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Chapter 1  Overview and Objectives of This Research

Chapter 1

Overview and Objectives of This Research

Recent highly-developed information-oriented society is no wonder based on the
progress in semiconductor technology and semiconductor products which deals with huge
quéntity of information in a very few seconds being transmitted through the intelligence
network. Espééially the transaction speed is the key issue for the development, together with
the huge data storage. For the further improvement in commercial products much more for
upgrading human living activities in the society, semiconductor devices have owed and must
continue to owe the significant roles for the future. Therefore, continual demands of high
performance in large scale integration (LSI) devices have become severe year by year or day
_‘by day with a progress in microfabrication technology. However, the actual circumstance on
- the Si related technologies have come to be matured and we are about to reach the stage that
" drastic impi‘ovement m device performance could no longer be expected on them. Therefore,
* the technological breakthrough is indeed necessary, that is, a development of a new device
based on new fundamentals.

One of the promising directions fdr the future micrO-eiectronics lays on the single-
electron technology. Single-electron transistors (SETs) are promirient in power dissipation
problems as each electron is controlled one by one. They are now attracting much attentions
and energetically studied from many points of view. The use of Coulomb blockade effect
enables to establish a thoroughly brand-new architecture for the design of the logic circuits.
But in essence, development in realizing discrete SETs is the most significant feature.

Another direction could be considered to lay on the superconducting devices.
Although the operating temperature of them must be about liquid helium or liquid nitrogen
temperature, their potential of overwhelming the conventional Si devices have been attracted
significant attention with a progress in high 7, (superconducting transition temperature)
material science. By using superconducting effect, high speed and low power dissipation

devices have been realized as well as its application to the wire in the LSI circuit or to the

-1-



Chapter 1  Overview and Objectives of This Research

power devices. Especially the Josephsoh effect or the Josephson junction first opened
‘practical studies for the cryoelectronic devices.

Considering from the production aspects, establishment of an easy microfabrication
technique is inevitable in order to realize those devices besides the conventional electron-
beam lithography. This study took notice on a beam-induced reaction process, which is one
of the easy techniques for the microfabrication. It features direct processing such as direct
deposition or etching in the order of a few nanometer in minimum scale which can be taken
place only at the spot where the electron- or ion-beam 1s irradiated. Moreover, the
complicated lithography using photoresist is not required and a new device fabrication
process could be developed combining the conventional processes although it has problems
in though put when concerns the LSI applications or in processing onto the insulating
material. ,

Therefore, the establishment of microfabrication technique based on this beam-
mduced-deposition method and its applications to fabricate mesoscopic or microscopic
‘devices are the main purposeé of this study. To achieve these targets, several experimental
studies were extensively supplemented such as a characterization of hez;vily-dopéd '
semiconductors. For the processing tool, scanning electron microscopy was mainly »utilized"
since it enables not only to monitor the minute structures but the beam-induced deposition
process without any its modification in particular just by using residual hydrocarbon
molecules as depositing precursor.

This doctoral dissertation consists of eight chapters. Overview of this dissertation is
summarized in Fig. 1.1. This study is to establish the microstructure fabrication technique by
the electron-beam-induced process and its active and passive applications for the devicé
fabrication; single-electron transistors using directly-deposited carbon microstructures and
superconducting weak link devices using a heavily-doped semiconductor whose structure
was fabricated with a carbonaceous wire as a process mask. General overview and objectives
of this research were described in this chapter. In the following chapter, fundémental aspects
of the nanostructure fabrication techniques and mesoécopic devices are introduced. Some of

the nanoscale processing technologies are overviewed and mesoscopic or microscopic
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devices such as superconducting weak link devices and single-electron transistors are
concentrated for the target devices in this study. Their device operation mechanisms are
briefly discussed.

Since the base technology of this research is the electron-beam-induced deposition,
which is a skillful and an easy technique for microfabrication, its fundamental deposition
procedure 1s éstablished in Chapter 3. In this section, a minute carbonaceous wire is first
deposited from the residual hydrocarbon molecules adsorbed on a substrate surface using
scanning electron microscopy. After the optimization for obtaining the narrow wire, its
applicability’ fo an etching mask is verified. Skillful application of a carbon conic structure to
the cantilever of the atomic force microscope (AFM) is also demonstrated to obtain a high
resolution AFM image. |

For realizing a superco.nducting weak link device using heavily-doped
’semicorAlductors, which is one of the targeted devices in this study, characterization of the
-various degenerated semiconductors is performed in the early part of Chapter 4. Through the
- characterization, epitaxial InN thin films grown on sapphire substrate were found to exhibit
* anomalous’ electrical properties at very low temperature for the first time. ‘Origins of this
superconduétor-like‘ characteristics are also evaluated. The late part of the chapter,
theoretical consideration of the weak link devices using the degenerated semiconductors are
carried out. |

In chapter 5, fabrication of the superconducting weak link devices and its electrical
characterization are performed. By using polycrystalline n"-ZnO and epitaxial n""-Si films as
normal layers, stacked and coplanar type Josephson weak link junctions are fabricated,
respectively, and superconducting characteristics were observed at both devices. Especially
in order to realize a sub-micron gap structure for the Nb/n""-Si/Nb coplanar junction, new
fabrication process using a carbonaceous wire to define the gap length is also proposed.
Deposition of superconducting Nb and NbN thin films by DC magnetron sputtering method
1s also carried out in advance and its conditions are optimized in the early part of this
chapter. | '

The weak link devices are realized using the carbonaceous microstructures for the -
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process tool, however, its direct application to the device consisting material is an attractive

| approach for the simple fabrication of microscopic devices. Based on this consideration,
evaluation of the carbonaceous material grown by this technique using SEM is performed in
Chapter 6. Following to the Raman spectroscopy, metal/insulator/metal diodes using Au and
WCx as metal electrodes are fabricated for the electrical characterization of the
carbonaceous material. From this chapter, focused ion beam system is employed to deposit |
metallic wires for the fine metal electrodes and for the purpose of fabricating microscopic
devices.

‘ In Chapter 7, siﬁgle-electron transistors using these amorphous carbon in a dot shape
are fabricated. Single-electron charging effects are observed in one-dimensional dot arrays at
low temperature, and moreover, the Coulomb blockade oscillation is successfully recorded
from a device of double junction with a side gate even at a room temperature for the first
time.

The concluding remarks of this dissertation are stated at the final chapter, Chapter 8.
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Chapter 2

Fundamental Aspects of Nanostructure Fabrication and
Mesoscopic Devices

2.1 Introduction |

In this chapter, the technological and historical background of the mesoscopic and
microscopic devices, especially the superconducting weak link devices and the single-
electron transistors are reviewed in addition to the nanostructure fabrication techniques. The
operation mechanism of those devices are based on the superconducting proximity effect and
the single-electron charging effect, respectively, which might not be familiar but are one of
the promising fundamentals to be applied to the discrete devices in the future electronic
integrated circuit. Since their successful device operation critically depends on their nature
of minuteness in the device size, development in nanoscale processing technology is.
indispensable. Although the conventional and widely-used electron-beam (EB):rilithogrPap'hy'
is the key method, other approaches should be developed for seeking better controllability or
for realizing minute structures whose scale is not attainable by the EB lithogrnphy. In
particular, scanning probe microscope (SPM) processing and beam-induced reaction
processes are presented in the next section since these techniques are attracting significant
attention in terms of nanostructure fabrication. Therefore in this section, those backgrounds

are briefly introduced before describing the experimental results of this study.
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2.2  Nanostructure Fabrication Technology

