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ABSTRACT

In recent years , Si nanowire has been used for sensors extensively in biology and
chemistry . Comparing with other sensors,.S1 nanowire has many advantages . For example,
Si nanowire is real-time detection, and as soon as the molecule that we want to detect
appears 1n the environment, Si nanowire will bind i1t. When current change, we can know
that the molecule exist in the environment. Moreover, Si nanowires can detect molecule
whose concentration can be very low. We don” t need extracting it. In this thesis, we used
semiconductor integrated techniques to form SiGe nanowires. Using a Ge condensation
technique, Ge will condense on the outer side of nanowire forming non-homogeneous SiGe
nanowire, and we discuss different oxidation temperature and time versus sensitivity
change. Eventually, we prove that non-homogeneous SiGe had better sensing ability than

uniform SiGe nanowire.
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Chapter 1
Introduction of Nanowire

1.1 Advantages of nanowire

In recent years, nanowire has been attracted and used extensively for chemical and
biological sensors. Comparing with other sensors, such as ion-sensitive filed-effect
transistor (ISFET) and chemical field-effect (CHEMFET), silicon nanowire sensor shows a
higher sensitivity ~ faster response ~ multiplexed electrical detections and higher detection
limit, owing to large surface-to-volume . In the other hand, the volume of nanowire is
much smaller than planer sensors, in the same chip, which can pack much more nanowire
sensors than planer sensors.

There are two main nano sensors. One 18 nanowire, the other 1s nanotube. However,

several properties of nanotubes would limit their development, including the following:
(1) existing synthetic methods produce mixtures of metallic and semiconducting nanotubes
, which make systematic studies difficult because the metallic devices will not fuction as
expected, and (2) flexible methods for the modification of nanotube surfaces, which are
required to prepare interfaces selective for binding a wide range of analytes, are not well
established [1].

However, nanowire does not have these limitations. Using lithography, we can
perform nanowires that we expected, and the doping type and concentration can be

controlled easily.

1.2 Silicon nanowire 1s used in chemical detection

Silicon nanowire 1s used in chemical detection such as pH buffer solution, protein,



1ons, DNA, amd virus, etc.

1.2.1 pH detection

Lieber’s group presented SINW pH sensors[1] and investigated the response of
SINWSs with and without 3-aminopropyltriethoxysilane(APTES) surface modification. The
device structure and the response are shown in Fig. 1-1. The conductance of
3-aminopropyltriethoxysilane-modified SINWSs increased stepwise with discrete changes in
pH from 2 to 9 and exhibited a linear pH dependence in Fig. 1-1(B) and 1-1(C). On the

other hand, unmodified SINWs showed nonlinear response in Fig. 1-1(D).

1.2.2 Biotin detection

Not only the pH solution but also-other molecules were measured by SINWSs.
Fig.1-2(A) shows the diagram after the bio-linker modified and the biotin-streptavidin
connected with the bio-linker. Measurements show that the conductance of biotin-modified
SINW increases rapidly to a constant value upon addition of a 250nM streptavidin solution
and that this conductance value 18 maintained after the addition of pure buffer solution Fig.
1-2(B). The increase in conductance upon addition of streptavidin is consistent with
binding of a negatively charged species to the p-type SINW surface and the fact that
streptavidin 1s negatively charged at the pH of our measurements. In addition, several
control experiments were carried out to confirm that the observed conductance changes
were due to the specific binding of streptavidin to the biotin ligand.

First, addition of a strptavidin solution to an unmodified SINW did not produce a
change in conductance Fig. 1-2(C). Unlike the pH detection, the biotin-streptavidin cannot

restore.



1.2.3 DNA detection

DNA detection 18 a very important thing in biological science and technology. The
Sequence-Specific DNA also can be detected by SINW/[2].

The 3-mercaptopropyltrimethoxysilane(MPTMS) by gas-phase reaction in Ar for 4hr
was utilized to modify the surface. The CCT-AAT-AAC-AAT DNA linked on it from Fig.
1-3.

