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Chapter 1 Introduction

1.1 Background

The recent rapid development of the information communication technology has been
achieved by the growth and technical innovation of the semiconductor industry.
Complementary metal oxide semiconductor (CMOS) is an important element in the large-
scale integrated circuits (LSIs), which are the physical cores of the information
communication technology. The CMOS consists of a pair of n- and p-channel metal oxide
semiconductor field effect transistors (MOSFETs). The CMOS is suitable for the LSIs
because of its high speed switching and ultra-low power consumption capabilities. The
integration density of the MOSFETs on a chip has increased following Moore’s Law
which predicted the number of MOSFETS per chip increase exponentially to improve the
performance. International technology roadmap for semiconductors (ITRS) predicted the
miniaturization trend of the transistors in logic LSIs [2]. Figure 1-1 shows the timeline of
the transistor size. However, miniaturization of the transistor size will be limited by the
size of an atom. This situation causes problems of variation and fluctuation in the
characteristics of the transistors and gate leakage current due to the tunneling effect
through an ultra-thin gate oxide. It is necessary to find an alternative way to further
improve the LSI performances without miniaturization. Therefore new device operation
principle, material, and architecture have been extensively explored recently.

I11-V compound semiconductor devices such as GaAs-based nanowire devices
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Fig. 1-1 Timeline of design rule of CMOS technology.

are candidate for the future ultra-high performance LSIs. A GaAs-based nanowire three-
branch junction (TBJ) device is an important example of such devices. The TBJ device
was firstly introduced by H. Q. Xu in 2001 [3]. The TBJ device exhibits unique nonlinear
characteristics even with a simple structure. This nonlinearity makes the TBJ to operate
as two-input AND logic gate by itself [4] as shown in Fig. 1-2. Various circuits integrating
the TBJ devices has been demonstrated so far [5-15]. Originally, ballistic transport was
assumed for the mechanism of the nonlinear characteristics in the TBJ [3]. However, the
nonlinear characteristics were experimentally observed even at room temperature where
the electron transport is in the non-ballistic regime [16-20]. The nonlinear mechanism for
such cases has not been clarified yet.

The miniaturization of the semiconductor devices has highlighted the influence
of the individual electron traps in the semiconductor surface. The single electron trap that

randomly captures and emits an electron gives great influence on the electrical
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Fig. 1-2 Schematic image of TBJ which is able to use as AND logic gate.

characteristics in the semiconductor nanodevices as shown in Fig. 1-3. Therefore
detection and characterization of the single electron trap in the semiconductor surface
become an important issue recently. Although various scanning probe microscopy (SPM)
techniques have been developed for atomic-scale characterization of the surface [21-42],
it is difficult for these techniques to detect the dynamics of the electrical properties of the
traps in the semiconductor surface because of the difficulty in high speed and high SNR
detection of ultra-small current signal generated by weak interaction between the SPM

tip and the surface trap through the SPM tip.
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Fig. 1-3 Schematic image of influence of single electron trap on the electrical
characteristic in nanodevice.

1.2 Purpose of this work

Considering the backgrounds in the previous section, the objective of this work is to
clarify the mechanism of the nonlinear characteristics in the 111-V semiconductor TBJ
devices at room temperature. The GaAs-based TBJ device was characterized by a local
conductance modulation method using focused laser irradiation to understand the
nonlinear mechanism. From this study, it is found that the local surface potential in the
TBJ is an important factor in the nonlinear characteristics of the TBJ. Here the surface
electron trap play key role in the surface potential. Then I introduce a novel detecting
technique for the individual electron traps in semiconductor surfaces. Charge dynamics
of the electron trap in the semiconductor surface is detected through the current noise in
the semiconductor induced by a metal tip. The concept is demonstrated using an atomic
force microscope (AFM) system with a metal tip and a small current noise measurement

system.



1.3 Synopsis of this thesis

This thesis consists of seven chapters.

Chapter 2 describes the properties of semiconductor nanostructures and surfaces
including the electrical properties of the basic GaAs-based devices.

Chapter 3 summarizes the basic concept and techniques of various scanning
probe microscopy for the semiconductor nanosturcutures and surfaces.

Chapter 4 introduces a three-branch nanowire junction (TBJ) device and explains
its nonlinear electrical characteristics.

Chapter 5 shows and discusses the experimental results of characterization of the
GaAs-based TBJ devices using the focused light-induced local conductance modulation
method. This method could identify the conductance domain in the device. The effect of
the semiconductor surface on the TBJ characteristics was also investigated. | point out
that the surface is an important key in understanding its nonlinear characteristics.

Chapter 6 describes the novel detection technique of the discrete electron trap in
the GaAs-based nanowire surface through the metal-tip induced surface potential
modulation. Random telegraph signal (RTS) was imposed on the nanowire current when
the tip was located on an electron trap position. This behavior indicated the capture and
emission of an electron between the surface trap and the nanowire channel. From the
analysis of the RTS information of electron trap depth and energy could be obtained.

Chapter 7 summarizes and concludes this thesis.
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Chapter 2  Properties of semiconductor nano-

structures and surfaces

2.1 Introduction

To improve the performance of electron devices, introducing novel materials and
structures is expected. The electrical properties of 11I-V compound semiconductors are
superior to Si as shown in Table 2-1 [1]. GaAs is expected high speed circuit operation
because of high electron mobility due to electron effective mass. A nanowire is promising
structure for transistors. A Nanowire transistor has excellent gate controllability because
of wrapped gate structure and it suppress the short channel effect [2]. Nanostructures such
as nanowire are strongly influenced on its surface, therefore, it is important for the device

application to understand the physical properties of its surface. In this chapter, basic

Table 2-1 Electrical properties of semiconductors.

Electron effective
Electron mobility | mass Saturation velocity

(cm?/Vs) (in units of electron | (107 cm/s)
mass)

Si 1400 0.19 1.0

GaAs 8500 0.063 1.2
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electrical properties of compound semiconductor materials and nanowire transistors are

summarized.

2.2 Electrical properties of AlGaAs/GaAs heterostructure and GaAs-

based nanowire

Afield effect transistor using AIGaAs/GaAs heterostructure called high-electron mobility
transistor (HEMT) was invented by Mimura in 1980 [3]. The band diagram and layer
structure of a delta-doped AlGaAs/GaAs heterostructure with a Schottky gate using this
work are shown Fig. 2-1. This structure shows a high electron mobility because the two
dimensional electron gas (2DEG) layer is isolated from the impurity layer, therefore,
electrons in channel are not affected by impurity scattering. In Fig. 2-1, &g is Schottky
barrier height, AEc is a band offset between AlGaAs and GaAs, Er is fermi energy, di is
the thickness of AlGaAs barrier layer, and d> is the thickness of AlGaAs spacer layer,

respectively. The static potential in AlGaAs layer V(z) using Poisson’s equation is given

by

dV(2) _ qN(2)

2
dz € AlGaas

(2.1)

where @ is elementary charge, N(z) is the donor density distribution of AlGaAs in the
depth direction, and eaicaas is the electric permittivity of AlGaAs, respectively. The

difference of the electric potential in AlGaAs V1 using the integration of Eq. (2.1) is given

by



13

(a)
Metal AlGaAs GaAs
o d4
0 > Z

(b)

10 nm J

50 nm AlGaAs Si 6-doping

rd
12 nm AlGaAs

20 nm S 2pEG

10 nm AlGaAs
GaAs buff.

Fig. 2-1 (a) Band diagram and (b) layer structure of a delta-doped AlGaAs/GaAs
heterostructure with a Schottky gate using this work.