For producing microscopic structures and devices, development in nanostructure
fabrication technology is indispensable. In place of the electron-beam lithography, various
methods are studied everywhere. Scanning probe microscope (SPM) processing have
attracted much attention recently. Except for its intrinsic usage to monitor the substrate
surface structure in a resolution of atomic level, following versatility are reported;
manipulating each atom indi{/idually [1-3], anodization of the substrate surface with
hegatively voltage-biased cantilever (SPM nano-oxidation process) [4-8], exposing organic
resist ‘layer's} (STM/AFM lithography) [9, 10], monitoring single-electron charging effect
though the air barrier [11], kselective STM-induced chemical vapor deposition in which a
metalorganic gas is decomposed between the STM tip and the substrate [12, 13], atom
transfer due to field evaporation from STM tips or AFM cantilevers [14-17] and so forth.
Although they are attracting significant attention in the atomic scale or nanoscale processing
‘mentioned above, these SPM related techniques are relatively time con'suming and so they
- might not be suitable for the mass production.
As the other candidates, beam-induced reaction process could be listed. This is
different from the EB lithography because it is not lithographic procedure But direct
deposition or etching process. By employing some precursor molecules into the beam
chamber, they are irradiated to decompose and form a deposit only at the beam scanned area.
This 1s the deposition outline. In the case of etching, direct etching by the beam (normally
the 1on-beam) or the gas-assisted etching both occur also at the place where the beam was
scanned. Since the beam diameter is of the order of a few nanometer, minimum size of that
order could be processed. Although the electron or ion dose per length is genérally larger
than the conventional EB lithography which partly governs the throughput, total device
- fabrication time could be reduced since éa‘ch device is to be directly fabricated by this simple
process. The first experiments were carried out in 1956 to measure astigmatism in a probe
forming system [18] and in 1969 to determine the highest possible information density
obtainable by lithographic methods [19, 20]. Since then, wide variety of applications have

been nvestigated including the first application to the etching masks for ion milling [21] and -
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the first directly-fabricated metal nanosfructures [22]. The process was employed in a
“shadow projector to deposit materials from various precursors [23]. Some of the ever
'rcported applications and precursors are presented in the following chapter. Due to the
capability to control the beam position and dwell time per pixel (or beam dose), three-
dimensional deposits are constructed with nanometer precision under computer control [24].
Particular and unique applications are the fabrication of corpuscular field emission sources
with integrated extractor optics [25], sources for pixels in flat panel displays [26], three-

dimensional wire structures to the nano-loops and the flux sensors close to the surface [27].
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2.3 Superconducting Weak Link Devices
Recent development in superconducting‘ electronic devices owes to the theoretical
predict of superconducting tunneling phenomena by B. D. Josephson in 1962 [28]. He
theoretically manifested the cooper pair tunneling through the ultra-thin insulator which was
sandwiched by superconductors based on the BCS theory developed by J. Bardeen, L. N.
Cooper and J. R. Schrieffer in 1957 [29]. It newly revealed that the superconductivity has a
wave function which can direcﬂy appear in a macroscopic scale and the superconductor is
applicable to.the electronic devices. This tunneling effect was later experimentally supported
by P. W. Anderson and J. M. Rowell [30]. Since then, superconducting digital circuits have
been studied actively to realize a high switching speed and low power dissipation computing
system based on the Josephson effect. Especially the IBM project in the United States was
the pioneering work in this field [31].
_Characteristic electrical properties of the Josephson junction is that its /-V curve

‘shows hysteresis with the following features; non-resistive superconducting current flow,
- minute leakage current due to quasi-particles in the sub-gap region and voltage jump from
- zero to sﬁperconductﬁng energy gap (24~ meV). The intrinsic switching speed of a
~ Josephson junction has been shown to be #/474, where h is the Plank’s constant and 4 is the
superconducting energy gap. The calculated value is 0.2 ps for Nb/AlO,/Nb trilayer junction
which is the most successful and reliable material system to date, while the record speed is
about one order of magnitude greater than the intrinsic limit [32]. Also, the power dissipation
is of the order of 10 uW for a typical latching gate [33]. At that time, its superiority to the
semiconductor devices was obvious, however, recent drastic growth in semiconductor
technology intimidates its superiority and the superconducting digital electronics has been
likely to be driven to the stage to be reconsidered its significance and the direction of its
| development.

| For pursuing higher operation speed in Nb-based trilayer tunnel junctions,
overdamped Josephson junctioﬁ, which does not show hysteresis, is recently considered
effective from the point of avoiding the punchthrough effect caused by the AC-biasing.

Usually, the shunting resistors are externally added to obtain overdamped junctions. The |
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integration will be advanced if intrinsically overdamped Josephson junctions with high
~ controllability are developed, because the externally shunting resistors cover large area in a
cell. The junctions consisting of Nb/AlO,/Al/AlO,/Nb double barrier structure was recently
developed and it showed non-hysteresis characteristics [34].

Although the fabrication of Nb/AlO.-based superconducting tunnel junctions have
been the most extensively developed in the superconducting device field, utilization of
semiconductors in the superconducting device is another choice. One of them is
superconducting weak link device whose device operation is based on the superconducting
proximity effect. When a superconductor cleanly contacts with normal metal, the cooper pair
penetrates into the normal region with damping exponentially, and superconductivity 1s
brought about in the penetrated region which usually ranges from a few nanometer to a few
hundreds of nanometer from the SN (superconductor-normal metal) boundary. This effect
was theoretically studied by De Gennes [35] and experimentally supported by Werthamer
[36]. Clarke showed superconducting current flow through the SNS trilayer structure using»l
Pb/Cu system [37]. Operation mechanism in this weak link device is similar ‘to the Josephson
Jjunction; superconducting or Josephson current flows between the superconduéfors through
the insulator or normal metal in a sine curve relation of phase difference between thé
superconducting wave functions of the two electrodes.

This effect can be expanded to the usage of semiconductor instead of normal metal.
Seto and Van Duzer studied this system in detail [38, 39]. They introduced the characteristic

length, that is coherence length (&.), in case of the semiconductors as following equation;

] —

5&,:(—@*} (377n)° (2-1)

6k, Tem,,”

where 4, mg, and n represent mobility, effective mass of the carrier and carrier
concentration of the semiconductor, respectively, and the 7 and ks represent temperature and
Boltzman constant, respectively. In the case of high electron mobility system or two-

dimensional electron gas system, the &, can be replaced as follows [40];

- 10 -
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1

AuN. 2
& =(———“ s ] , (2-2)
2k, Tem,,

where Ny represents the sheet carrier concentration. It is the most important that the
coherence length is long because it directly reflects the maximum superconducting current in
the junction and a margin for the fabrication. The maximum superconducting current (Js) in

the weak link device is roughly estimated as following relation;

T* L 1 L :
Jy c—sin@exp(—— )~ —exp(——) , (2-3)
’ §Se §Se éSe §Se

where 7'is the tunneling probability at the Schottky barrier, @is the phase difference and L is
the channel length or length of semiconductor region.

To. obtain long coherent length, utilization of a material of higher carrier
| conéentratibn or higher carrier (usually electron) mobility are the direction to be targeted. In
the case of degenerated system or so-called dirty limit (/ < &, where the term / indicates the '
mean free path) in which the transport of the cooper pair phase in the semiconductor region
is diffusive, silicon (p-Si [41-43], n-Si [44, 45]) is the main semiconductor ever reported
since it does not have high carrier mobility but the impurity can be doped as much as 10*°
cm”. In this system, Schottky barrier in the superconductor-semiconductor boundary can be
lowered, which is one of the significant features to obtain higher superconducting current
since the cooper pair penetration occurs first through the Schottky barrier tunneling in the
SSm (superconductor-semiconductor) boundary [38, 39]. In the high electron mobility
“system, II-V compound semiconductors are energetically studied such as InGaAs [46] or
InAs [47, 48], and in the case of clean limit (/ > &), IﬁAs/Ale [49], InAs-inserted-channel
InAlAs/InGaAs [50, 51], or AlGaAs/GaAs v[52—54] were proposed in which the transport of
the cooper pair phase in the semiconductor region is ballistic together with an enhanced

Andreev reflection at the SSm interface [55].