The conductance remained the same as the un-match DNA connected, shown in Fig.
1-4(a). However, when SINW 1is p-type, the conductance increases as the
GGA-TTA-TTG-TTA DNA connect, shown 1n Fig. 1-4(b). When SINW 1s n-type, the

conducatance decreases as the GGA-TTA-TTG-TTA DNA connect, shown in Fig. 1-4(c).

1.2.4 Virus detection

Viruses are among the most important causes of human disease . We report direct,
real-time electrical of single virus particles with high selectivity by using nanowire field
effect transistors[3].

Fig. 1-5, when a virus particle binds to the antibody receptor on a nanowire device,
the conductance of that device should change from the baseline value, and when the virus

unbinds, the conductance should return to the baseline value.

1.3 Different material of nanowires

Nanowire sensors were fabricated by various materials, such as silicon nanowires[1, 2,
3], metal oxide semiconductor nanowire sensors[4, 5, 6], polymer nanowire sensors[6, 7],

and metal nanowire sensors[8, 9].



1.3.1 Metal oxide semiconductor nanowire Sensors

Various kinds of metal oxide nanostructures are reported, including ZnO, SnOz, [n:0s,
C0304, CdO, TiO:, WOs and PbOs, etc. Among these, most attention has been focused on
Zn0, SnOz, and In20s.

For example, Gas sensors have been fabricated using the SnO: nanowires[4]. The
response of the sensors have been characterized for gas polluting species like CO and NOz
for environment applications.

Fig. 1-6 shows two different CO concentration 250 and 500 ppm, flowing through the

SnO: nanowire.

1.3.2 Polymer nanowire sensors

Polyaniline/poly-(ethylene oxide) (PANI/PEO) nanowire sensors that can detect NHs
gas at concentration as low as*0.5 ppm with rapid response and recovery time as shown in

Fig. 1-7.

1.3.3 Metal nanowire sensors

The Hydrogen sensor has been extensively studied for a long time due to safety
reasons. Even though several different types of hydrogen sensors utilizing hydrogen-
selective Pd metal have been studied, the sensor based on resistance change of Pd
nanowires upon hydrogen incorporation has been recently reported and attracted much
attention since the sensor has shown extremely low power consumption and very short
response time, much less than 1s [&].

The electrical resistance change is dependent on hydrogen concentration, as shown in

Fig. 1-8. The more concentration Hz incorporated in, the higher resistance changed.



1.4 Silicon nanowire fabrication

There are two approaches to form SINW: bottom-up and top-down.

1.4.1 Bottom-up

1.4.1.1 Silicon nanowire 18 formed by bottom-up

One of the most approaches for silicon nanowire fabrication is the vapor-liquid-solid
(VLS). There are three important facts emerged : (a) silicon whiskers do not contain an
axial screw dislocation; (b) an impurity 1s essential for whisker growth; (c) a small globule
18 present at the tip of the whisker during growth [10].

A small particle of Au is placed ona' {111} surface of a Si wafer and heated to 950 °C,

forming a small droplet of Au-Si‘alloy as shown 1n Fig. 1-9.

1.4.1.2 SiizGexnanowire 1s-formed by bottom=up

The SiixGex nanowires have potential advantages of higher carrier mobility and the
possible band-gap engineering at different concentration of Ge.

Single crystalline homogeneous SiixGex nanowires are synthesized by using
monodispersed Au colloids on 100 nm SiO: coated Si substrate. SiH+(100%) and GeHs«
(10% 1n Ar) gases were simultaneously introduced into a chemical vapor deposition
reaction chamber to grow Sii+Gex nanowires. The partial pressure of GeHs was kept at 0.12
torr, different temperature by VLS in Fig. 1-10 [11].

Temperature 1s a very important factor. Fig. 1-11 tells us that Fig. 1-11(a): Point (1)

and (2) are little different, but Fig. 1-11(b) [11]: Point (1) and (2) are different.



1.4.2 Top-down

Top-down approaches involve lithography patterning and etching process. Most of
the VLSI techiniques belong to this category because parameters are much easier
controlled than VLS.

Fig. 1-12 showed that used top-down approach to form twin nanowire on Si wafer.

Top view and SEM image of nanowire. Diamter is 10 nm and gate length is 30 nm,
shown 1n Fig. 1-13.