V, = F.(d, +d,)+ MNadz (2.2)

€ AIGaAs

where Fs is the electric field of heterointerface, and Ng is the sheet donor density. The

2DEG density ns is given by
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N, = EngansFs - (2.3)

The relationship of ns and gate voltage Ve by using Eq. (2.2) and (2.3) [4] is represented

as

€ AlGaas
n = -V y 2.4
* q(dl+d2+Ad)(VG ) 24)

where Vi is threshold voltage, and Ad is the distance between AlGaAs/GaAs

heterointerface and 2DEG as shown in Fig. 2-1. Threshold voltage is given by

vV, =¢B—AEC—EFO—qud2, (2.9)

€ AlGaAs

where Ero is Fermi level from the conduction band when Ve =0 V.

Figure 2-2 shows a schematic image of Schottky wrap-gate (WPG) controlled
nanowire transistor. The width of the depletion region estimating by the ideal in-plane
gate structure [5] is given by

dep —

W —%(vm Vo), (26)

S

where Vyi is the built-in potential of the Schottky contact. The effective channel width of

nanowire transistor is given by
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Schottky wrap-gate (WPG)

GaAs

Fig. 2-2 Schematic image of Schottky wrap-gate (WPG) controlled nanowire
transistor.

W, =W, —2W,

geo dep?

2.7)

where Wgeo is the geometrical nanowire width. The effective threshold voltage of the

nanowire transistor which defined as Wess = 0 is determined by

n
Vinwee = Voi — T w,,. (2.8)

geo
€ AlGaAs

Substituting Eq. (2.4) into Eq. (2.6),

1 1

VthWPG = mvbi - mvth ) (2-9)

where « is the ratio between the geometrical nanowire width and AlGaAs layer, and
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e Moo (2.10)
4(d,+d,)

In the linear region, when the channel potential is less than saturation electric

field Es, drain current of HEMT is described as

€ aicans MW de
=__ACAsT 6 -V WV, -2, 2.11
d (d1+d2+fd){(ve n)Vy 2} ( )

where x is the electron mobility, We is the width of the gate, and V4 is drain voltage,
respectively [4, 6]. In the saturation region, when the electron velocity vs = uEs, saturation

drain current is expressed as

€ UW,E 2 2, 2
I :M[ -V, ) +EL." —EL ] 2.12
dsat (dl+d2+Ad) \/(\/G th) S G S=G ( )

where Lg is the gate length. If the gate length L is much smaller than (Vg-Vin)/Es,

e W.v
I — _“AIGaAsT'GTS -V..). 2.13
dsat (dl+d2+Ad)(VG th) ( )

The transconductance is given by

Enicans Ve Vs

= AGASTIGTs (2.14)
(d, +d, + Ad)
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2.3 Surface and interface states

The electron state at the end of periodic crystal forms surface state and interface state
when materials such as metal, amorphous, and other crystal contacts to the surface. The
charge of interface state causes potential bending and trap and emission of carriers to the
state influences on the carrier transport and transient response. For the application of the
semiconductor devices including MOS FETs and heterostructure, control of the interface
is an important issue of electrical properties and reliability.

The unified disorder induced gap state (DIGS) model to explain the interface
state was proposed by Hasegawa and Ohno in 1986 [7]. Figure 2-3 shows a schematic
image of interface state density distribution. In the upper region of bandgap, anti-bonding
states succeed to conduction band and it is called accepter-like states. On the other hand,
in the lower region of the bandgap, bonding states succeed to valence band and it is called
donor-like states. These have the highest density of states near the band edge and
minimum value at the charge neutral level E 1o. As a result, the density of states shows

the U-shaped distribution.

4 E
EC
Anti-bonding
/ Ero
Bonding
EV

NSS

Fig. 2-3 Schematic image of interface state density distribution based on the DIGS
model.
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Chapter 3 Scanning probe microscopy

3.1 Introduction

The scanning probe microscopy (SPM) techniques are the methods of obtaining surface
images of the specimen surface and information of electrical characteristics. As the first
of the SPM technique, Scanning tunneling microscopy (STM) was invented by Binnig
and Rohrer in 1982 [1]. Since then, various SPM techniques such as an atomic force
microscopy (AFM) utilizing the atomic force between a tip and a sample surface and a
kelvin force microscopy (KFM) which is able to characterize the electrical properties of
the sample have been developed. In this section, the basic principles of these techniques

are summarized.

3.2 Scanning tunneling spectroscopy

Binnig and Rohrer realized the measurement of tunneling current between probe and
superconductive material and scanning its distribution. Figure 3-1 shows a schematic
image of STM. Tunneling current through the gap between tip and sample changes
sensitively and then if the tunneling current is remained constant and the height between
the tip and sample is controlled, the tip describes unevenness of sample surface. Here, we
consider a one dimension model of metal-vacuum-metal tunnel barrier to understand the

tunneling current. The tunneling current gives
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y bias voltage
X — tip
t tunneling current
sample l
|
Fig. 3-1 Schematic image of STM.
e
I ocexp[— 25\/1—?(<¢>—¥)J (3.2)

where s is a distance between the metal, m is an electron mass, e is an elementary charge,
h is a plank constant, ¢ is a work function of the metal, and V is an applied tip-sample
bias between tip and the sample. Note that the tunneling current depends on the electronic
density of states of tip and sample. Scanning tunneling spectroscopy (STS) is an
experimental technique to obtain the information of local density of electronic states by

measuring the local tunneling current versus tip-sample bias [2-5].

3.3 Atomic force microscopy

AFM was invented by Binnig, Quate and Gerber in 1986 [6] and first commercially

introduced in 1989. Figure 3-2 shows a schematic image of AFM. The AFM consists of

a cantilever which has a nanometer order tip and lever and it is used to scan and obtain
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photodetector

cantilever

atomic force

Fig. 3-2 Schematic image of AFM.

an image of a sample surface. The typical material of the cantilever is silicon or silicon
nitride. The principle of AFM is based on the force between the tip and the sample. If the
chip closes to the surface, forces works between the tip and the sample and it leads to
deflection of the cantilever. Detection of the deflection of the cantilever is called the
optical lever method. Optical lever method is to detect a deflection of the cantilever
irradiating laser to back of the cantilever and detecting its reflection by position sensitive
detector. Generally, force between nearby two objects always works so the AFM can be
theoretically used to any material. In addition, scanning gate microscopy (SGM) for
characterizing the local transport properties of electron devices has been reported [7-18].
In this technique, the biased conducting tip of an atomic force microscope (AFM)
modulates electrostatic potential locally in the device and the current passing through the

device, which is not influenced by the tip conductance, is measured.
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3.3.1 Imaging modes

There are three modes for imaging by AFM describing as follows.

3.3.1.1 Contact mode

In contact mode, the tip directly contacts to the sample. Therefore, this mode can
achieve the high resolution imaging. The vertical force of the cantilever is
controlled and then pressure to the sample is also limited. However, the tip and
the sample are susceptible to damage because of the direct contact.

3.3.1.2 Tapping mode

In the case of a sample observation in liquids, there are problems of damage to
the sample and the lateral dragging of the sample. Tapping mode was developed
to solve these problems [19]. In the tapping mode, the cantilever is driven close
to a resonance frequency and its amplitude is kept constant. The intermittent
contacts between the tip and the sample surface give the AFM image in the
tapping mode. The tapping mode is often used when a sample is measured in
liquids because that can reduce the damage to the tip and lateral movement of
the sample.

3.3.1.3 Non-contact mode

In the non-contact mode, the cantilever oscillates at resonance frequency and
measuring a shift of its resonance peak [20]. Generally, resonance frequency
decreases if the cantilever closes to the sample surface. The short-range force
between the tip and the surface is like a covalent bond which is effective around
an atomic scale. On the other hand, the long-range force is like van der Waals

forces which are effective over several 10 nm. An atomic scale AFM image can
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be obtained by the frequency shift caused by these forces in the non-contact

mode. Therefore, the cantilever and the sample do not be degrade in the non-

contact mode.