-11 -
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One of the objectives to employ these semiconductors to the normal layer of the
~ weak link device is to realize a superconducting three terminal transistor or Josephson field
effect transistor (JOFET) which was first proposed by T. D. Clark et al. [56] since the carrier
concentration can be controlled by the gate voltage which changes the Josephson coupling'.r
Its switching speedk is thought to be equal to or faster than the conventional bipolar transistor,
and the power consumption is as low as that of Josephson (SIS junction) devices. Some of
the discrete devices have been fabricated in both the dirty and clean limit systems and
successful three-terminal operation, which is the modulation of superconducting current by
‘the gate voltage, was demonstrated although the gate bias was relatively large compared to

the I.R, ({.: superconducting current, R,: normal resistance) product of the device.

<12 -
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2.4  Single-Electron Transistors

Technological progress in recent semiconductor nanofabrication is remarkable and
structuring of the order of nanometer has become possible artificially or through self-
organization. This situation motivated both the observation of single-electron charging effect
which is observable only from the minute structures and the application to the electronic
devices. Especially the single-electron transistor (SET) has been taken noticed theoretically
and experimentally whose operation mechanism is based on a Coulomb blockade effect,
which is a notable charging effect in a minute tunnel junction. This is a phenomenon of
supp‘ressiori)of the electron tunneling in the minute capacitor when one electron tunneling
have caused increase of the potential energy of the system.

During an electron tunneling event in the minute capacitor, the accumulated charge
Q must discontinuously jump by the elementary charge e. The resulting change in

electrostatic energy of the capacitive junction (AE) is described as

e

' 2 : e Q-—
AE:—Q——-—,(Q—Q) _ ( 2> (2-0)
ZC 2C C

where ( is the capacitance of the junction. At zero temperature, tunneling can only occur if

AE is positive. Therefore, the /-J curve of the junction should have an 7 = 0 region,

: <V < ¢
2C 2C

for/=0 , (2-5)

and this is the Coulomb blockade for single junctions.

The key to the development of the SET devices is the ability to fabricate very small
tunnel junctions in between an island and the leads separated by tunnel barrier, which makes
capacitive double junctions. Several conditions are inevitably required such as a low junction
capacitance in order that the charging energy (E, =e'2/2C,‘) be much larger than the thermal

energy (kz?). This is due to the fact that the charging energy which is required to add a
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charge to an island far exceeds the available energy of thermal fluctuations. Moreover, a
| tunneling resistance (Ry) should be much larger than the resistance quantum (Rx=h/e’~25.8
kQ), and this condition ensures that the wave function of an excess electron on the island is
localized there, which leads the single-electron charging effect to be monitored. .

Several new effects due to the quantization of charge were predicted to arise in an
ultra small tunnel junction, both in the superconducting and the normal state. Likharev et al.
first gave a rhajor thrust to this new area of low temperature physics by making detailed
predictions of Coulomb blockade phenomena in a single junction and by proposing various
applications of the new effects [57-60]. Due to the estimation by Likharev, relation between
the smallest tunnel junction size and the temperature in which the Coulomb blockade effect
can be observable was predicted to be the junction size of 30 nm versus 30 K or 3 nm size
versus 100 K. Therefore, the single-electron device features strong connection between the
nanoscopic fabrication and the device operation temperature. In other words, without
development in miniaturization of the tunnel junction, SET operation at 77 K or at room'j
temperature can not be achieved. From this essential point of view, various nanbfabric‘ation-
technology have been newly established concerning the fabrication of SETs Most
commonly utilized technique is the conventional electron-beam lithography. The split—gated
AlGaAs/GaAs heterostructure with extremely high electron mobility two-dimensional
electron gases [61-64] or side-gated point-contact structures in delta-doped GaAs [65] using
depletion layer as a potential barrier (tunneling region) are the reports using IlI- V materials.
In the case of Si based SETs, many reports have surely been made [66-69]. By modifying EB
lithography, the multiple-angle aluminum evaporation and oxidation thouéh suspénded
mask fabricated by multiple resist layer system is another common and easy technique ever
reported [70-73]. Recent successfully developed method is the SPM nano-oxidation process
applied to the Ti [74] and Nb [75] thin films. Due to its feasibility of nano-scale processing,
room temperature SET operation have been reported. Other approach is the utilization of
self-organized or artificially fabricated dot structure for obtaining minute island electrode.
Usage of metal nanoparticles (aluminum or indium droplet [11, 76], gold dot with granular

structure [77] or gold clusters [78]), polycrystalline or nanocrystalline Si dot array [79-81],

- 14 -



Chapter 2  Fundamental Aspects of Nanostructure
Fabrication and Mesoscopic Devices

dithiol-linked gold colloidal particles [82] or beam-induced deposition of metal carbide dot
[83] are the particular cases. '

- 15-
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2.5 Summary

In this chapter, superconducting devices and single-electron technology were
historically and theoretically overviewed together ‘with the nanofabrication processing
technology. Construction of minute structures and microscopic devices are now practicable
and realized by not only the conventional electron-beam lithbgraphy but also the scanning
probe microscope processes or the beam-induced reaction processes which in each has
original features in the fabrication and has wide variety of ways to be used that contribute to
diversify the device to be realized. Since their feature size is of the order of nanometer, they
would be applicable to the complementary techniques with the EB lithography for defining
discrete structures. ’

In the superconducting device fields, Nb/AlOy Josephson junctioﬁ 1s the most
successful devices to be applied to the superconducting LSIs. Recent researches revealed the
needs for the overdamped junction for the higher operation speed, and not only Nb/AlO,;
system but also superconducting weak link devices have taken noticed as well as for the
application to the Josephson field effect transistors. However, surrounding environment has
become severe with the drastic progress in Si devices. Although the Josephsoﬁ devicés are
thought to be superior in switéhing speed and power consumption problems, necessity to be
operated at down to 77 K or 10 to 4.2 K is the eternal bottleneck for their commercial and
future application unless room temperature superconductor should be developed. Howevef,
further development in compact cooling system and continual research for the LSI
application would generate demands for its high speed operation.

Single-electron transistors are one of the ultimate future electron devices Which can
control electron one by one based on the Coulomb blockade effect. Extremely low pbWer
dissipation is the particular feature and research of single-electron charging effect would be
the ultimate as for the Si LSIs. However, its road to the application to the practical or
consumer products could.be considered optimistic now judging from the uniformity of each
device operation in the integrated SETs or the stable operation at room temperature. Similar
to the superconducting devices, co-existing or complementary device in the Si LSI would be

the potential application for the future integrated circuit.

- 16 -
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Chapter 3

Modification of Carbon Nanostructures by Electron-Beam-
Induced Deposition Technique

3.1  Introduction

When scanning electron microséope (SEM) is used to monitor microscopic
structurés, the surface being observed is inevitably contaminated. This is due to the fact that
residual hydrocarbon molecules remain in the SEM chamber even at a low base pressure
(~10® Pa) and are decomposed by irradiation due to the electron-beam. This results in the
deposition of the carbonaceous material on the area that is exposed. This phenomena is now
widely recognized by those engaging on the SEM, and this mechanism is called electron-
beam-induced deposition (EBID). First successful report on the application of this ‘techniqué
for the fabrication of microscopic structures was done by Broer et al. [1, 2] and since then its
simplicity for fabricating microscopic structures has been attracted much 'ﬁttention.‘ Its
progress in fabrication of nanostructures is widely spread to the etching mask for milling [2-
4], repair of metal masks [5-7] or tip for scaﬁning probe microscope [8-12] just because of
the easy direct fine patterning and that it is resistless process.

For the start of the microprocessing to realize minute quantuin effect devices,
fabrication of minute carbonaceous material was first performed. In particular, the EBID was
studied using conventional SEM without introducing any gases in order to establish the
simplest processing. This standpoint is the basic concept of this study, andﬂ aims to draw a

new functionality from the conventional technology.
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3.2  Overview of This Technique

Electron-beam-induced deposition is one of the direct writing techniques which
" enables to deposit carbonaceous material at only electron-beam scanning area. Mechanism of
the deposition is considered as a result of the interaction of the electron-beam with reactant
gases adsorbed on a substrate surface. These precursor molecules are decomposed locally by
the electron-beam irradiation and a sort of polymerization occurs. Since each electron is
scattered inside the growing material, the growth occurs toward not only the vertical
direction vbut, lateral as well. Moreover, some of the electrons are forced backscattering
events c’ausiﬁg its growth around the beam-irradiated spot. Therefore, if the electron-beam 1s
focused in a spot, the shape of the deposited material exhibits like a conical or Gaussian
round structure with having a considerable length of tail.