Cross-section SEM image of nanowire. Nanowire diameter is about 10 nm, as shown

in Fig. 1-14 [12].

1.5 Multiplexed electrical detections

Many sensors only can "detect one molecule in one chip, but nanowire can detect
many different molecules in one chip. Fig. 1-15, shows that nanowires can detect three

different molecular [13].

1.6 Mobility of nanowires

Mobility 18 a important factor in the MOSFET, so we also investigate mobility of

2 dlpg

. . L .
nanowires. The formula of mobility: w = gn PR where g, = Voo | Vps , L 1s
ox YDS GS

length of nanowire, Cox 1s capacitance between Gate and Source or Drain [14].
There are two methods to get Cox. One 1s direct measure, the other 1s regarding NW
as a cylindrical wire on a planar substrate.

Method 1: Direct measure: Fig. 1-16, shows capacitance measurement setup. A



grounded copper plate is positioned between the S/D and G probe tips [15].

Method 2: Regarding NW as a cylindrical wire: The formula is that Cox =

21 e egl
cosh ~1[(r+toy )/r]

[16-18], where r is radius of nanowire, tox is the thickness of oxide layer,

L 1s length of nanowire, & 1is the dielectric constant of the insulator and & o 1is the
permittivity of free space.

Fig.1-17 shows that mobility of nanowire is relative to the nanowires  radius and
Ves. The reason can be attributed to the surface scattering. When in the high gate voltage or

smaller radius, carriers get more scattering, so mobility gets decay [14].

1.7 Sensing mechanism

Nanowire field-effect transistor sensors.- sensing ‘mechanism is like MOSFET.
When the molecular carry positive charge, for p-type nanowire, it 1s depletion and then the
conductance decreased; when the moleeular carry negative charge, for n-type nanowire, it

1s accumulation, and then the conductance mereased, as shown in Fig.1-18 [19].

1.8 Simplified expression of sensitivity

The sensitivity S of a Si-NW sensor 1s defined as the relative change in conductance,
S = |G — Gyl/Gy = AG/Gg, where Go is the conductance before molecule capture; G is
the conductance after molecule capture and /\G is the difference between G and Go. It 1s
instructive to consider a simplified expression for sensitivity that has been historically used

to qualitatively explain sensor response. A series of equations as following [20]:



GO =q/U«ND7Td2/4‘LNW (11)

_ 1AG] _ 4o
s= 18- o (13)

, where d 1s diameter of nanowire, w1s the mobility of the carriers, No 1s uniform
doping density, Law 1s length of nanowire, ¢ 1s the molecule conjugation on the surface
by a constant surface density.

Via Eq. (1.3), we can say that sensitivity is inversely proportional to the diameter. It
1s same as surface to volume ratio, in other words, and we can say that sensitivity is

proportional to the surface-to-volume ratio.

1.9 Motivation

For the study of SiGe field effect transistor, we can find both n-type and p-type
MOSFET of SiGe channel, whoese current are higher than S1 channel, when they are in the
same drain voltage, shown in Fig. 1-19.[21]. This mechanism for the silicon nanowire
sensor 1s detecting the surface charges as the molecular stays on it. This result point out
SiGe maybe have higher change in electrical property at the same chemical species
bonding to surface of nanowires. Therefore, if we used the SiGe nanowire, we would get
higher current change at the same bio-molecular bound on the surface.

Moreover, to improve sensitivity, we propose a non-homogeneous structure. The
outer layer of nanowire 1s high conductance, and inner layer is low conductance. Thus, the
most current flows through the outer layer, and less current flows through the mner layer.
It 1s like nanotube structure. Nanotube 1s higher sensitivity than nanowire, because
nanotube 1s hollow, which the surface-to-volume ratio is larger than nanowire. Thus,

sensitivity of non-homogeneous 1s better than that of uniform.



1.10 Ge condensation technique

Oxidation SiGe 1s named Ge condensation technique. When oxidizing SiGe
simultaneously, only Si oxidizes, and Ge concentration gets more and more. We can use
this way to let the outer nanowire with high Ge distribution.