3.3.2 Force spectroscopy

In the force spectroscopy, in order to obtain detailed information of the sample, the lateral

direction is fixed and the cantilever is moved in the vertical direction, and its deflection

is measured. A simple force curve is shown in the Fig. 3-3. The vertical line shows the

deflection of the cantilever and the horizontal one the height of the cantilever from the

surface. The force is too small to give a deflection of the cantilever when the distance

between the cantilever and the sample is long. As the cantilever approaches the surface,

Deflection

approach

repulsive force

!

_ I retract
attractive force

adhesion force

v

Tip sample distance

Fig. 3-3 Typical force curve of AFM.
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an attractive force works between the surface and the tip, and the tip jumps into contacts
with the surface. When the tip is contact with the sample surface, a repulsive force from

the sample works to the tip, and it causes opposite deflection.

3.4 Kelvin probe force microscopy

KFM for measuring a contact point difference (CPD) in surface study was proposed in
1991 [21]. The KFM can provide high resolution information of potential or charge
distribution and CPD by detecting electrostatic force. The KFM is often used to surface
and interface of thin film sample and surface potential of semiconductor material [22-27].
Figure 3-4 shows a schematic image of principle of the KFM. If a conductive tip is not
applied DC bias as shown in Fig. 3-4(a), the work function of conductive tip ¢ 1 and that

of the sample ¢ 2 are given by

(@) (b)
tlp Sample t|p Sample
| I.
| Ve = (91-9,)/e
Ve = (9-9,))le I — Eypq -
Evac o,
(pl (Pz EF (pZ
EF - v

Fig. 3-4 Schematic image of principle of KFM. (a) Tip is not applied DC bias and (b)
tip is applied DC bias to cancel out the electrostatic force.
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¢, =Eyac —E1, (3.2)

¢, =Eyac —E;, (3.3)

where E vac is vacuum level, E 1 is fermi energy of the conductive tip, and E 2 is fermi
energy of the sample, respectively. When the tip contacts to the sample surface, the CPD
Vs between the tip and the sample which is same as the difference of the work function is
given by

Vo= P2 (3.4)
€

When we apply DC voltage to cancel out the electrostatic force as shown in Fig. 3-4(b),
we can obtain the value of CPD. The electrostatic force when there are potential

difference V between the tip and the sample is given by
F==—2V?, (3.5)

where C is a capacitance, and z is a distance between the tip and the sample, respectively.

When we apply DC voltage V pc and AC voltage V acsinwt, this formula is replaced by

1dC :
F= Ed_z(vs —Vpe =V Sinmt )?

1dC 1 dC . 1dC
- Ed_Z{(VS Ve ) +EVACZ}_d_Z(VS Voo W,cSin ot —Zd—ZVACZCOSZwt . (3.6)

We can obtain the CPD between the tip and the sample if the DC voltage is adjusted to

amplitude to be zero because Vs = Vpc.
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Figure 3-5 shows a schematic image of characterization for surface potential in a
semiconductor using the KFM. If an electron trap exists in the semiconductor, its work
function increases resulting in the surface potential is smaller than the semiconductor
which has no electron trap. Therefore, we can find a disorder in semiconductor by

characterizing the CPD using the KFM.

(@) (b)
without trap with trap
tip Semiconductor

E E

VAC P VAG
fptip (Psample qolip @ sample
/ I Ps = 7 o’ E.
_____________ EF — _5_—————_______ EF

Fig. 3-5 Schematic image of characterization of semiconductor using the
KFM (a) with and (b) without electron trap.
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Chapter 4 Three-branch nanowire junction (TBJ)

device

4.1 Introduction

The recent development of nanotechnology allows us to create various functional
nanodevices. A semiconductor three-branch nano junction (TBJ) device is a typical and
important example of such devices. The TBJ exhibits a unique nonlinear voltage transfer
characteristic even with a simple structure [1]. Various analog and digital circuits
integrating TBJs have been demonstrated thus far, including NOR logic gates [2], NAND
logic gates [3-6], frequency mixers [7, 8], half adders [9], rectifiers [10], and flip-flops
[11, 12]. The TBJ also has the capability of ultrahigh-speed operation up to THz
frequency [13]. For the design and control of the device and circuits, understanding of the
mechanism for the nonlinear characteristic is an important issue. A pioneering work by
Xu indicates that the nonlinear characteristic appears when the TBJ is operated in the
ballistic transport regime [1]. However, experimentally, it is also clearly observed at room
temperature (RT) [14-18] where the carrier transport should be in the nonballistic
transport regime. The mechanism in such a case has not been clarified yet, although
several hypotheses have been introduced, including those regarding the effective mean
free path extension [16] and the asymmetric channel depletion due to the surface potential

[19-26].
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4.2 Nonlinear electric characteristics of TBJ

The TBJ with a typical measurement circuit is shown in Fig. 4-1(a). We consider the
device with an n-type semiconductor. An equivalent circuit deduced from the structure is
shown in Fig. 4-1(b). When voltage signals are applied to the left and right branches in
push-pull fashion (VinL = -VinR), the output voltage Vour in the center branch shows a
bell-shaped nonlinear voltage transfer curve, as shown in Fig. 4-1(c). To explain such a
nonlinear behavior in terms of the equivalent circuit in Fig. 4-1(b), we consider the

formula of VouT as

_ G, —G.
Vour = mvw ’ (4.1)
(a) (c)
TBJ Vour
Vi = Vg = classical
+V,\ ; ;l; —Vn l
— 0]
2
3

>

(b) Vo TBJ

+vp o— W — v, VinlV)
G G

+

Fig. 4-1 TBJ device: (a) measurement circuit, (b) equivalent circuit of the
device, and (c) typical voltage transfer characteristic.
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where G+ and G. are the input branch conductance values with positive and negative
biases, respectively. From the device configuration, the conductance in the input branches
is expected to be the same and Vour is expected to be zero. In turn, to explain the nonlinear

curve, we must accept that G+ is always smaller than G..

4.3 Possible models for nonlinear characteristics

The nonlinearity in the TBJ is understood by the asymmetric conductance that depends
on the polarity of the input voltage. The original model explains it by the ballistic
transport of electrons [1]. In this model, the electrons emitted from the negatively biased
branch reach another branch without scattering, as shown in Fig. 4-2(a). As a result, the
resistance of the negatively biased branch is zero. Then, the output voltage follows that
of the negatively biased branch, namely, Vour = -|Vin|. This model is applicable to the
low-temperature operation where the mean free path is longer than the device size.
However, the nonlinear characteristic is observed at RT, which cannot be explained using
this model. At present, there are two models for such a case. The mean free path extension
model indicates that the effective mean free path is extended at a high electric field
because the carrier velocity increases while the carrier relaxation time remains constant
[16]. On the other hand, the asymmetric channel depletion model indicates that the
potential difference between the surface and the biased branch causes asymmetric
depletion in the channel, which is similar to the channel pinch off in a field-effect
transistor (FET) with large drain bias. In the case of the n-type semiconductor, the channel
depletion occurs in the positively biased branch, as shown in Fig. 4-2(b) [19-26]. This

means that G+ is small. The I11-VV semiconductor nanowire surface is known to behave
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(a)

+ eViy " Reservoir

(b)

surface state
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© 00000 003
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Fig. 4-2 (a) Ballistic transport model and (b) asymmetric channel
depletion model.

similarly to a metal gate because high-density surface states fix the surface Fermi level at
a certain energy level. From the size dependence of the nonlinear curve [26] and its
asymmetric change in the gate-controlled TBJ devices [17, 25], we suppose that this
model is applicable to the nonlinear characteristic at RT. To verify the applicability of
this model, the identification of the existence of the conductance domain and its portion

is necessary. The effect of the surface should also be clarified.
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4.4 Applications

The relationship between the output voltage and input voltage of TBJ device is
summarized in Table 4-1. The output voltage of TBJ device always follows the lower
input voltage. For example, if the one of input voltage is applied 1 V and the other input
is applied 0 V, then the output voltage follows the lower input 0 V. If the both input
voltage is 0 V or 1 V, the output voltage is as same as the input voltage. This relationship
is as same as the AND logic gate. Therefore, TBJ device behaves as AND logic gate itself.
In addition, NAND logic gate has been demonstrated combining with TBJ device and
TBJ-shaped inverter which can increase gain [6]. Any Boolean logic gate can be
implemented by using combination of the TBJ device because NAND logic gate is the

universal circuit.