One of the characteristics of this EBID is that it is not precursor selective. When a
metal-carbonyl [6, 7, 13-16] or a metal-acetyltacetonate [6, 16-19] is employed as a precursor,
‘a metal carbide is deposited, together with a carbon or a diamond-like carbon (DLC) from
: styrene [3], isopropyl alcohol (IPA) [20] or CH,4 [21]. Typical exa‘mpies are summarized in
~ Table 3.2;l1_. One of the notable precursors is the pump oil [1, 2]. This means that
- carbonaceous material grows without introducing any gases into the chamber and also it
grows under a high vacuum pressure although the deposition rate becomes low compared to
the case of introducing gases. Through the effect of this carbon contamination, the deposited
material contains considerable amount of carbon even if any carbon-less precursor was

employed. However, by optimizing the deposition conditions and choosing suitable
precursors, this technique enables to make wide variety of conducting or senﬁ-insulaﬁng
materials.

Another feature of this technique is that we can deposit carbonaceous material on a
| conducting substrate in arbitrary three-dimensional structures only by changing the scanning
patterns of the electron-beam. Some of the examples-are shown in Fig. 3.2.1. They were
grown on a Si substrate from the rcsidlial hydrocarbon molecules in a SEM chamber.
Focusing the electron-beam makes a conical structure (a), one-dimensional scan makes a

wire (b) and two-dimensional scan does a microfilm (c). As the radius of the electron-beam
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is about a few nanometer, size of the depbsited structures is very small (of the order of a few
tens of nanometer). Therefore, an application of this technique for fabricating

microstructures and microdevices is considered effective.

Table 3.2.1 ‘Typical precursors for EBID.

Precursor Deposit Reference
Metal Carbonyl W(CO)s WCy 6,7
Mo(CO)s ‘ MOCX 13, 16
Fe(CO);s FeCy 14
Ni(CO)s NiCy 15
Metal (CH;)Au(tfac), AuC,0, 16-19
Acetylacetonate (CH3),Au(acac), AuC,Oy 6, 17-19
Hydrocarbon CH,4 Carbon 21
Styrene Carbon 3
MIBK Carbon 20
IPA Carbon 20
pump oil Carbon 1,2,5,8,21
tfac : trifluoro-acetylacetonate
acac : acetylacetonate
Styrene . C6H5CH=CH2 ]
MIBK - : methyl isobutyl ketone
IPA : 1sopropy! alcohol
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Fig. 3.2.1 SEM images of the various carbonaceous microstructures deposited by SEM
from residual hydrocarbon molecules. Conic (a), wire (b) and square (c)

shapes can be obtained by changing scanning patterns of the electron-beam
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3.3  Fabrication of Carbonaceous Wire
3.3.1 Experimental procedure

This study basically concentrated on the usage of thé residual gases in the chamber
as precursors for the microstructure fabrication, and SEM was utilized for the deposition
system. This concept means that no modification of SEM is required for introducing some
metal organic gases, and this makes the probess easier for ultrafine patterning. Moreover,
utilizing the SEM system enables the EBID process while monitoring the substrate surface
and aligning electron-beam to the device position.

The experiments were carried out in an SEM (Hitachi Co., Ltd. S-800) system
without introducing any precursor gases, such as metal carbonyls or metal acetylacetonates.
The residual gases, mainly cOnsisting of hydrocarbon molecules which driginate from
vacuum pump oil, were used to deposit carbonaceous material. No modifications were
carried out on the SEM and it was operated in a standard manner. Detail process conditions
are summarized in Table 3.3.1. The base pressure near the sample was 1~5 X 10° Pa during
evacuation by the diffusion pump. The shapes of the deposited carbonaceous Iﬁaterial wAere"
changed by selection of a particular SEM scanning mode equipped for the use of energy
dispersive X-ray spectroscopy (EDX) measurements. They were cohic with spot analysis
mode, line-shaped with line mode, and square-shaped with surface analysis mode. The
working distance was fixed at 10 mm to reduce the effect of external magnetic field. The
substrate was n-type Si (100) with a resistivity of about 2 Q-cm for the optimization of the
deposition conditions of carbonaceous materials. It was cleaned with organic solvents and
the native oxide on the substrate was etched with 5 % HF before being '-l'éaded iﬁto the

chamber.
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Table 3.3.1 Deposition condition of carbonaceous wire.
Process Chamber Scanning Electron Microscope (Hitachi S-800)
Precursor pump oil
Pressure 1~5X10° Pa
Acceleration Voltage . 10~30kV
Electron-Beam Current 15~95 pA
Magnification during Writing ~ 20,000~100,000
Electton-Beam Dose : 2.8~14 pC/cm
Working Distance 10 mm

3.3.2 Optimization for obtaining narrow carbonaceous wire

For the first step of establishing microfabrication technique, deposition of
| carbonaceéus wire was performed. This process was carried out by selecting the line analysis
-‘v mode of SEM, and the electron-beam conditions were optimized for obtaining narrow carbon
nanowires. Especially, the dependence of carbon wire height and width on the acceleration
voltage, the electron-beam current and the magnification during the writing were
mvestigated. |
| Figure 3.3.1 shows the dependence of the carbon wire height and width on the
acceleration voltage. The magnification during the writing was 50000. The electron-beam
was scanned once in each experiment with lihe-analysis mode. The height of the carbon wire
increases with increasing the voltage while the width decreases. Since the electron-beam
 becomes sharper with higher acceleration voltage, it is thought that the growth of
carbonaceous material occurs vertically not laterally. Moreover, the amount of the secondary
electrons which are scattered in the substrate and emit back to the vacuum from the substrate
decreases with increasing the acceleration Voltage‘as the electron goes deeper into the

substrate. This effect also results in less unintentional carbon growth around the electron-
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beam irradiated area, and causes the wires finer with higher voltage. The vertical growth
saturates in the voltage range of over 20 kV and this is attributed to the local heating effect
resulting in the re-evaporation of the deposited material. The cross section of the lines was
also observed and its shape was found to be almost cylindrical. From this result, volume of
each carbon wire was calculated and it was found that the volume increased with increasing
acceleration voltage, indicating an increase of growth rate. This enhancement of growth rate
is considered to be due to the increase of the decomposition rate of the molecules adsorbed
on -the subst;ate as a result bf the production of high-energy electrons by the high
acceleration voltage.

The dependence of the wire shape on the electron-beam current is shown in Fig.
3.3.2. The acceleration voltage was set at 30 kV and a wire of about 2 um long was
characterized. Carbonaceous wires with a width of 30 nm were obtained at a low beam
current of 15 pA. The height of the carbon wire decreased with increasing beam cwrrent,
whereas the width increased, which suggests that a high aspect ratio and narrow wire can be

" obtained by using a low beam current. The increase of the beam current causes both local

.heati‘ng and'lre-evaporation of the carbon, and éonsequently the vertical growth is suppressed.

Furthermore, the increase of the beam current also causes electron scattering at the surface of
the growing carbon, resulting in its lateral growth. Therefore, we obtained a narrower wire
with a high aspect ratio for a low beam current.