In the experiment [22], the wafer 18 oxidized in O: atmosphere at a temperature higher
than 1000°C. Via Fig. 1-20 and Fig. 1-21, we can clearly know that oxidation process

makes Ge concentration promote on the SiGe layer [22].

1.11 Mechanism of SiGe under oxidation

When oxidizing SiGe simultaneously, Si becomes Si oxide. However, Ge is not
oxidized. It 18 due to their Gibbs free energy difference. Following formulas tell us it [23] :
Si+0: = SiO: (1.4)

its Gibbs free energy 1s AGi= <732 KJ/mol Oz and
Ge + 0. = GeO: (1.5
its Gibbs free energy is /A\Ga=-376 KJ/mol O.. Combing two formulas we can get
GeO:2 4+ Si — Ge + Si0x (1.6
its Gibbs free energy is A\Gs= -356 KJ/mol O.. It tells us that when SiGe is under
oxidation, Si and Ge are both oxidizing. However, when GeO: touch Si, GeO: return to Ge

and Si becomes SiOs.



Chapter 2

Experiment
In this experiment, we use top-dwon method to form SiGe nanowires. The method
which 1s very famous 1s spacer formation to get SiGe nanowires, and then, we take SiGe
nanowire undergoing oxidation and annealing at 900°C for 30 minutes in the pure N

ambient. Finally, we can get non-homogeneous SiGe nanowires.

2.1 Process flow

Si substrate (100) was used 1n this study.

1. Standard RCA clean and wet oxidatiof to grow:5000A, shown in Fig. 2-1.

2. Mask # 1: Define active area. Using I-line lithography system to transfer pattern to
form oxide layer. And then, using TEL 5000 R.LE dry etching forms step, which is
3000A high, shown in Figi2-2.

3. RCA clean and depositing 150A .« -Si layer, shown in Fig. 2-3.

4. RCA clean and using UHV-CVD depositing SiGe layer, shown in Fig. 2-4.

5. Mask #2: Define S/D. Using TCP9400 SE poly etcher removes unwanted part and
forms parallel nanowires. We have four structures forming many parallel nanowires,
respectively forming two, four, six, ten parallel nanowires, so Fig. 2-5, is one among
four structures, 1.e. this structure forming four parallel nanowires, shown in Fig. 2-5.

6. Mask #3: Remove unwanted sidewall spacer. TCP poly etcher was employed to
remove unwanted spacer, shown in Fig. 2-6.

7. Oxidation in the furnace at different temperature conditions and oxidation time 1s also

a variable condition, and then annealing at 900°C for 30 minutes.
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8. Boron-fluoride (BF:) ion implantation. The implantation dose is 10" ions/cm’.
Implantation energy 1s 50 KeV.

9. Oxidation brought about oxide layer in the surface of SiGe nanowire, so using HF
etched oxide layer.

10. Annealing in the furnace at 900°C for 30 minutes to activate dopants.

11. 5000A Aluminum deposition by E-GUN.

12. Mask # 4: Define aluminum contact pad, shown in Fig. 2-7. Using HNO:: CH:COOH :
HsPOs: H:O=2:9:50: 10 mixture etch Al

13. Al sintering at 400°C in N2 ambient fot 30 minutes.

2.2 Sensing molecular :: APTMS

Amino-propyl-trimethoxy-silane(APTMS) 18 prone to-be positively charged. In this
experiment, the SiGe nanowire 18 doped BF: forming p-type. When APTMS binds the
surface of nanowire” s native oxide layer, which-is shown as Fig. 2-8, the nanowire will
be depletion, and then the current decreases. We can observe the current change and know

that APTMS have bound the surface of native oxide layer.

2.3 Measurement of electric characteristics

We used HP4156 to measure the electric characteristics of nanowire sensors. Drain
voltage (Vo) was given from -8V to 8V and 200mV a step, and back gate voltage (Vo) was

given zero voltage.
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2.4 Define sensitivity

In this study, we define sensitivity is that : S= | I-To | / Io, where Lo is the current of
Vb = -8V, when nanowire has not dipped APTMS vyet; I is the current of Vo = -8V, when
nanowire has dipped APTMS.