Table 4-1 Truth table of TBJ device logic operation.

VINPUTl VINPUTZ VOUT

0 0 0

0 1 0
1 0 0
1 1 1
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Chapter 5 Characterization of GaAs-based TBJ
devices by light-induced local

conductance modulation method

5.1 Experimental Procedure

In this study, to identify the model for the nonlinear mechanism in the TBJ at room
temperature, we characterized the GaAs-based TBJ device by local conductance
modulation by focused laser light irradiation. This method revealed the conductance
domain in the device, which is an important factor for understanding the nonlinear
characteristic. We also fabricated and characterized a SiN-deposited TBJ to clarify the
effect of the surface potential on the nonlinear characteristic in terms of channel depletion.

GaAs-based TBJ devices were fabricated and characterized. The nanowire
channel was formed on an AlGaAs/GaAs heterostructure on a (001) semi-insulating
GaAs substrate by EB lithography and wet chemical etching. A Ni/Ge/Au/Ni/Au ohmic
contact was formed on each branch. Figure 5-1(a) shows a scanning electron microscopy
(SEM) image of a fabricated device. The two-dimensional electron gas (2DEG) density
was 7.8 x 10! cm?. The 2DEG mobility (He) values were 7,100 cm?V-s at 300 K and
11,000 cm?V-1st at 77 K. The corresponding mean free paths were 100 nm at 300 K and
1600 nm at 77 K. To identify the conductance domain position distinctly, we designed a

relatively large device. The input nanowire length was 20 um and the output nanowire
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length was 2.5 um. The nanowire directions were <-110> for input branches and <110>
for output branches. In the case of the GaAs channel, the electron transport properties
including the mobility, mean free path, and density of states do not depend on the
nanowire direction, since the Fermi surface of GaAs has a spherical symmetry and the

effective mass of the electron is isotropic. The width and cross section of the nanowire

(a)

b

(®) 658 nm LD
d=5pum
P=0.047 mW

+V |y

High precision movable stage

Fig. 5-1 (a) SEM image of a fabricated GaAs TBJ device and (b) a light-induced
local conductance modulation measurement system.



39

mainly affect the conductivity. The nanowire widths were 300 nm for the input branch
and 500 nm for the output branch. The nanowire was larger than the mean free path and
the device operated in the nonballistic transport regime at RT. To clarify the effect of the
surface potential, we also prepared devices with and without a SiN layer on their surface.
The SiN layer is known to change the surface potential in GaAs-based materials [1, 2].
The SiN layer was deposited by electron cyclotron resonance chemical vapor deposition
(ECR-CVD) at a substrate temperature of 260 °C. The gas flow conditions were a SiH4
gas flow rate of 30 sccm and a N2 gas flow rate of 1 sccm. The measured film thickness
was 30 nm.

To find the conductance domain and its effect on the nonlinear characteristic, we
developed the light-induced local conductance modulation measurement system shown
in Fig. 5-1(b). A focused laser light was irradiated on the device. The diameter of the laser
spot was 5 pm and the wavelength was 658 nm. The laser light excited carriers and
modulated the conductance locally. The sample position could be controlled with a 10

nm resolution in this system. All measurements were performed at RT.

5.2 Results

5.2.1 Effect of focused light irradiation

To confirm the local conductance modulation in the developed system, we measured the

I-V characteristics of the device in the beginning. Figure 5-2(a) shows the measured 1-V

characteristics under dark and light irradiation conditions. The laser light was irradiated

at the end of the left branch. The significant current increase was observed only when the
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Fig. 5-2 | -V characteristics with laser light irradiation: (a) irradiation on the
current path side and (b) irradiation on the outside of the path.

laser light was irradiated on the positively biased branch. The results confirmed the local
conductance modulation in the present system and also indicated the existence of the
conductance domain in this portion. A small increase in current was also observed even
in the branch without light irradiation, as shown in Fig. 5-2(b). This was because the
photogenerated carriers in the laser-irradiated branch diffused to the current channel
portion. The increase in conductance was 22 uS. The estimated increase in carrier density,
An, was 1.9 x 10'° cm™. Theoretically, in the case of 658 nm light, the number of
generated photons was 4.6 x 10'° cm™s™ considering the reflectance of 0.34 for GaAs

and the laser power of 0.102 mW. The increase in carrier density is estimated using

An=nr f, (5.1)

where 7 is the carrier lifetime, # is the quantum efficiency, and f is the photon flux density.
7 was estimated to be 10 ns [3]. Assuming 5 = 30%, we obtained An = 4.6 x 10** cm and

the increase in conductance was estimated to be 523 uS. This value is one orders of
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magnitude larger than the experimental one. The difference is attributed to the small
effective quantum efficiency due to the large surface recombination of the GaAs nanowire
[4].

Figure 5-3 shows the measured Vour-VinL characteristics with and without laser
light irradiation. The output voltage increased when the laser light was irradiated on the
positively biased branch. In contrast, the output decreased when the laser light was
irradiated on the negatively biased branch. The observed behaviors were explained by the
increase in conductance in the laser-irradiated branch in terms of Eq. (4.1). The polarity
of the output voltage was changed from negative to positive by the light on the positively
biased branch. This was because the magnitude relationship between the conductance in
the left and right branches was switched and the output branch potential followed the

positively biased branch. The increase in conductance from the result was estimated to be

VINL(V)

Fig.5-3 V1~V Characteristics with and without the laser light irradiation.

ouT
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11 uS, which was in agreement with that from the I-V characteristics. This result indicates
that the asymmetry of the input nanowire conductance caused the nonlinearity in the
voltage transfer curve.

To determine the position of the conductance domain and its relationship with
the nonlinear curve, the laser light position dependences of the output voltage and the
input-branch current Iin were characterized. The measurement system is schematically
shown in Fig. 5-4(a). In these measurements, constant positive and negative voltages were
applied to the left and right branches, respectively (Vine = +1 V, Vinr = -1 V). Figures 5-
4(b) and 4(c) show the laser position dependences of Vour and lin, respectively. The
output voltage increased as the laser position was moved from right (x =10 um) to left (X
=-10 um). The current also increased similarly to the output voltage. The highest voltage
and current were observed at the end of the positively biased nanowire at x = -10 pum.
These results indicate that the lowest conductance portion was the end of the positively
biased nanowire. Vout showed a minimum value at x = 2.5 pm. This was because the
conductance in the negatively biased branch, G., increased and it enhanced the
nonlinearity, as indicated by Eq. (4.1). Vout increased when the laser position was greater
than 2.5 pm, since the light spot gradually left the nanowire and transferred to the wide
channel portion, and the situation approached the dark condition.