The dependence of the carbon wire shape on the magnification is shown in Fig,
3.3.3(a). The acceleration voltage was 30 kV. This experimental result corresponds to its
dependence on the writing velocity or electron-beam dose per length. Typical SEM image of
the wires written at various magnification is supplemented in Fig. 3.3.3(b). From right to left,
the wire was written at higher magnification. We can see from the Fig. 3.3.3(a) that the width

~of the wire was not significantly affected by the magnification and a value of about 30 nm
was maintained, whereas the height was almost linearly proportional to the magniﬁcation.b
The increase of the volume per second showed an almost constant value of 4 X 107 cm?/s at
any magnification. The independence of the growth rate can be considered that the growth of

the carbonaceous material occurs due to the interaction between electrons and hydrocarbon
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Fig. 3.3.3 (b) SEM image of the carbonaceous wires deposited in various magnification

conditions. Wires were deposited in higher magnification at left.

molecules, so that the electron energy and the number of electrons determine the grovrth rate.
Therefore, the growth rate was invaﬁant with the magnification because both the
acceleration Voltage and the current density were kept constant in this experiment. However,
if the magnification is increased, the electron dose per unit length increases from 2.8 pC/cm
at a magnification of 20,000 to 14 uC/cm at that of 100,000. This results in the enhancement
of the decomposition of adsorbed molecules per unit length, and the wire with a high aspect
ratio was achieved with a high magnification whereas its growth rate had almost constant

value.

3.3.3 AFM observation of carbonaceous wire with carbon needle cantilever
In order to demonstrate the EBID process, a conic-shaped carbonaceous structure

was fabricated on top of the tip of an atomic force microscope (AFM) cantilever. Generally,
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the resolution of the AFM is significantly dependent on the probe structure, especially the
radius of curvature of the tip. Although the conventional tip has a regular pyramid structure
with 90 degrees at the top and a radius of curvature of 50 nm, usage of a finer tip or a tip of
high aspéct ratio is inevitable s; as to monitor very rugged surface or minute structures. For
obtaining a sharper AFM tip, application of ZnO whisker [22], modification hsing focused
ion beam etching system [23, 24], or utilization of EBID process [8-12] are particular
reported cases. In the latter case, they have studied this technique to observe trench
structures, but in this study, the deposited carbonaceous wire structures with a small line
width and spacing were tried to resolve by the EBID tip. A sample for the AFM observation
consisted of four carbonaceous wires with a width of 50 nm and spacing of 200 nm. We
could not obtain a clear AFM image with a normal cantilever shown in Fig. 3.3.4(a) because
the line width and spacing of the wires was less than the resolution. Namely, the top of the
tip could not sense the atomic force because of the physical disturbance of the side wall of |
consisting cantilever against the wire of high aspect ratio. Therefore, conic carbonaceous
"needle was used for the new AFM canﬁlever in order to obtain its image in high resolution.
AnAF M image of the wires taken by a conic-shaped carbon needle is shown in Fig.
3.3.4(b). Thé. SEM 1mage of the new cantilever is also shown in Fig. 3.3.4(c). The base
cantilever consisted of insulating Si3Ny. Therefore, before the growth of the carbon needle, a
small amount of Pt-Pd alloy was deposited on it by RF sputtering to make the surface
electrically conducting for the EBID process. The carbon growth was performed by just
focusing the electron-beam onto a spot for 15 minutes. The carbon needle had a height of 1
pm and a diameter of 60 nm, and the radius of curvature at the top of the tip is about 20 nm.
The needle was also coated with Pt-Pd alloy to strengthen its adhesion to the base cantilever.
By using this cantilever, clear picture of the carbonaceous wires was obtained as shown in
~Fig. 3.3.4(b). The left wall of the wires is seen to be blurred, while the right is sharp. This is
attributed to the slight curvature of the needle as shown in Fig. 3.3.4(c). Through this
experiment, it was demonstrated that this carbonaceous needle is very effective especially for

the observation of nanoscaled structures of high aspect ratios.
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v

Fig.3.3.4 AFM images of the carbonaceous wires monitored by (a) normal cantilever
and (b) cantilever with carbonaceous needle on top of the tip whose SEM

image is shown in (¢).
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3.4  Application te Etching Mask for Fabricating Nanowires

3.4.1 [Fabrication process and result

As an application of the carbon wire for device fabrication processes, its use for an
etching mask to obtain a Si nanowire was investigated. Although the wires or masks can be
deposited in very fine structures, its removal after the etching or patterning is one of the key
issues. At first, the carbon wires were subjected to HCl, HNO;, HF or H,SO, acids for long
time, however, they were unaffected by the reagents. This indicates that the carbonaceous
wires are mofe-' resistant to chemical etching, and their pdtential use as chemical barriers for
nﬁcroélectro;;ic applications would be regarded as another point of view. Namely, the carbon
itself is very stable against acids or organic solvents. An oxygen (O,) plasma ashing is a
typical method in dry process [3, 25-27], howe\}er, plasma damage and/or oxidation of the
wire surface should be avoided considering its application to electronic devices. Therefore, a
lift-off technique which is one of the typical wet processes was employed using SiOé to
remove the carbon masks in this study. As the selective ratio of wet etching is nearly infinity
1in the Si/Sin system, we can easily remove the cafbon mask. Through this wet process, no
etching dariiage on the surface of the wire occurs.

The procedure is illustrated in Fig. 3.4.‘1. First, a 810, layer was deposited on a Si
substrate by spin-coating and followed by a bake at 180 °C for 30 min. As a coating
solution, OCD type-2 (Tokyo Ohka Kogyo Co., Ltd.) was used, which is composed of a
glass-matter forming agent and an organic binder dissolved in organic solvents. The
thickness of this spin-on glass (SOG) layer was about 30 nm. Then the electron-beam-
induced deposition of carbon wires was carried out. Even though SiO, is an insulator, it was
thin enough for the electron-beam current to tunnel through the layer, therefore, carbon wires
can be deposited on it as well as on silicon. Using these carbon wires as the mask, both SiO,
'énd Si were etched by means of reactive ion efching (RIE) in which the RF power and CF,
pressure were 50 W and 40 mTqrr, respectively. Finally, the Si0, layer under the carbon
wires was etched away using diluted HF to_géther with the removal of the carbon mask. The

Si nanowires whose width was'equivalent to the carbon wire were thus fabricated.
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The SEM image of the Si wires is shown in Fig. 3.4.2. The width is 60 nm and the
length is 1 pm, 1.5 pm and 2 pm, which are equal to the width and length of the carbon
masks. As each carbon wire mask was written in different electron dose per length (about 25,
15, 40, 55 pC/cm from left to right in Fig. 3.4.2), the mask height was different in each. The
Si wires whose carbon masks were written in higher electron dose have smooth surfaces
indicating the complete and clear removal of carbon masks. However, a Si-wire in the center
of the Fig. 3.4.2 has a rough surface. In this wire, the height of the carbon mask was small,
and the Si was resulted to be etched during the RIE following the carbon mask and the SiO,
layer. Therefore the height of the carbon mask was found to be very important, since it was

also subjected to be physically etched during the RIE.

Fig.3.4.2 SEM image of the Si wires of 60 nm width.
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3.4.2 Electrical property of n'"-Si nanowire

For measuring the electrical properties of Si nanowires, heavily phosphorous-doped
Si thin film was employed as a wire material. The epitaxial n""-Si was grown by means of
plasma-enhanced chemical vapor deposition (PECVD) at a temperature of as low as 250 °C
[28]. The resistivity and the electron concentration of the film were measured by Van der
Pauw method and they were 3 X 10 Q+cm and 1 X 10! cm™, respectively. The thickness of
the film was 50 nm. The n"'-Si nanowire was fabricated through the above process after the
conventional photolithography for patterning the contact and lead line regions. Figure 3.4.3
shows the SEM image of the resist patterns for contact pads and bridged carbon wire on the
SOG/n""-Si/Si substrate before the RIE procedure. We can see that the carbon wire was
clearly written on the insulating resists. In order to prepare a carbon mask with a high aspect
ratio, the electron-beam was scanned three times. Therefore, a little fat wire whose width
was about 60 nm was obtained.