This method is as same as : S= | G - Go | / Go (chapter 1.8), because Io-Vb curve is a

line.
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Chapter 3

7 percent Ge of SiGe nanowire sensors

3.1 Cross-section view : 7 percent Ge of S1Ge nanowires

SisGer nanowires were successfully fabricated by sidewall spacer formation. Fig. 3-1
1s the SEM images of SiesGer. The height is about 128 nm and the width is about 62 nm.
The SissGer nanowire is p-type which is doped BF, 10" ions/cm’ and implantation energy

1s 50 KeV.

3.2 Defined sensitivity after dipped APTMS

We select that the current-at Vo = -8V 18 a baseline. For instance, the length of Sis:Ges
nanowire 1s 4um. Before dipped APTMS, the current is <154.2uA at Vo= -8V; after dipped
APTMS, the current change to -141.48uA. Therefore, sensitivity 1s :

S= | [(-141.48uA)-(-154.2uA)] / (-154.2uA) | =8.249% , shown in Fig. 3-2.

3.3 Procedure of forming non-homogeneous SiGe nanowire

For performing non-homogeneous SiGe nanowire, We utilize Ge condensation
technique to make the outer layer with high Ge distribution. As a result, the outer layer is
high conductance. Thus, we can get non-homogeneous structure.

First, we oxidize SisGes nanowire with three different temperatures (850°C, 900°C

and 950°C) and post-annealing in pure N> ambient at 900°C for 30 minutes. The

procedure chart show in Fig. 3-3.
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The aim of annealing is that it can repair defects after oxidation. One of pre-work 1S
annealing condition in our group. Fig. 3-4, shows that annealing at 900°C for 30 minutes
gets better conductance change, so we still follow this condition [24].

In this experiment, we perform three different oxidation temperatures with different

oxidation time, and discussing the effect of temperature and time on the sensitivity.

3.4 Comparing sensitivity between uniform and non-homogeneous

Si1Ge nanwire

Box chart, Fig. 3-5, shows oxidizing SinGes nanowire at 850°C for 0, 3 and 5
minutes. Box chart in the middle has a quadrangle. If there are a group data, the 75 percent
value from little to large mean$ the upper line of the box chart, and the 50 percent and 25
percent value mean the middle and lower line of the box chart, respectively. The point in
the middle quadrangle means the group-data” s'mean value.

Via Fig. 3-5, the mean value is 7.8119% without oxidation. After oxidation at 850°C
for 3 minutes, the mean value is 8.7493%. Moreover, oxidation at 850°C for 5 minutes,
the mean value 1s 9.6674%. The trend 1s that sensitivity promote along with oxidation time.

And then, we want to know that temperature affects sensitivity of SiGe nanowire, so
we promote oxidation temperature 50°C; that is 900°C.

Fig. 3-6, shows that the mean value 1s 7.8119% without oxidation. After oxidation at
900°C for 3 minutes, the mean value is 9.7711%. Furthermore, oxidation at 900°C for 5
minutes, the mean value is 12.0689%. Via these results, we also can get the trend.
Sensitivity is promoting along with oxidation time at 900°C.

To go on, we add oxidation temperature 50°C again; that is, oxidation temperature

fixed at 950°C.
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When no oxidizing, the mean sensitivity is 7.8119%, and the mean sensitivity is
13.5381% after oxidation at 950°C for 3 minutes. However oxidation at 950°C for 5
minutes, the mean sensitivity is degrading to 10.4265%, shown in Fig. 3-7.

Although oxidation makes Ge concentration promoting in the surface, it also makes
defects. We know that it is two mechanism of oxidation of SiGe. One is Ge concentration
piling up in the outer layer, so sensitivity increases. The other is that oxidation makes
defects, so sensitivity decreases. When oxidation time at 950°C from 3 to 5 minutes, the
sensitivity degrades, we guess that the effect of defects i1s more dominant than Ge
concentration promoting on the outer surface of nanowire.

In this study, we need to control oxidation temperature and time to get balance
between defects generation and Ge piling up in the outer layer of nanowire.

Oxidation temperature is also a.important factor.. When we fix oxidation time for 3
minutes, comparing with three oxidation temperatures which are 850°C, 900°C and 950°C,
we gets a trend. Sensitivity _promotes along with temperature. It accounts for when
oxidation temperature from 850°C ‘to 950°C, Ge_concentration is not enough, so the
sensitivity 1s promoting, shown as Fig. 3-8.