We estimated the change in conductance in the two input branches as a function

of the laser-irradiated position. Input branch conductance is expressed by

G= —mw  g=_Tn (5.2)

The calculated result is shown in Fig. 5-5. Note that the largest conductance change



43

V= =L
+1V
7777
(a)
=) D
>O ,// )
/'v,NL(V)Ij)
0t
v [
-0.17¢
= I
< 0.2 y
S-03f |
= light
0.4 |

5 ; : ‘
-10 -5 0 5 10
Laser irradiation position,x (um)

(b)

(-)10 -5 0 5 10
Laser irradiation position,x (um)

(c)
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Fig.5-5 Evaluated conductance values in the left and right branches.

occurs when the laser is irradiated on the conductance domain, since the lowest
conductance dominates the current. Therefore, we could determine the position of the
conductance domain from the plot in Fig. 5-5. The largest change in G+ was obtained
when the laser was irradiated at the end of the positively biased nanowire, X = -10 um.

Thus, the conductance domain existed at the end of the positively biased nanowire.

5.2.2 Surface dependence of nonlinear voltage transfer

characteristics

To clarify the mechanism of the formation of the conductance domain, we investigated
the effect of the nanowire surface on the electric characteristics in the TBJ. Figure 5-6(a)
shows the currents in the nanowire before and after the SiN deposition. The current

decreased after the SiN deposition. This showed the increase in surface potential that
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Fig. 5-6 (a) I -V and (b) V, V. Characteristics before and after SiN
deposition.

promoted the channel depletion. Figure 5-6(b) shows the voltage transfer curves before
and after the SiN deposition. The reinforcement of the nonlinearity was observed in the
device after the SiN deposition. Therefore, the surface condition affected the nonlinearity
in the TBJ. The study on the electric field concentration in MESFETS [5] showed that the

large surface potential of the channel semiconductor shifted the position of the high field
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to the drain electrode. In the case of the TBJ, the increased surface potential enhanced the
channel depletion in the positively biased branch similar to the drain in a FET and the
conduction was decreased and the nonlinearity was reinforced. Considering the position
of the conductance domain, the results suggest that the asymmetry channel depletion
model is feasible for the nonlinear characteristic of the TBJ in the nonballistic transport

regime.

5.3 Discussion

A possible model for the voltage-polarity-dependent conductance in a GaAs-based TBJ
is asymmetric channel depletion. This model is based on the fact that the surface potential
of the TBJ is almost fixed due to the surface Fermi level pinning on the GaAs and related

materials by high-density surface states [6]. Such surface behaves as a metal gate.

AlGaAs barrier

Fig. 5-7 Surface-related model for asymmetric conductance in input branches.
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Considering the typical GaAs-based TBJ structure as shown in Fig. 5-7 together with the
linear transport approximation similar to the long-channel FET, carrier density of the
electrons in the channel ns is expressed by the capacitance C per unit area of the AlGaAs

barrier layer,

e-ng(V)=C(V, — g —V )= Sacms (yy _g V), (5.3)
AlGaAs

where e is an elementary charge, Vo is an equivalent potential representing the
accumulated electrons by doping, ¢s is surface potential, eaicaas and daicaas are the
permittivity and thickness of the top AlGaAs barrier layer, and V is applied voltage to the
input branch. We obtained C = 1.8 mF/m? from saicaas = 1.1 x 1071° F/m and daicaas = 60
nm respectively. In terms of charging a capacitance, positive input voltage cancels Vo and
reduces the electrons in the channel. Assuming the linear transport in the branch, G. =
Heens(VL) = epeC(Vo — ¢s — VL)W and Gr = peeNs(—VL) = eteC(Vo— ¢s + VL)W (M IS
electron mobility and W is nanowire width). We find that the conductance is controlled

by the input voltage. Substituting G. and Gr in Eq. (4.1), we obtain

1
Vo - ¢s

Vo=~ Ve, (5.4)
This simple equation clearly demonstrates that the bell-shaped curve and the surface
potential directly relates to the curvature. As the surface potential increases, the curvature
increases and the nonlinear curve becomes abrupt. In addition, considering ensg = C(Vo—

¢s) for 2D carrier density at Vi = 0, Eq.(5.4) is expressed as follows,

C \:
Ve =—-V/". 55
= W (55)
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Since nso is proportional to Fermi energy, Er, in the case of two-dimensional electron
channel, the curvature is proportional to the inverse of Er. This Fermi energy dependence
is similar to that predicted by the ballistic transport model [7]. Eq. (5.5) also indicates that
a narrow nanowire with small carrier density shows an abrupt nonlinear curve, which is
consistent with our previous result [8].

In addition, we also characterized the wavelength dependence. From I-V
measurements as shown in Fig. 5-8, the 658 nm light resulted in a large conductance
change, while the change by the 405 nm light was small. This was because light
penetration length in AlGaAs of the 405 nm light was 17 nm, which was less than the
AlGaAs thickness and the light could not excite the carriers in the AlGaAs/GaAs interface.

A slight increase in current was also observed even in the branch without light irradiation

0 Mgt 40

301 30 [
gao AN ge0 |
= |658nmLD > 658 nm LD

10 10 [

405 nm 405/nm
0 E 0 E 7”
.  dark —g/ dark
¢ 0 1 10 4 0 1
V (V) V (V)

(@) (b)

Fig. 5-8 Measured current-voltage characteristics in (a) left branch and (b) right
branch with local light irradiation on left branch.
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in Fig. 5-8(b), because of the diffusion of the photogenerated carriers in the laser-irradiated
branch to the other branches. Measured nonlinear curves with local light irradiation are
shown in Fig. 5-9. The LD power was 0.047 mW for both wavelengths. By irradiating the
left branch, the curves only in V. > 0 moved upward. Whereas the curve moved upward
only in Vi < 0, when the right branch was irradiated. Similar to the 1-V characteristics in
Fig. 5-8, the 658 nm light caused larger modification of the curve than the 405 nm light.
The top of the convex curve shifted to the left when the right branch was irradiated, while
the curve shifted to the right when the left branch was irradiated. The amount of the shift
was large when the 658 nm light was irradiated.

Observed behaviors were analyzed by our model. When the light was irradiated on the left
branch, only the left branch conductance G was modified such as GL = epeC(Vo + AVo —
¢s — VL)W, where AV represents the increase of the carriers by the light irradiation. Then

Eq. (5.4) is modified as follows,

v ANV =V A 12) A 4 (5.6)
© OV +AV, ¢ V, + AV, — ¢, ' '

The formula suggests that the convex curve shifts to the right and the top moves upward
when the left branch is irradiated. Calculated curves with AVo=0.2 V and 0.9 V are shown
in Fig. 5-10. The value of Vo— ¢sin the calculation was estimated from the curve in dark
and Vo— ¢s = 2.3 VV was used. The calculated curves reproduce the basic behaviors of the
experimental ones in Fig. 5-10. Estimated photo-excited carriers by the 658 nm light with
0.047 mW was 1.5 x 102 cm™. Obtained carrier density corresponds to AVo = 1.8 V at
quantum efficiency = 1. Considering the reduction of the effective quantum efficiency by

surface recombination [9], estimated AVg is reasonably in agreement with the assumed
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Fig. 5-9 Measured voltage transfer curves with local light irradiation on (a) left
branch and (b) right branch.

value for calculation. Curvatures of the calculated curves for VL. <0 V in Fig. 5-10(a) and
VL > 0 V in Fig. 5-10(b) was smaller than the experimental ones in Fig. 5-10. This
discrepancy suggested the increase of the conductance in non-irradiated branch. It was

verified from the measured current in Fig. 5-9. Vo in Eq. (5.6) increased simultaneously
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Fig. 5-10 Calculated voltage transfer curves for (a) left branch conductance
modulation and (b) right branch conductance modulation.

