous Si with high resist, so the current flowed into the path of
SiGe. When the amorphous Siswas thick, the current of SiGe nanowire was
enhanced.

First, we discussed the current and sensitivity. of amorphous Si thickness
on whether it would affect:-We-compared the thickness of amorphous Si on
200A and 400A and the I-V-curve was shown in Figs 3-14. We obviously
observed the ‘current-of amorphous Si 4004 <higher than-200A". We used
above instruetions to explain this results The Fig. 3-15, /provedsonce again
that the current of amorphous Si 400A<higher than 200A on other different
condition.

We also compared the ‘sensitivity of 200A-amorphous/Sivand 400A on
different oxide layer thickness by PECVD that was shown in Fig. 3-16. We
clearly observed the sensitivity of.amorphoussSi 400A “higher than 200A on
different oxide thickness or‘without oxide by PECVD. The results were that
we glad to find. A large current would increase sensitivity. The Fig. 3-17,
proved once again that the sensitivity of amorphous Si 400A higher than
200A on other different condition.

Second, we discussed the current and sensitivity of the top of oxide
layer thickness by PECVD on whether it would affect. We compared the
thickness of 100A, 200A and without oxide layer, and then the 1-V curve

was shown in Fig. 3-18. From the figure, we clearly found the thickness of
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200A had the higher current than 100A and without oxide. Similarly, the
200A of sensitivity also had higher than 100A and without oxide that was
shown in Fig. 3-19. The purpose of deposited oxide layer before entering
furnace would reduce the oxidation rate, upgrade the quality of Ge by
condensation, and reduce surface defects. Furthermore, we could get more
pure germanium on the surface of nanowire. In the following sections, we
would compare these structures in other different conditions, for example,
on different nitrogen/oxygen ratio and different oxidation time. Overall, if
there are no special conditions, then the“sensitivity .of treatment of oxide
would be better thanwithout oxide layer by PECVD.

3.4.2 Comparing with sensitivity of different Ge concentrations

In this section, we focused on the different Ge concentrations. The Ge
concentrations were divided into 7%, 14% and 20%. We fixed the thickness
of amorphoussSi on 200A" and oxidation.time at three minutes. The result of
I-V curve was shown.in Fig. 3-20 and Fig.‘3-21, . which fixed on thickness of
100A and 200A oxide layer by PECVD respectively..On'the other hand, we
also fixed the thickness of.amerphous Si on-400A" and oxidation time at
three minutes. The result of‘l-\ curve was shown in Fig. 3-22 and Fig. 3-23,
which fixed on thickness of 100A and 200A oxide layer by PECVD
respectively. In this conclusion, we clearly found that whatever thickness of
amorphous Si or both of thickness of oxide, as long as Ge concentration on
the rise along with increased current. We know that the germanium has
higher mobility than silicon, so the high concentration of Ge could make
current enhance. The results of sensitivity were shown in Fig. 3-24 and Fig.

3-25. Similarly, we also could find as long as Ge concentration on the rise
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along with increased sensitivity.

3.43 Comparing with sensitivity of different stacked structures and

Ge concentration.

In this section, we would combine the different structures and different
concentration of Ge to comparison and analysis. The sensitivity with
different concentration of Geaand different structures were shown in Fig.
3-26. From the Fig. 3-26, we could find several trends and would discuss.
First, we obviously ebserved that sensitivity increased as the concentration
of Ge increaseds But without-top of oxide layer had not. this trend. The
current should.increase as-the-concentration of Ge increase. However, if Ge
concentrationis too high that will cause many defects;,then the current
would be deereased. So, we could find that before entering the furnace if the
nanowires didn’t deposit oxide, the sensitivity would not increase when the
Ge concentration increased.But-when-we-depesited-thin oxide layer before
enter the furnace, the, sensitivity of 20% (e concentration/was higher than
14%. In the conclusion, when we deposited thin oxide layer before oxidize,
it would improve sensitivity, ofhigher Ge.concentration. It was by slower
oxidation rate to improve the quality of germanium, the quality of oxide and
reduce defects. The Fig. 3-27 and Fig. 3-28, proved once again that the
sensitivity of amorphous Si 400A higher than 200A on identical
concentration of Ge and the higher concentration of Ge had a good
sensitivity. However, the higher concentration of Ge had a good sensitivity
that must have been deposited thin oxide layer before oxidize under the
premise. And then the sensitivity of amorphous Si 400A was higher than

200A on identical concentration of Ge that whether have been deposited thin
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oxide layer before oxidize.
In order to more clearly express, we defined the raise percentage of

sensitivity as the next equation.