To continue, we fixed oxidation temperature for 5 minutes, comparing with three
oxidation temperatures which are 850°C, 900°C and 950°C, shown as Fig. 3-9. When
oxidation temperature from 850°C to 900°C, sensitivity promotes, because at 900C Ge
piling up in outer layer’ s velocity is faster than 850°C. However, oxidation temperature
from 900°C to 950°C, sensitivity decreases, and we guess that defects generation at 950°C
are more than 900°C.

Via Fig. 3-10, in these conditions, the best condition is oxidation at 950°C for 3
minutes, and the sensitivity 1s 13.5381%. Comparing with uniform SisGes nanowire,

whose sensitivity 1s 7.8119%. Subtracting 7.8119% from 13.5381%, the average sensitivity

15



enhances 5.7262%.
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Chapter 4

14 percent Ge of SiGe nanowire sensors

4.1 Cross-section view : 14 percent Ge of SiGe nanowires

SissGei« nanowires were also successfully fabricated by sidewall spacer formation. Fig.
4-1 1s the SEM images of SissGeis. The height is about 196 nm and the width is about 80
nm. The SissGer nanowire is p-type which is doped BF:, 10® ions/cm” and implantation

energy is S0KeV.

4.2 Defined sensitivity after dipped APTMS

We select that the current at Vo = -8V is a baseline. For example, the length of
SissGes nanowire 1s 6um. Before dipped APTMS, -the current 1s -262.25uA at Vo= -8V;
after dipped APTMS, the current change-to.-249.87uA. Therefore, sensitivity 1s :

S= | [(-249.87uA)-(-262.25uA)] / (-262.25uA) | = 4.721% , shown in Fig. 4-2.

4.3 Sensitivity 1s independent of parallel connection number of

nanowires

Here, we discuss parallel connection number of nanowires affect sensitivity. Avearge
sensitivity of single ~ double ~ quadruple ~ sextuple and decuple parallel connection number
of nanowires 1s 4.50624% ~ 4.65438% ~ 4.5232% ~ 4.5941% and 4.63955%, respectively,

shown as Fig. 4-3.
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We can clearly see that the average sensitivity of parallel connection number of
nanowires 1s very close to 4.5%.

Moreover, we take these five average point to do method of least squares , shown as
Fig. 4-4. The slope of the line is 8.74125%10°. The value is very small and close to a
horizontal line. Intercept on y-axis of this line 18 4.5433%, and it tells us that average

sensitivity 1s close to 4.5433%.

4.4 Comparing sensitivity between uniform and non-homogeneous

S1Ge nanowire

Fig. 4-5, shows that oxidizing  SisGew: nanowire temperature at 850°C with 0, 3, 7
and 13 minutes. When nanowire 1s without oxidation, the average sensitivity 18 4.527%.
After oxidation at 850°C for 3 minutes, the average sensitivity is promoting to 6.0546%.
Adding oxidation time to 7 minutes, the mean sensitivity is increasing to 7.1483%. To go
on, adding oxidation time to 13 minutes. However, the average sensitivity is decreasing to
5.1862%. Oxidation time from O to 7 minutes, the Ge concentration in outer layer of
nanowire 1S not enough, resulting in sensitivity increasing along with oxidation time.
Nevertheless, oxidation time from 7 to 13 minutes, we guess that defects affect sensitivity
mainly; therefore, the average sensitivity decreases.

Adding oxidation temperature to 900°C with 0, 3, 7 and 13 minutes. Without
oxidation, the average sensitivity of SissGei« nanowire is 4.527%. After oxidation at 900°C
for 3 minutes, the average sensitivity 1s promoting to 6.5694%. Continuing oxidation,
when oxidation at 900°C for 7 minutes, the average sensitivity is promoting to 9.0962%.
However, oxidation at 900°C for 13 minutes, the average sensitivity is degrading to

9.0962%. This trend is as same as above data. From 0 to 7 minutes, average sensitivity
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increases along with time, and from 7 to 13 minutes, average sensitivity degrades, shown
as Fig. 4-6.