and the curvature itself decreased. Observed behaviors of the current and nonlinear

characteristics in the GaAs-based TBJ were consistently understood by our model.
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5.4 Conclusion

Nonlinear voltage transfer characteristics in GaAs-based three-branch nanowire junction
(TBJ) devices were investigated by a light-induced local conductance modulation method.
The nonlinear transfer curve greatly changed only when the laser was irradiated on the
positively biased branch. The conductance domain was found to exist at the end of the
positively biased branch of the TBJ. A SiN layer deposited on the TBJ increased the
surface potential and reinforced the nonlinearity in the transfer curve. The obtained results
indicate that the asymmetric channel depletion model is appropriate for the observed

nonlinearity mechanism in the GaAs TBJ at room temperature.
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Chapter 6 Detection of discrete electron trap in a
GaAs-based nanowire through metal-tip

induced surface potential modulation

6.1 Introduction

Electron traps in a semiconductor significantly influence the electrical characteristics of
semiconductor devices. Random charging and discharging of the trap causes temporal
fluctuation of the electrostatic potential in the device, which often appears as current or
voltage noise and affects various device performances. Because fluctuation becomes
obvious as the size of the device decreases [1-3], the characterization and understanding
of the charge dynamics of a surface trap has become an important issue in recent years.
Although there are various scanning probe techniques that characterize the surface at an
atomic scale, such as scanning tunneling spectroscopy (STS) [4-6] and electrostatic force
microscopy (EFM) [7-11], they mostly characterize static properties of the surface. The
detection of the dynamics of the electric properties is difficult for such systems because
the small conductance of the tiny tip contact results in a delay of the electric response.
Here, we focus on scanning gate microscopy (SGM) for characterizing the local transport
properties of electron devices [12-24]. In this technique, the biased conducting tip of an
atomic force microscope (AFM) modulates electrostatic potential locally in the device

and the current passing through the device, which is not influenced by the tip conductance,
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is measured. We propose and demonstrate the detection of discrete charge dynamics of
electron traps in the semiconductor surface through the measurement of current noise
induced by contacting a metal tip to the surface. First we describe our concept of detecting
charge dynamics in the semiconductor surface. Next the proposed technique is
demonstrated using an AFM system with a metal tip. Then we discuss possible

approaches to obtaining information on individual traps from the measured noise.

6.2 Concept

The basic concept of detecting discrete charge dynamics of a trap in the semiconductor is
shown in Fig. 6-1. We characterize the trap in a semiconductor nanowire. A metal tip
comes into contact with the surface of the semiconductor nanowire channel having source
and drain electrodes. A biased conducting tip acts as a small movable gate that modulates
the electrostatic potential locally in the device. Drain voltage Vp is applied to the channel
and drain current Ip is measured in the time domain. When a trap exists in the nanowire,
it stochastically captures and emits an electron owing to thermal fluctuation. This process
modulates the channel potential and is expected to cause drain current noise having binary
states, called random telegraph signal (RTS) noise. We recently found that the metal
contact on the surface enhanced such current noise, from the analysis on the current noise
in a GaAs-based nanowire FET with single-molecule dispersion [25]. Figure 6-1(b)
schematically shows the sample with a metal tip contact together with corresponding
equivalent circuit. Cy is the capacitance between the tip and the trap and C> is the tunnel

capacitance between the trap and the channel, respectively. The trap is represented by a
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node between capacitors C: and C,. Charging and discharging of the trap is assumed to
occur through C,. When the tip touches the surface over the electron trap, the tip
capacitively couples with the trap, as shown in Fig. 6-1(b), and the charge in the trap, in

turn, influences the electrostatic potential inside the device. Computing the equivalent

(a) Current noise

D, M\WW

7777

Surface trap

7;7_ GaAs nanowire
(b) (c)

Metal tip  Current fluctuation 1
T C

— 7777
Trap i i e @
7 > umf l«mm =
+—>
—-‘ Td QL \(/:C

Fig. 6-1 Concept of detection of charge dynamics of trap in semiconductor surface.
(a) Detection setup including AFM system with a metal tip together with 1,-V,

measurement system for GaAs-based nanowire sample. (b) Schematic views of the
sample are also shown. (c) Equivalent circuits of the system with metal tip contact

Vb

on the sample.
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circuit, the difference of channel potential is given by

_ Ce
CC,+C,C,+CC,

AV, (6.1)

It is found that Vc depends on e. Therefore, as shown in Fig. 6-1(b), RTS noise appears
when a metal tip comes into contact with the surface over a trap, whereas it disappears
when the tip is retracted. If there is no trap underneath the tip, RTS noise will not appear
even when the tip is in contact with the surface. On the other hand, when the tip is
retracted, the drain current will show small noise. In this case, from the analysis of the
equivalent circuit, the channel potential Vc is found to be independent of the charge in the
trap e because the distance between the tip and the surface is large resulting in Cy is
approximately zero. On the basis of this mechanism, we can detect a discrete trap in the
semiconductor surface by observing RTS noise induced by a very small metal tip. In this
study, we characterize the trap in the surface of a IlI-V compound semiconductor
nanowire device, since the nanowire current is very sensitive to the surface charge owing
to the high surface-area-to-volume ratio and high electron mobility. In an actual case,
current in the device often includes 1/f noise [26-29], which is generated by a large
number of traps distributed uniformly relative to the time constant [30]. Although RTS
noise caused by the above mechanism might be small and difficult to distinguish from
other noise, it shows a Lorentzian spectrum of 1/f 2 slope [31, 32]. When the discrete
charge dynamics of a trap takes place, the Lorentzian spectrum will be superimposed onto
the 1/f noise spectrum, which can be detected using a spectrum analyzer having a wide
dynamic range. It can be distinguished from other noise by an appropriate spectrum

decomposition technique.
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6.3 Experimental procedure

To demonstrate the above concept, we prepared the system shown in Fig. 6-1(a) using an
atomic force microscopy (AFM) system. An etched GaAs-based nanowire was used for
the device under test. The conductive AFM tip was covered with Ptlr. The radius of the
tip was 30 nm. In this system, the current in the nanowire was simultaneously measured
with a contacting tip on the nanowire surface. The GaAs-based nanowire was fabricated
on the modulation-doped AlGaAs/GaAs heterostructure having two-dimensional electron
gas (2DEG) by electron beam lithography and wet chemical etching using a H2SOs-based
etchant. The heterostructure consisted of a 10 nm n*-GaAs cap layer, 50 nm undoped
AlGaAs top barrier, Si delta-doping layer, 12 nm undoped AlGaAs spacer, 20 nm
undoped GaAs channel, 100-nm AlGaAs bottom barrier, and undoped GaAs buffer on a
semi-insulating (001) GaAs substrate. The sheet density of the 2DEG was 7.8 x 10! cm™
and the mobility was 7,100 cm?V* s™* at 300 K. The direction of the nanowire was <110>.
Ni/Ge/Au/Ni/Au ohmic contacts were formed for the source and drain electrodes. The
drain current was once amplified and converted to voltage using a low-noise amplifier
whose amplification gain was 10 kV/A. We characterized the drain current in the
nanowire using a voltage monitor or a spectrum analyzer. Drain voltage Vp was set at
0.85 V, where the current noise in the fabricated device sufficiently exceeded the noise
floor of the measurement system of 102 A%/Hz. All the measurements were carried out

at room temperature.
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6.4 Results and discussions