The raise percentage of sensitivity (%) = SfS_Si x100% (3.2)

S; was the sensitivity of no oxide layer by PECVD. S was the sensitivity
of 100A or 200A oxide layer by PECVD. The value showed the percentage
change of sensitivity. The results were shown in Fig. 3-29 and Fig. 3-30. The
20% concentration of Gg had the. higher upgraded, this result had been

explained by above some description.

3.5 The psensitivity -of—-SiGe snanowire after. the' different of
oxygen/nitrogen ratio of oxidation

3.5.1 Comparing N, 0%, N3 13% and N, 100% at 3 minutes

In this section; we would compare 0% of nitrogen,43% of nitrogen and
100% of nitrogen at.three minutes. The purpose.of oxidation was that the
process with nitrogen could repair.the vacancies of surface and improved the
quality of oxide in order to increase sensitivity and oxygen could oxidize
SiGe in order to obtain more pure Ge condensation on the surface of
nanowire,

In previous research, our group added content of nitrogen of 13%, 40%
and 66.6%, and we testified 13% of nitrogen could be best. So, in this thesis,
we would focus on 13% of nitrogen. In other hand, we would also discuss
0% of nitrogen, which was pure oxygen and 100% of nitrogen, which was
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pure nitrogen. From different previous experiments, we continue to add
different structure to compare that was the top of oxide layer by deposition.
Overall, we would compare different ratio of nitrogen and oxygen on
different structures in the following.

First, we focused on amorphous Si of 200A and Ge concentration of 7%.
The result was shown in Fig. 3-31. In Fig. 3-31, we could obviously find that
N,13% had the best sensitivity in any structures, especially 200A oxide layer
by PECVD. We obviously knew that the 'nitrogen could repair surface
defects and oxidation could-obtain“more pure.germanium of condensation.
So, N, 13% had the best sensitivity, which was.notisurprise. And then N,
100% was purennitrogensthat-only could repair surface defects but didn’t
have oxidation. N3 0% was-pure oxygensthat only oxidation _could obtain
more pure germanium of condensation but could.not repair surface defects
by nitrogensBy trade off, N, 0% had the higher sensitivity thansN, 100%.
Under N, 0%_condition, it/could obtain more germanium on. the surface
although didn’t repair by nitrogen:-In-other-words, the /condensation of
germanium increased, sensitivity, which was .good-efficiency: Perhaps, we
should focus on" how, to. obtain more pure germanium.»We also could
obviously observe the different top,of oxide dayer-on N, 100% treatment, the
sensitivity almost had not variation. So, we only discussed N, 0% and N,
13% at five, seven and ten minutes oxidation time in following sections.
Similarly, the Fig. 3-32 and Fig. 3-33, proved once again above conclusion.
The sensitivity also had not variation on N, 100% treatment, and N, 13%

also had the best sensitivity.
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3.5.2 The comparison between N, 0% and N, 13% at different

minutes

In this section, we would compare 13% of nitrogen to 0% of nitrogen at
different oxidation time. The result of three minutes was shown in Fig. 3-34,
which was fixed on amorphous 200A and 14% Ge concentration. In above
section, we already knew the sensitivity of N, 13% was higher than N, 0% at
three minutes. Next, we would: discuss other different oxidation time. The
result of five minutes, was shown in Fig.. 3-35, which was fixed on
amorphous 200A @nd 14% Ge concentration. Wesonce "again obviously
observed the sensitivity of-Nz-13% was higher than N, 0%. In‘order to more
clearly identify, we alsof compared 13% ‘of nitrogen to 0% of.nitrogen at
seven and ten minutes. The result of seven minutes was.shown in Fig. 3-36
and the result; of ten minutes was shown in Fig. 3-37., No jaceident, the
sensitivity of N, 13% was (higher than N, 0%..In conclusions, we could
confirm when"we flew in nitrogen-in-thesoxidation-process, the sensitivity
would be bettersthan pure.oxygen in the oxidationprocess/at:any oxidation
time we set. The.mostulikely cause was through.the nitrogen to repair

interface defects.

3.5.3  The raise of sensitivity after the better oxygen/nitrogen ratio of

oxidation

In this section, we would combine the different structures under
different ratio of nitrogen. More clearly, we would focus on whether the top
of oxide layer under different ratio of nitrogen, and then we exploited the

raise percentage of sensitivity to illustrate.
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First, we fixed on three minutes oxidation time. The result was shown in
Fig. 3-38, which was on Sige3Gego7 and 200A amorphous Si. The definition

of raise percentage was the same of above sections.