When SissGes nanowire 18 no oxidizing, the Ge concentration distribution to Si ratio
is close to 14%, shown in Fig. 4-7. After oxidation at 900°C for 7 minutes, the surface of
SissGes nanowire, Ge concentration to Si concentration ratio is close to 20%, shown in Fig.
4-8. Moreover, Fig. 4-9 shows that after oxidation at 900°C for 13 minutes, the surface of
SissGes nanowire, Ge concentration to Si concentration ratio is close to 24%. From Fig.
4-7 to Fig. 4-9, we can clearly know that the Ge concentration is piling up on surface
which means outer layer of SisGes nanowire along with oxidation time.

Via Fig. 4-5 and Fig. 4-6, we can get that higher temperature makes higher sensitivity
from O to 7 minutes. Higher temperature provides higher energy, letting Ge 1s easier piling
up in the outer layer of SiGe nanowire than lower temperature.

In these conditions, we Can ‘get that the best condition is oxidation at 900°C for 7
minutes, and its sensitivity 15.9.0962%. Comparing with no oxidation, SissGeis, whose
sensitivity 18 4.527%. Subtracting4.527% from 9.0962%, the average sensitivity enhances

4.5692%, shown in Fig. 4-10.

19



Chapter 5

Conclusions and Future work

Via Ge condensation technique, we successfully performs non-homogeneous SiGe
nanowire. Via a series of experiments, we prove that non-homogeneous SiGe nanowire has
better sensitivity than uniform SiGe nanowire.

Nevertheless, when oxidation temperature 1S too high or oxidation time is too long,
the sensitivity will decrease. Molecular weight of Ge and Si is very different, when Ge
piles up, the interface between Ge and SiO: generates amount of defects. Defects make
APTMS binding ability degrading, so_sensitivity decreases.

If oxidation temperature or oxidation time 18 not enough, affecting Ge concentration
not sufficient, thus sensitivity decreases, because we cannot confine most current flowing
through outer layer of nanowire.

Thus, we need appropriate oxidation temperature-and time to get best sensitivity.

No matter how number of parallel connection nanowire 1s, the sensitivity i1s very
close.

In the future, we can discuss that the defects affect sensitivity. Moreover, we need to
investigate the concentration of APTMS versus sensitivity and when we measure Ip-Vo

curve, different temperatures affect sensitivity.
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Fig. 1-1. (A) Schematic illustrating the conversion of aNWEET into NW pH sensor, (B)

Real-time response of an APTES-modified SINW for pHs from 2 to 9, (C) Plot of

the conductance versus pH, and (D) The conductance of unmodified SINW versus

pH (After Y.C. et al, Ref. [1]).
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Fig. 1-3. Modification scheme of the SINW surface for the DNA detector:(1) self-assembly

of 3-mercaptopropyltrimethoxysilane(MPTMY); (2) covalent immobilization of
DNA probes; (3) DNA detection based on hybridization between label-free
complementary DNA target and the immobilized DNA probes on the SINW

surfaces (After Z.L. et al, Ref. [2]).

22



44

40

36 N t T
32| L | " 1 " 1 5
0 100 200 300

Time (s)

L 1 1 1 1 1

Conductance (nS)

—
[
—

Conductance (nS)

0 100 200 300
) Time (s)

'

—_—
o

3.0

2.0

Conductance (nS)

1.0

L 1 I 1 " 1

0 100 200 300
Time (s)

—
(1)
—

Fig. 1-4. (a) The conductance does not change by un-match DNA (b) Conductance of
p-type NW increases after matched-DNA modified (c) Conducatance of n-type

NW deceases after match-DNA modified (AfterZ.L. et al, Ref. [2]).

23



Conductance

Time

Conductance

—

Time

—r—

Time

Conductance

Fig. 1-5. Nanowire-based detection of single virus. (Left) Schematic shows two nanowire
devices, 1 and 2, where the nanowires are modified with different antibody
receptors. Specific binding of single virusto the receptors on nanowire 2 produce
a conductance change (Right) characteristic of the surface change of the virus
only in nanowire 2. When the virus unbinds from the surface the conductance

return to the baseline value (After F.P. et al, Ref. [3]).