6.4.1 Drain current noise in time domain

Figure 6-2 shows measured drain currents with tip contact at three different surface
positions, together with an AFM image of the fabricated sample. When the tip was located
at position 1, the drain current showed small noise, as shown in Fig. 6-2(a). However,
when the tip was located at positions 2 and 3, RTS noise was clearly superimposed, as
shown in Figs. 2(b) and 2(c). The obtained results suggested that the traps existed in the
surface region under positions 2 and 3. These RTS noise waveforms had different
intensities and time constants. Such differences indicated that we detected different

discrete traps. The RTS waveform at position 2 provided a charging time constant z. of

Tip positions Source
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Fig. 6-2 Measured drain currents with metal tip contact at three different surface
positions together with AFM image of the fabricated sample: (a) position 1,
(b) position 2, and (c) position 3.
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2.4 ms and discharging time constant zq of 8.2 ms. Here 7. and zq are defined as shown in
Fig. 6-1(b). We also evaluated the average time constant zo from zza/(zc + 74) and 7o = 1.9
ms was obtained. Similarly, the charging and discharging time constants for the RTS at
position 3 were zc = 710 ms and zq = 2130 ms, respectively, and o = 530 ms was obtained.
Figure 6-3 shows the tip position dependence of noise intensity at Vp = 0.85 V. The noise
intensity was measured as the variance of the measured noise amplitude when the tip was
in contact with the surface. The interval between measured positions was approximately
1 um. The intensity of noise with the tip contact depended on the tip position. The noise
intensity increased as the tip position became close to the source electrode, as shown in
Fig. 6-3. Such dependence disappeared when the tip was retracted. This tendency could
be explained by difference in potential of source and drain. High potential of source side
decreased discharging time constant, therefore, RTS could be observed in source side.

Figure 6-4 shows histograms of the drain current with the tip contact at positions 2 and 3.

Drain Source

VS

0.85V 75
2 '_\ RTS observation points
5 i p
<
g e 20
= ¢ noise intensity
v £ 10 o 0- - - - - —- — -
.g > 0 A eeoeee at tip retracted
S ,

0O 2 4 6 8 10
Tip position x (um)

Fig. 6-3 Drain current noise intensity as a function of lateral tip contact position
along the nanowire direction.
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The histograms exhibited two clear peaks corresponding to binary states in the potential
inside. This again indicated discrete charge dynamics. The intervals of the current peaks
in Figs. 6-4(a) and 6-4(b) were 26 and 52 nA, respectively, which were equal to the

average amplitudes of the RTS in Fig. 6-2. The obtained histograms also showed different
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Fig.6-4 Histograms of drain current noise with metal tip contact at (a) position 2
and (b) position 3.
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peak intensities between the two peaks. The ratio of the two peak intensities corresponds
to the ratio of the charging and discharging time constants, z/z¢, Which was evaluated to
be 3.4 and 3.0 for the RTS with tip contacts at positions 2 and 3, respectively. The values
were in reasonable agreement with the ratios from the time constants directly evaluated
from the RTS waveforms in Fig. 6-2. The differences in the amplitudes of RTS and the
ratios of the charging and discharging time constants of RTS are expected to include

physical information on the trap.

6.4.2 Drain current noise spectra

Figure 6-5 shows measured drain current noise spectra. When the tip was retracted from
the surface, the 1/f noise was dominant. When the tip was brought into contact with the
surface at position 1, a similar 1/f noise was again observed, as shown in Fig. 6-5(a). The
noise power was also the same. On the other hand, when the tip came into contact with
the surface at positions 2 and 3, the noise was increased and the configuration of the
spectrum was changed. The results indicated that the tip affected the noise spectrum only
when a trap existed underneath the tip. The spectrum could be well fitted by the

combination of 1/f and Lorentzian components,

T (6.2)
©o 1 (f/f)

where fo is a corner frequency of the Lorentzian spectrum and a, b, and fo are fitting
parameters. From the fitting, corner frequencies of fo = 590 and 1.8 Hz were obtained for

RTS noise at positions 2 and 3, respectively. The relationship between the corner
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(c) position 3. Noise spectrum at which tip was retracted is also shown.
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frequency and the average time constant 7o is given by 2afo = 1/70. The estimated fo from
70 = 0.27 ms in RTS at position 2 was 253 Hz, which was in reasonably good agreement
with the corner frequency of 590 Hz from the noise spectrum. Similarly, zo = 530 ms from
RTS at position 3 corresponded to fo = 0.3 Hz, which was again reasonably in agreement
with the fo = 1.8 Hz from the noise spectrum at position 3. The reason of differences in
evaluated value were accuracy of analysis and short time characterization. Therefore, the
origin of the superimposed Lorentzian spectrum at positions 2 and 3 was the same to that
for the generation of the RTS in Fig. 6-2. The difference in the corner frequency was
reflected in the information of the trap energy and the depth position.

First we verify that the observed RTS arose from the charge dynamics of a single trap.
For verification, we estimated the possible current change Alp owing to charging and
discharging of an electron in a trap. In the case of the fieldeffect transistor (FET), Alp is
given by gm €/Cg, Where gm is the transconductance and Cg is the gate capacitance of the
FET [31]. The value of e/Cg corresponds to the effective gate voltage AVe induced by
charging or discharging an electron to the gate capacitance. In our case, effective gate

voltage is estimated from Eq. (6.1) instead of e/Cs. Then Alp is given by

(6.3)

where C1 = eaicaasS/d1+£0S/dgap, C2 = eaicansS/d2, C3 = £caasS/d3, eaicaas IS the permittivity
of AlGaAs, ccanas Is the permittivity of GaAs, d: is the gap between the tip and the trap,
d> is the distance between the surface trap and the channel, and ds is a thickness of the

layer under the 2DEG channel. The effective tip area in contact with the surface S was
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estimated to be 2.6 x 10° nm? from the tip geometry [33]. We obtained gm of 18.8 mS/mm
from the material parameters and the device geometry. Because the depth position of the
trap was unknown, we calculated Alp and plot the result in Fig. 6-6 as a function of d.

The calculated Alp varies in the range of 0 to 100 nA depending on the depth position of
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Fig. 6-6 (a) Schematic view and equivalent circuit of the sample including a trap
and (b) calculated RTS amplitude Alp as a function of depth position of a trap d.



67

the trap. The experimentally observed Alp of 26 and 52 nA for tip contact at positions
2 and 3 can be explained by assuming d: = 46 and 29 nm, respectively. Although the
depth position of the trap was not just at the surface at an atomic level, it was reasonable
to consider that the observed RTS was caused by charging and discharging of a single
trap between the surface and the channel. Charging and discharging time constants also
include information on the depth position. A thick barrier between the channel and the
trap should prolong the charging and discharging time constants even with the same zc/zq.
Finally we discuss the energy level of the trap. Information on the trap energy Et can be

obtained from

e —exp [ET_EFJ, (6.4)

where Ef is the Fermi energy, k is the Boltzmann constant, and T is the temperature. The
evaluated Et — Er of the traps at positions 2 and 3 were 32and 28 meV, respectively.
Almost the same energy was obtained for the two positions, since the values of zc/zq were
similar to each other. The evaluated trap energy was rather shallow compared with the
well-known deep trap in AlGaAs, that is, DX center with an activation energy of around
0.4 eV [34]. Considering the band bending in the AlGaAs/GaAs modulation doped
structure with a large surface potential of around 0.8 eV in GaAs [35], the trap energy
could be aligned to the Fermi level of the 2DEG channel when the trap depth position
was around 25 nm from the surface. Bringing a metal tip into contact with the surface

also affected the surface potential, which would influence the trap energy estimation.
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6.4.3 Tip position dependence of drain current

It is known that the surface trap density of the GaAs-based material is often as high as
10 c¢m™2, indicating that traps exist at approximately 10 nm intervals. To obtain the
actual spatial distribution of the individual traps, it is necessary to measure current by
changing the tip position with intervals of less than 10 nm. Figure 6-7 shows the tip
position dependence of drain current. In this work, the nanowire length and width were 2
um and 400 nm respectively. The movement of the tip was at intervals of 10 nm and Viip
= -3V asin Fig. 6-7(a). RTS noise was superimposed on the drain current when the tip
was at position 2 while the drain current showed the small noise when the tip contacted
to the other position. This behavior indicated that the electron trap existed at position 2.