The raise percentage of sensitivity (%) = SfS_Si x100% (3.3)

From the Fig. 3-38, we obviously observed N, 13% had the higher raise
than other ratio of nitrogen. Especially, the thickness of 2004 by deposition
had the highest raise. Simply, the reason of the highest raise percentage was
not only nitrogen could, repair-defects-but.also the top.of oxide layer could
reduce oxidation ratevthat could obtain good oxide .interface and the
accumulation of Ge atoms.at.the_interface. Identically, N> 100% almost no
change in percentage variation;-the reason-was explained in front section.
The Fig. 3-89, and. Fig. 3-40 had also similarlytrend, which were on
Sio.s6Geo 14 and 200A amorphous Si and Sigs,G€g.20 and 200A | amorphous Si,

respectively:!
3.6 The sensitivity of SiGe nanowire with different.oxidation time

3.6.1 Comparing different.oxidation time without PECVD oxide

In this section, we combined all structure and treatment to discuss the
raise of sensitivity under different oxidation time. And then, we were
temporarily not discussed with the structure of the top oxide layer by
PECVD in this section. In other word, we would first discuss the previous
studies of our team in the following.

However, we would focus on the treatment of N, 13% in this section,
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because it was the best ratio of nitrogen in previous studies. The Fig. 3-41,
Fig. 3-42 and Fig. 3-43 were fixed on 7%, 14% and 20% concentration of
Ge and amorphous Si 200A under different minutes. The Fig. 3-44 and Fig.
3-45 were fixed on 7% and 14% concentration of Ge and amorphous Si
400A under different minutes. Particularly, the condition of no treatment
was the first time in this thesis. It means that without any oxidation
treatment. From above figures, we could obviously observe some trends.
First, the condition of no_treatment was 'the worst sensitivity in any
structures. The reason was very.easy to explain, because the condition of no
treatment couldn’t, repair interface defects, and .couldn’t increase
concentration ofiGe on surface-by-oxidation. Second, the sensitivity at three
minutes was the best and then-the sensitivity decreased with longer oxidation
time in any structures. One of the reasons may be with.the-longer oxidation
time inducedsthat the Ge diffusion overcamerthe accumulation of:Ge atoms
at the interface. In other words, adarge number of germanium accumulated
on surface but'more large number-of germanium-diffused from surface. That

caused that the eoncentration of germanium was reduced on‘the surface.

3.6.2 Comparing different oxidation time'with/without PECVD oxide

We had discussed without the top of oxide layer by PECVD. In this
section, we would compare under the different oxidation time, whether or
not the top of oxide layer thickness would affect the sensitivity. In previous
conclusions, we already knew that N, 13% had the better sensitivity, so we
possibly focused on the condition of N, 13%.

First, we focused on amorphous Si 200A and 13% of nitrogen. The Fig.
3-46, Fig. 3-47 and Fig. 3-48 were fixed on 7%, 14% and 20% concentration
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of Ge under different minutes. From these figures, we could observe some
trends. The longer the oxidation time would lead to lower sensitivity in the
absence of the top of oxide layer by deposition. If it exist top of oxide layer
before oxidation, the sensitivity would not lower with longer oxidation time.
The best sensitivity was in the oxidation time of five minutes. In the
previous discussion, we knew that when the oxidation time was long, the
large of Ge by condensation would be diffusion to buried oxide, and then the
surface of nanowire would@not 'have higher Ge concentration. The
fabrication of top of oxide layer-would reduce oxidation rate and increase
concentration of Ge.on the nanowire surface. For the condition of reduce
oxidation rate, we already-had-example of success. The Fig. 3«49 showed the
poly silicon panowire with-or-without top of oxide layer under different
oxidation time. The best sensitivity was at ten minutes.and without oxide,
because itspoxidation rate was faster<to_dead more ;thin nanowire, so
sensitivity was better than other. Similarly, 2004, of the oxide' layer had the
worst sensitivity because the oxide-layer-suppressed oxidation rate to lead
the nanowire couldn’t thinner. The top. of.oxide layer/ although could
suppress oxidation<ratewbut under longer oxidation time; the sensitivity
would eventually reduce. Se;.200A..of the oxide layer by deposition had the
best sensitivity at five minutes in our experiment. The Fig. 3-50 and Fig.
3-51 were fixed on 7% and 14% concentration of Ge and amorphous Si

400A under different minutes. Once again, they had the same conclusion.