The electrical characteristics was measured at 77 K and shown in Fig.3.4.4. The
current-voltage curve shows linear property and the resistance of the wire was estimated to
be 3.2 kQ at 77 K, which was almost comparable to the calculated resistance of 4.1 kQ. This
discrepancy would be attributed to the parallel electrical path through Si substrate. From
these results, it could be concluded that the carbon wires fabricated by the EBID method
could be employed as a dry etching mask and that this process with Si/SiO, system was

effective for nanostructure fabrication.

Fig.3.4.3 SEM image of the bridged carbon mask.
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Fig. 3.4.4 Electrical characteristic of n""-Si nanowire measured at 77 K whose width

was about 60 nm.
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3.5 Summary

In this chapter, modification of carbonaceous microstructures was extensively
investigated. Especially, the EBID technique was concentrated for fabrication of nanowires.
The residual gases in the chamber were taken as precufsors, and the deposition of the
carbonaceous material on any conducting substrate was achieved by no modification of the
SEM. Optimization of the writing conditions was performed so as to create narrower carbon
wires. A high acceleration voltage, low electron-beam current and high magnification were
found to be optimum for making carbonaceous wires of high aspect ratio. A carbon wire with
a minimum width of 30 nm was obtained. They were observed by AFM with its cantilever
modified with a deposition of conic-shaped carbon needle, and a drastic improvement of the
planar resolution was demonstrated by using this cantilever. For application 6f the wire to
nanostructure fabrication, spin-coated SiO, was employed to remove the carbon mask
through the lift-off process. As a demonstration of the Si nanowire fabrication, the heavily
phosphorous-doped Si epitaxial film was used as a wire material, and the conducting n"*-Si’

wires with a 60 nm width were successfully fabricated with this novel technique;
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Chapter 4

Characterization of Heavily-Doped Semiconductors and Its
Applications to Superconducting Devices

4.1 Introduction

One of the key features in the semiconductor is that its electrical characteristics can
be changed dr‘as‘tically by controlling the amount of doped impurities which generate carriers
in the solid films. If the impurities were doped to as much as the solid solubility, this
heavily-doped semiconductor is known to exhibit metallic conducting properties, such as the
carriers do not freeze out but maintain low resistivity at low temperature. This metallic
semiconductor is now attracting significant attention for the applications to the non-alloy
ohmic contact layer with metal electrodes, the base layer of the heterojunction bipolar
transistors or the cryoelectronic devices combining a superconducting material. In particular,
this sfudy took notice on the latter devices which are known as Josephson devices and are
one of the prdmjsing candidates for future integrated circuit components.

In this chapter, several degenerated semiconductors are introduced and the
dependence of their electrical properties on temperature is extensively studied together with
the theoretical fittings in order to concern the above applications. Surprisingly, one of them
showed superconductor-like properties below 4.2 K, and characterization of the film quality
was also supplemented. For the device applications, Josephson weak link device was
targeted using the heavily-doped semiconductors which function as a normal layer. And
preliminary calculation is carried out on them from the point of the superconducting

coherence length. The three-terminal device based on the proximity effect is also proposed.
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4.2  Electrical Properties of Heavily-Doped Semiconductors
4.2.1 Heavily impurity-doped Si and GaAs epitaxial films

In our previous works, an extremely high impurity ddping to Si and GaAs epitaxial
films were achieved which were grown by plésma enhanced chemical vapor deposition
(PECVD) or mercury sensitized photo CVD and metalorganic molecular beam epitaxy
(MOMBE) methods with a carrier concentration of 3.2X10% cm® and 1.5X 1021 om?,
respectively [1, 2]. The latter was successfully employed to the base layer of heterojunction
bipolar transistors (HBTs) of InGaP/GaAs system [3, 4]. In this study, their application to the
cryoelectronic devices is considered so that its electrical investigation at low temperature is
inevitable. | _
| Figure 4.2.1(a) shows the temperature dependence of the resistivity of the epitaxial
n""-Si thin film grown by PECVD with a thickness of about 100 nm. Since the growth
proceeded under the non-thermal equilibrium conditions, phosphorous can be doped over the .
solid solubility and the film has an electron concentration of 3.2 X 10* ctrf3 with the
phosphorous atoms activated almost 100 %. In Fig. 4.2.1(b), similar result from fhe C-doped 1
GaAs was referred and replotted for the comparison [2]. The resistivity in both samples
gradually decreases with decreasing temperature and exhibited constant value under about 50
K which is a residual resistivity.

Generally, the carriers in a degenerated semiconductor do not freeze out at low
temperature and it is called the Mott transition [S]. Since the temperature dependence
showed metallic conductance, theoretical consideration was carried out using equations
developed at the metal system. : |

Temperature dependence of the resistivity (o(7)) is expressed by Matthiessen’s ruie

as follows;
AD=p.+p(T) . (4-1)

where p, represents the residual resistivity which is independent on the temperature but
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Fig. 4.2.1 (a) Temperature dependence of the resistivity of heavily P-doped Si.
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Fig. 42.1(b)  Temperature dependence of the resistivity of heavily C-doped GaAs.

Experimental data were feplotted from Ref. 2.
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depends on the concentration of impurities or defects in the film. The p,(7) is the intrinsic
resistivity originated from the phonon scattering process in the solid and expressed in the

following equation using Bloch-Gruneisen’s formula;

4p, T° 0
pi (T) = %%_IQT X3 —X_T dX ’ (4-2)
D 2 sinh(—z—)

where 6 represents the Debye temperature and prigs represenfs the dp/dT at high
temperature. Parameters for the calculation are p,, puigr and Gp, however, the former two of
them could be deduced from the experimental data. For example, p, is 1.46 X '104 Q-cm and
Prigh 18 0.14 X 10° Q-cm/K in the n**-Si case. As for the 6y, the value from a bulk material is
known. But there might exist considerable differences in between the bulk value and that
from the heavily impurity-doped thin film. Therefore, the Debye temperature was taken
valuable and chosen to best fit the experimental data. From the numerical integration and
theoretical ﬁtﬁngs shown in Fig. 4.2.1(a), the experimental data were clearly explained by
the theory based on the metallic behavior, and the Debye temperature was 650 K from the
calculation which is found to be close to the value of 658 K of bulk silicon [5]. In the case of
C-doped GaAs, its dependence was also explained by the equations shown in Fig. 4.2.1(b)
and the @), from the fitting was 400 K compared to the bulk value of 345 K.

Further investigation of the dependence of the resistivity on temperature was
performed on the heavily P-doped Si thin film. At this measurement, the p-7' curve was
recorded in detail and the éample was cooled down to the order of 0.01 K. Typical
characteristic is shown in Fig. 4.2.2. Below 0.1 K region, any change of the resistivity was
not observed just exhibiting a residual resistivity down to 80 mK. However, there clearly
appeared minimum resistivity or 'sﬁper_coolihg-like characteristics at around 50 K. In fact,
this characteristic could be observed from Fig. 4.2.1(a). The origin of this phenomena could

be thought to be related to the excess incorporation of phosphorous atoms in the silicon
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Fig. 4.2.2 Temperature dependénce of the resistivity of heavily P-doped Si epitaxial
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network, but it has not yet been clarified.

4.2.2 Heavily B-doped ZnO polycrystalline films

For use in the transparent conducting material in the solar cell applications, zinc
oxide (ZnO) was taken noticed by one of our groups [6, 7]. By doping boron into the ZnO,
n-type polycrystalline thin film can be deposited on glass or semiconductor substrate by
metalorganic chemical vapor deposition (MOCVD) method. The resistivity'of the film can
be controlled by the doping level of boron and the film having thé electron concentration of

the order of 1 X 10%° cm™ has been achieved. Detail deposition conditions are summarized in

Chapter 5. Since this ZnO film has a polycrysfalline structure, it could be applicable to the
stacked junction with flexible structures.
The p-T curves of the ZnO thin films with various thicknesses were recorded in each
and shown in Fig. 4.2.3. They were deposited on Si substrate in same condition but different
"in' deposition time to control each thickness. Since the grain size becomes larger with
_‘ mereasing the film thiékness, the film quality improves by thickenmg the film resulting to
- exhibit lower resistivity and higher electron concentration at room temperature. Moreover,
its temperature dependence was found to be more metallic in thicker ZnO film but almost
constant throughout this temperature range. The resistivity of ZnO film of 55 nm thick
showed gradual increase with decreasing temperature but maintained low resistivity. This
thin film will be employed to the cryoelectronic device in a stackéd structure, which will be

described afterward.