The properties of drain current was obviously changed even though the intervals of tip
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Fig. 6-7 (a) Measured drain currents with metal tip contact at three different
surface positions at intervals of 10 nm. (b)Tip position dependence of the drain
current.
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movement was 10 nm. Therefore, detected trap might have existed near the surface. As
the experimental result, this measurement system showed the potential of characterization

for GaAs-based materials whose traps exist at intervals of 10 nm.

6.4.4 Tip bias dependence of drain current

To obtain the further information of the trap energy, it will be useful to characterize the
tip-bias dependence of the charging and discharging time constants. If the tip bias can
achieve the flat band condition, activation energy from conduction band will be evaluated
using Eq. (6.4). The bias dependence of the time constants should change depending on
the trap depth position, which also provides information on depth position. Such
comprehensive analysis of the RTS time constants, amplitude, and their tip bias
dependence in our technique will reveal the physical properties of the individual trap.

First, we confirmed the tip bias dependence of drain current as shown in Fig. 6-
8. Figure 6-8(a) shows the AFM image of the fabricated device with tip position and
measurement circuit and the tip bias dependence of drain current was summarized in Fig.
6-8(b). The vertical distance between the tip and nanowire surface was 20 nm in this
measurement. The drain current was systematically controlled by the tip bias. This
experimental result showed the metal tip certainly worked as a small gate.

Figure 6-9 shows the tip bias dependence of drain current when the tip contact on
another position. The position of the tip is indicated as shown Fig. 6-9(a). When the tip is
applied -3.0 V and -3.1 V, RTS noise was observed as shown in Fig 9(c) and 9(d). On the
other hand, RTS noise could not be observed when the tip is applied -2.9 V as shown in

Fig. 6-9(b). Moreover, capture and emission time constants are different between Viip = -
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Fig. 6-8 (a) AFM image of the fabricated device with tip position and measurement
circuit and (b) the tip bias dependence of drain current.

3.0 V and Viip = -3.1 V. In the case of this measurement, RTS could be observed in drain
side, even though RTS observed only in source side when the Vi, = 0 V as shown in Fig.
6-2. This was because tip bias and high source potential decreased discharging time
constant in source side and it became smaller than the measurement time resolution.

Figure 6-10 shows the tip bias dependence of the drain current noise spectra. When the
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Fig. 6-9 (a) AFM image of the fabricated device with tip position and the tip bias
dependence of drain current when (b) Viip =-2.9'V, (c) -3.0 V, and (d) -3.1 V.

Viip =-2.9'V, 1/f noise similar to the noise when the tip was retracted from the surface was
dominant as shown in Fig. 6-10(a). When the Vip = -3.0 V and 3.1 V, noise intensity

increased and these spectrum included Lorentzian component and were well fitted by

—as+b—~  +c, (6.5)
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where c is a constant of thermal noise component. We detected the same trap when the
Viip =-3.0 V and 3.1 V because these noise intensity were same.

In order to understand these behavior of drain current noise, we consider the
relationship of trap energy level and time constants. These results were summarized in
Table 6-1. Trap energy were calculated by Eq. (6.4). Time constant ratio and trap energy
increased when the tip bias decreased. The band diagrams of this situation is described in
Fig. 6-11. Negatively biased tip raised up the surface potential and deeper trap energy
level and it promoted the capture and emission of charge between the channel and trap.
As a result, this caused increase of time constant ratio and it was reflected in the drain

current.
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Fig. 6-10 Measured noise spectra with tip contact when (a) Vip =-2.9 V, (b) -3.0 V,
and (c) -3.1 V. Noise spectrum at which tip was retracted is also shown.
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Table 6-1 Relationship of time constants and trap energy.

_

Vip=-3.0V  0.50 0.46 1.1
tlp =-31V 0.37 0.12 3.2 30
(a) (b)
Vtip =-3.0V Vtip =-3.1V
14
AlGaAs <
E 1) Im—
Tip me— ¢ Tip =
Er Er
E, E,

Fig. 6-11 Band diagrams of tip bias dependence measurement when (a) Viip = -3.0 V
and (b) -3.1 V.

6.5 Conclusion

We proposed and demonstrated a novel detection technique of discrete charge dynamics
of a trap in a GaAs-based nanowire surface using current fluctuation induced by a metal
tip. A simple equivalent circuit model indicated that the random telegraph signal (RTS)
noise was imposed in the drain current when the metal tip came into contact with the
surface. The concept was successfully demonstrated by measuring current noise in a
GaAs-based nanowire set in an atomic force microscope (AFM) system with a metal tip,

where RTS noise with a Lorentzian spectrum was superimposed when the metal tip came
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into contact with the nanowire surface at specific positions. From the intensity and time
constant of the RTS noise, we could obtain information on the energy and position of the
discrete trap. The obtained results showed the possibility of detecting charge dynamics of

the individual surface traps in semiconductor devices.
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Chapter 7 Conclusion

In this thesis we summarized characterization of GaAs-based TBJ devices by light-
induced local conductance modulation method and detection technique of discrete
electron trap in GaAs-based nanowire through metal-tip induced surface potential
modulation.

Chapter 1 introduced the background and purpose of this work. We showed
three-branch nanowire junction (TBJ) devices are expected for a part of the future logic
circuit element but its mechanism is not clarified. And then, we also explained the novel
detection technique of discrete charge dynamics of a trap in semiconductor material is
needed for the advanced technology of semiconductor devices.

Chapter 2 described the basic electrical and physical properties of semiconductor
nanostructure and surfaces.

Chapter 3 summarized the various scanning probe microscopy techniques and
these principle.

Chapter 4 explained the electrical nonlinear characteristics in TBJ and its
application. We showed the two possible model for the nonlinear characteristics in TBJ.
One of them is ballistic transport model, and the other is asymmetric channel depletion
model.

In chapter 5, nonlinear voltage transfer characteristics in GaAs-based TBJ

devices were investigated by a light-induced local conductance modulation method.
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Using this method, the nonlinear transfer curve of TBJ greatly changed only when the
laser was irradiated on the positively biased branch, and we found the conductance
domain existed at the end of the positively biased branch of the TBJ. We also
characterized the influence of the surface on the nonlinear characteristics of TBJ using a
SiN layer. The SiN layer deposited on the TBJ increased the surface potential and
reinforced the nonlinearity in the transfer curve. The obtained results indicate that the
asymmetric channel depletion model is appropriate for the observed nonlinearity
mechanism in the GaAs-based TBJ at room temperature.

In chapter 6, we proposed and demonstrated a novel detection technique of
discrete charge dynamics of a trap in a GaAs-based nanowire surface using current
fluctuation induced by a metal tip. We showed a simple equivalent circuit model indicated
that the random telegraph signal (RTS) noise was imposed in the drain current when the
metal tip came into contact with the surface. The concept was successfully demonstrated
by measuring current noise in a GaAs-based nanowire set in an atomic force microscope
(AFM) system with a metal tip, where RTS noise with a Lorentzian spectrum was
superimposed when the metal tip came into contact with the nanowire surface at specific
positions. We could obtain information on the energy and position of the discrete trap
from the intensity and time constant of the RTS noise. The obtained results showed the
possibility of detecting charge dynamics of the individual surface traps in semiconductor

devices.
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