3.6.3  The raise of sensitivity after better oxidation time and structure

According to the previous conclusions, we would find some good

conditions to compare. We already knew that N, 13% better than other ratio,
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so we possibly focused on the condition of N, 13%. From the Fig. 3-52, Fig.
3-53 and Fig. 3-54, we could obviously observe the best sensitivity under
oxidation time of five minutes, also could clearly observe the better
sensitivity on the condition of 200A of the oxide layer by deposition. So, we
would again focus on the condition of 200A of the oxide layer by deposition.
The variation of percentage was shown in Fig. 3-55. We already introduced
the calculation of percentage in above sections, and then please refer the
section of 3.4.3. The sensitivity: of 20% concentration of Ge at five minutes
oxidation time raised 150%.-And-as‘previously.described and discussion, the
sensitivity of 20% ‘€oncentration of Ge by 200A oxide layer had better than

others, especially.at five minutes:
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Chapter 4

Conclusions

We could summarize'the following-result according to the research from

previous experiment:

1. APTMS generated bond-with-BS3 and had the electrical response.

2. We successfully fabricated the SiGe nanowire by multi-layer structures,
which were oxide, SiGe and Si-on-insulator, respectively. Furthermore,
we exploited our previous stacked strticture, which were 2004 7%, 200A
14%, 200A-20%, 400A 7% and 400A _14%, and.then combined the top of
oxide layer by PECVD. The thickness ‘of oxide layer by deposition was
100A and 200A. Above of all, they had the eleCtrical response after
APTMS modification.

3. In the case of oxidation time for three minutes, we found the multi-layer
structure, which were oxide layer of 200A, Ge content of 20% and
amorphous Si 200A that had the better sensitivity.

4. In the oxidation process flew in different proportion of nitrogen, which
was 0% of nitrogen, 13% of nitrogen and 100% of nitrogen at oxidation
time of three minutes, and the fabrication of nanowire was multi-layer
structure. The previous study of our group had the same result on

different proportion of nitrogen. The 13% of nitrogen had the better
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sensitivity in any multi-layer structure.

. Under different oxidation time, we successfully found the better
sensitivity at five minutes. The conclusions of under different oxidation
time were not corresponding on our previous experiments. The main
reason was that we deposited oxide before oxidation. The oxide layer
could reduce oxidation rate to lead more Ge accumulation on surface and
suppress Ge diffuse to buried oxide.

. In all of conditions, the strueture of 20 , oxide layer, Ge content of 20%
and amorphous Si 200A.on’ oxidation 6f13% o
had the best sens

nitrogen at five minutes
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Chapter 5

Future Works

-'-_fm-..‘

/ 1 ch, but there should
be more methods to ¢ ; the sensitivity. In ture works, we can
focus on thicke ; 0
Combination ofr

1\

Even though the sg

ore Ge content.
. Furthermore,

the top of oxi D N,O and
SiH4. We have. epair defect.
Perhaps, we co i 1 » plasma

treatment.
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Fig. 1-3

Fig. 1-4
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Fig. 2-3 Deposit

Fig. 2-4 Deposit amorphous SiGe on amorphous Si
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Fig. 2-5

Fig. 2-6 Mask#3: Etch unwanted sidewall nanowire

49



Fig. 2-7 Deposit Si

R

49+

Fig. 2-8 Implant Boron-fluoride (BF;
oxidation and DHF treatment

) into SiGe nanowires after

50



Fig. 2-9

Fig. 2-10

Deposit

Mask#4. Define the Al contact position

51

N N |



. Si Substrate
. S5i02
B sc-

" Al 50004

Fig. 2-11 ew from top posit
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Fig. 3-4 SEM images of amorphous Si 200A and 20% of Ge
concentration
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Fig. 3-12  The conductance of the PE oxide 100A on 2004 14%
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Fig. 3-46  The sensitivity with different thickness of oxide on N, 13% and
200A 7% under different minutes

75



| EEM /o PE oxide N,13% 2004 14%
| I PE oxide 100A
| I PE oxide 200A

S (%)

3min 5min 7min 10min

Fig. 3-47  The sensitivity-with different thickness of oxide en"N, 13% and
2004 /14% under-different minutes

| I /o PE oXide N, 13% 2004 20%
| I PE oxide 1004
| I PE oxide 200A

S (%)

3min 5min 7min 10min
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