4.2.3  Nitride semiconductors having high electron concentration

In the previous sections, heavily impurity-doped semiconductor thin films were
investigated. In the case of nitricie semiconductors, native defects in the film are thought to
generate carriers. This situation means that a film of poor crystallinity exhibits low resistivity

although any impurities were not doped.-In particular, the nitride semiconductors
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~ such as GaN or InN epitaxial films have the electron concentration of the order of 10%° cm™

in the as-grown state providing that any special treatments were not employed. Since this
study concentrates on the electrical properties of the heavily-doped semiconductors or the
semiconductors having high carrier concentration, these nitrides were next investigated.
Surprisingly, an InN thin film grown on a sapphire substrate showed peculiar electrical
characteristics. so that the results related to this film were discussed in detail in the next
section. Here, experimental results from an InN epitaxial thin film grown on a GaAs
substrate were stated.

Figufé 4.2.4 shows a X-ray diffraction profile from the InN film grown on a
GaAs(111)B substrate. It was grown by MOCVD method and growth conditions are almost
the same as that grown on a sapphire substrate which is described in the following section.
Clear InN(0002) and (0004) peaks were observed indicating its heteroepitaxial growth on the
substrate. In the figure, small peak of GaN(0002) was also observed. For the epitaxial growth
of InN on the GaAs, nitridation of the substrate surface before the InN growth is

- indispensable, which relaxes the lattice mismatch between these materials by forming GaN
buffer layer. Surface of the InN film was monitored by atomic force microscopy and its
_image was éhown in Fig. 4.2.5. We can see that the surface is not so smooth with a
_roughness of about 30 nm, however, the reflection high-energy electron diffraction
(RHEED) pattern showed spotty pattern supporting the film as being epitaxial.
Temperature dependence of the resistance of the n”"-InN thin film is shown in Fig.

4.2.6. Since the electron concentration of the sample was estimated to be about 1 X 10?! cm™,

the film was degenerated and the p-T curve showed the same tendency with the n*"-Si or
p -GaAs as discussed previously. Theoretical fitting using eqs.4-1 and 4-2 was also
performed and the characteriétic was almost reproduced with the Debye temperature of 640
K. These theoretical consideration are summarized in Table 4.2.1. The estimated Debye
temperatures m each materials are consistent with their bulk values. A little difference
between the calculated and bulk.'teinperaturés‘would be due to the large number of impurity

concentration incorporated in the crystal network or the existence of the native defects.
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Fig. 4.2.4 X-ray rocking curve of the InN film grown on GaAs(111)B.
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Fig. 4.2.5 AFM image of InN epitaxial thin film grown

whose electron concentration is 1 X 10*! em™.

3

on GaAs(111)B substrate

Theoretical fittings on the temperature dependence of resistivity.

Table 4.2.1

Material Carrier Residual 6 [K] 6p [K]

Concentration  Resistivity (calculation) (Reference)
[cm? ] o [Q-cm]

n"-Si 3.2%x10* 1.46x10™ 650 658
p"*-GaAs 1.5x 10% 1.19x 10" 400 345
n**-InN 1x10% 341 [Q] 640 —
n*-ZnO 5%10% 136107 e 415
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Fig. 4.2.6 Temperature debendence of the resistivity of InN grown on GaAs(111)B.
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4.3  Anomalous Electrical Properties in n*-InN
4.3.1 Background and properties of InN

In this section, the investigation of degenerated semiconductors continues further.
Particularly, an epitaxial indium nitride (InN) thin film grown on a sapphire (o-Al,O;)
substrate is taken into consideration because the anomalous electrical and magnetic
characteristics were recorded at very low temperature for the first time and its properties
resembled with that of superconductor. Therefore, the extensive characterization as well as
the 'electriéal measurement are performed in order to investigate the origin of this anomaly.

The inN belongs to the IlI-V nitride semiconductors which are now promising
materials for blue light emitting devices, and a lot of experimental efforts have been made on
the epitaxial growth and control of carrier concentration [8-10]. Among the nitrides, only a
few papers have dealt with the growth of InN. Consequently, the practical application of InN
has been restricted to its alloys such as GaN or AIN. From the standpoint of growth, epitaxial
InN has less nitrogen similar to the other nitride semiconductors. Its vacancy is thought to
‘. gehe'rate carriers and the undoped epitaxial film has the electron concentration of over 1X
10%° cm™. Therefore, InN is one of the degenerated semiconductors, though its electrical
| properties at the low temperature are not well understood. In order to clarify its applicability
to the cryoelectronic devices, the epitaxial growth of n"*-InN and the measurement of the
temperature dependence of its electrical properties are performed and in particular, their
dependence én the magnetic field. The investigation of the properties of these epilayers are

supplemeﬁted by AFM and SEM observations and X-ray spectroscopy.

4.3.2  Electrical properties of InN films

The n "-InN was epitaxially grown on a sapphire (0001) substrate (a-Al,O3) by
MOCVD method using trimethylindium (TMI) and ammonia (NH3) as the sources for
indium and nitrogen, respectively. The details of the growth conditions have been described
elsewhere [11]. The thickness of the films were about 150 to 300 nm. The temperature
dependence of the electrical properties of the InN film with an electron concéntration of 1.3 |
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Fig. 4.3.1 Temperature dependence of the electrical properties of the InN film with an

electron concentration of 1X 10% cm™ measured by means of van der Pauw

~ (@) and the four-point probe method (O).



Chapter 4  Characterization of Heavily-Doped Semiconductors
and lts Applications to Superconducting Devices
X 10%° cm™ was at first investigated. The resistivity, mobility and electron concentration
were measured by the van der Pauw method in the range from room temperature (R.T.) to as
low as 1.4 K. The results are summarized in Fig. 4.3.1. The dependence of these parameters
on temperatures from R.T. to 4.2 K showed the common tendencies of a degenerated
semiconductor. However, unlike the InN epitaxial film grown on a GaAs(111)B substrate,
both the resistivity and the electron concentration showed sudden decrease below about 3 K,
and the mobility increased to as much as 1X10° cm®(V+s) at 1.4 K. The results from the
fOur-point;prQbe method are also shown in the figure, and a similar dependence of resistivity
on the temﬁerature were obtained. This anomaly in the mobility and the electron
concentrétion is attributed to the sharp decrease of resistivity as will be discussed later.
Further electrical characterization was carried out on the sample. Current-voltage
curve measured at 1.4 K and 4.2 K are shown in Fig. 4.3.2. Between room -tempéfature and
4.2 K, the film exhibits ohmic behavior. However, below 3 K, a non-linear characteristic
begins to appear. The differential resistance (dV/dl) becomes quite small (about 8 mQ)
‘_particularly 1in the low current bias region. Furthermore, this non-linearity can be removed by
‘adding a magnetic field perpendicular to the film. In Fig. 4.3.3, it is shown that the non-
‘linearity of the -V curve becomes weaker with increasing magnetic field. At 650 mT, a
linear /-J characteristic is again observed. Another magnetic characteristics was considered
from the point of the Hall effect. Since the film is degenerated and it has an electron

concentration of 1.3X 10%° cm™, the Hall effect was relatively small and its modulation was

only 6 % in resistanc;e at 4.2 K or at room temperature by applying a 0.7 T magnetic field.
However, the film exhibited a low resistance state at 1.4 K and the Hall effect became
extremely large compared to the normal state at 4.2 K. The amplitude of modulation is of the
order of 100 at 1.4 K by same magnetic field. Furthermore, the dV/dl at 1.4 K almost
coincided with the resistance at 4.2 K both under a magnetic field of 650 mT, which can be
understood that the /-} curve in the Fig. 4.3.3 under 650 mT coincided with the normal
ohmic curve at 4.2 K or at room temperature. Considering the magnetic field dependence of
the /-7 curve, it could be said fhat such a large modulation is due to the occurrence of some

low resistance state rather than due to the Hall effect and that the state can be easily broken
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by the magnetic field. These electrical and magnetic properties might indicate the possibility
of the occurrence of a phase transition in InN films such as the transition from metallic to
superconductors. »