10 —_— : — 600
—Current [A] T400°C - GO [ppm]
1 =00
=T -4 400
° g
£ {30 =
L& ]
[ ]
| 4 200
f’ h ' \ 4 100
1% [ . . . a
0 20 40 60 80 100
Tirne [rmin]
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Fig. 1-9. Schematic illustration: Growth of a silicon crystal by VLS (a) Initial condition
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Fig. 1-10. SEM 1mages of Sii«Gex nanowires synthesized at different temperatures: (a) 400

°C (b) 430 °C (c) 450 °C (After S.J.W. et al, Ref. [11]).
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Fig. 1-11. TEM 1mages of Sii«Gex nanowires synthesized at different temperatures: (a) 430

°C (b) 450 °C (After S.J.W. et al, Ref. [11]).
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Fig. 1-13. Top view and SEM image of nanowire. Diamter 1s 10 nm and gate length 1s 30

nm (After S.D.S. et al, Ref. [12]).
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Twin Nanowires

Fig. 1-14. Cross-section SEM 1mage of nanowire. Nanowire diameter 1s about 10 nm

(After S.D.S. et al, Ref. [12]).
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Fig. 1-15. Multiplexed electrical detections. NW1 detects PSA; NW?2 detects CEA; NW3

detects mucin-1 (After G.Z. et al, Ref. [13]).

Fig. 1-16. Schematic of capacitance measurement setup (After R.T. et al, Ref. [15]).
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Fig. 1-17. Mobility of nanowires 1is relative to the radius and Vs (After A.C.F. et al, Ref.

[14]).
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Fig. 1-18. Nanowire field-effect transistor sensors” -$eénsing mechanism (After F.P. et al,

Ref. [19)).
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Fig. 1-19. The saturation currents of both short-channel N and P MOSFETSs are improved

with the use of the SiGe-channel (After Y.C.Y. et al, Ref. [21]).
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Fig. 1-21. TEM image and Ge profile (After T.T. et al, Ref. [22]).
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Fig. 2-1. SiO: layer is grown 5000A on the Si substrate.
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Fig. 2-2. Etching SiO:, and the height is about 3000A.
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Fig. 2-3. Depositing ¢ - Si 150A on the SiO: layer.
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Fig. 2-4. Depositing SiGe layer on the amorphous Si layer.

‘ ‘ \
Fig. 2-5. Defined nanowire and S/D.

Fig. 2-6. Etching two side parallel nanowires.
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Fig. 2-7. Defined Al contact pad.
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Fig. 2-8. APTMS binds silicon oxide layer.
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Fig. 3-1. SEM 1mage of Sis:Ger nanowire.

000020 ——F—"—T—"——T+—"T7T———T T T T

0.00015

—a— 4um normal s
—eo— 4um APTMS 1

0.00010

0.00005
0.00000

Current(A)

-0.00005

-0.00010

-0.00015

_O'M)ZO.|.|.|.|.|.|.|.|.|.
-0 8 6 4 2 0 2 4 6 8 10

Voltage(V)

Fig. 3-2. Io-Vb curve of SissGer nanowire which 1s 4um long before and after dipped

APTMS.
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Fig. 3-3. Process of forming non-homogeneous SiGe nanowire with three different
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Fig. 4-1. SEM of SissGews nanowire.
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Fig. 4-2. Ib-Vb curve of SissGes nanowire which 1s 6um long before and after dipped

APTMS.
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Fig. 4-4. Method of least squares of average sensitivity.
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Fig. 4-5. Sensitivity distribution of oxidation at 850°C with different time.
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Fig. 4-6. Sensitivity distribution of oxidation at 900°C with different time.
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Fig. 4-7. Auger analysis of SisGeis nanowire without oxidation.
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Fig. 4-8. Auger analysis of SisGewu nanowire at oxidation temperature 900°C  for 7

minutes.
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Fig. 4-9. Auger analysis of SisGewu nanowire at oxidation temperature 900°C  for 13

minutes.
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Fig. 4-10. A bar chart of sensitivity distribution with different conditions.
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