From the BCS theory, it is essential for the low carrier density materials that the
material should have as many carriers as possible in order to exhibit superconductivity [17].
Therefore, the InN film with a much higher electron concentration could be_vexpected to
show much lower resistivity at 1.4 K than previously studied film. However, the anomaly of
the film was found to gradually disappear at higher electron concentrations. The temperature
dependence of the resistivity of the films having different electron concentrations is
summarized in Fig. 4.3.4. The temperature range is varied from 1.4 K to 4.2 K. Each
resistivity is normalized by that at 4.2 K. The thermal slope of the resistivity as a function of
the electron concentration is less sharp at higher electron concentrations. The "normal”
characteristic was observed for the film with an electron concentration of 2 X 10*' cm™.

| Théugh the InN films did not show a perfect zero resistance state, the following
comments could be made concerning the superconductivity. Comparing this InN with the
other superconducting semiconductors such as GeTe [13] and ,SnTé | [14], the
superconducting transition temperature (7,) in the InN was one order of magnitude highér
than these telluride superconducting semiconductors, and the critical temperature does not
depend on the electron concentration. A possible candidate for this transition is the existence
of superconducting elemental indium in the film whose 7, is 3.4 K, and this temperature is
quite close to the temperature range of the InN films. Since the InN is considered to have
many‘ electrons supplied from nitrogen vacancies, it is possible that the In-rich film led to the
indium precipitation inside the film, and it caused such characteristics. ,Fur‘thexmore,, the
condition of the surface should be noted. InN is said to be easily oxidized and make In-N-O
complexes when exposed to the ambient [15]. Therefore in the next section, the surface and

the film quality were carefully investigated in order to 'clarify the situation.
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4.3.3 Characterization of InN ﬁlms\

For the characterization of the film quality, X-ray rocking curves of InN films witl
electron concentrations of 1X 10 ¢cm™, 2 X 10%° cm>, 7%10% cm™ and 2 X 10*' cm™ are
shown in Fig. 4.3.5. These spectra were measured by the X-ray rocking curves with coppe
target (Acuko) = 0.1540562 nm) radiation from a high-power X-ray generator (40 kV, 55 mA’
using a hjgh-resolution"computer—controlled‘ PHILIPS X' Pert four-crystal.material researct
diffractometer (MRD) system. The clear peaks of InN (0002) and (0004) are observec
indicating epitaxial growth on the a-Al,O; substrate with the wurtzite structure. Any other
small peaks originating from the other phase of InN or the elemental indium were no
observed. The reflection high-energy electron diffraction (RHEED) pattern from these films
were also recorded, and their epitaxial growth were verified as they showed spotty patterns.

Next, atomic force microscopy (AFM) images were taken to obtain information
about the InN surface. Figures 4.3.6(a) and 4.3.7(a) show the surface morphology of the
samples with an electron concentration of 1X10%° ¢cm™ and 2X10*! om>, respectively.
Corresponding SEM images were also displayed in Figs. 4.3.6(b) and 4.3.7(b),.. The samplé
with the electron concentration of 1X 10%° cm™ exhibits the anomaly in the electrical
property. The surface of both samples is not so smooth with a surface roughness of 50 nm.
Furthermore, samples show columnar fibrous structures with a diameter of each column of
about 100 nm. This columnar fibrous growth was also observed by SEM images. However,
no significant differences were found in the surface morphology of these two films.
Furthermore, indium droplets did not exist on the surface. ‘ ,

Figures 4.3.8y(a) and (b) show the results from the reciprocal space’ inapping of the
films with an electron concentration of 1 X 10%° ¢cm™ and 2 X 10*! cm?, respectively. The InN
(0002) peak was monitored in comparison with the substrate peak of o-Al05(0006).
Vertical axis. in those figures is the inclined angle (o direction) of the samples and horizontal
1s the diffraction angle. Sincé thé InN films were heteroepitaxially grown on the sapphire

substrate, each X-ray diffraction angles are not close compared to the mosaicity of each film.

Therefore the mosaicity of the each peak was shown individually in inset of the figures. We

-62 -



Chapter 4  Characterization of Heavily-Doped Semiconductors
and Its Applications to Superconducting Devices

1
o~ © o
-
S S S
=5 =5 S
Z g}
= 2 Z
n=1x10% cm”
= : !
3
@)
© 20 .3
AL n=2x10" cm
> -
d—t .
C.
O .
-E .
- = n=7x10% om® =
- i
z n=2x10"" cm”
i ] 5 I“'Ili‘li“l‘lllll L hal i,:l
30 40 50 60 70
2 theta [deq]
Fig. 4.3.5 X-ray rocking'curves of InN films with various electron concentrations

grown on the sapphire (0001) substrate.

-63 -



Chapter 4  Characterization of Heavily-Doped Semiconductors
and Its Applications to Superconducting Devices

Fig.4.3.6 AFM (a) and SEM (b) images of the InN epitaxial thin film grown on a

Al O substrate whose electron concentration is 1 X 10%° em™.
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Fig. 4.3.7 AFM (a) and SEM (b) images of the InN epitaxial thin film grown on

Al,O5 substrate whose electron concentration is 2 X 10*! em™.
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can see from the figures that the center of the peak of InN(0002) shifted to the o direction in
the film of higher electron concentration which did not show anomaly at low temperature,
but the peak did not shift in the film of 1X 10%° cm™ electron concentration. This result
means that the InN film of 2 X 10*! cm™ electron concentration was epitaxially grown on the
substrate with being inclined to the c-axis in a certain degree, which corresponds to the fact
from the electrical properties that the less nitrogen are incorporafed in the film having higher
electron concentration and the film quality is worse. This consideration might indicate that
the film of vbetter quality exhibit more drastic electrical anomaly at low temperature.

| As diécussed before, in order to show the unusual electrical characteristics due to the
elemental superconducting indium, the InN films should contain a significant amount of
elemental indium. However, neither indium droplets nor its precipitation were observed by
the AFM images and also by the X-ray rocking curves. From these studies, the sharp
decrease in resistivity of the InN films and its dependence on the electron concentration can
not be attributed to be due to the elemental indium. A transmission electron microscopy
1(TEM) obse}i’vation might reveal this point clearly. The fact that the film with a lower
electron concentration showed the superconductor-like characteristics might indicate that the
epitaxial InN would appear to be a superconducting semiconductor when its film quality is
much improved, which means that the InN must be epitaxially grown to have lower nitrogen |

vacancies.
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4.4  Theoretical Consideration of Weak Link Device for Employing

Heavily-Doped Semiconductors

4.4.1 Proximity effect |

As was discussed extensively, thé heavily-ddped semiconductors show low
resistivity at low temperature whose characteristics are very different from that of lightly-
doped one. For the device application of this film, superconducting weak link devicé
operated at liquid helium or just above temperature is noticed and its applicability is
examined in this section. This weak link device belongs to the so-called Josephson devices
which features utilization and control of superconducting current, which was discussed in
detail at Chapter 2. One of the significant parameters is the coherence length (or decay
length) in the normal region (in this case, it corresponds to the heavily-doped semiconductor
thin film). When the normal metal contacts with superconductor, cooper pairs in the
superconductor tunnels through the barrier (or Schottky barrier) and penetrates to the normal
region to some distance where the superconductivity is induced in the normal metal near the
boundary. Therefore, by sandwiching the normal metal by superconductors, codper pairs can
travel from one superconducting electrode to another through the non-superconducting
material. This effect is called proximity effect and the influential length was again described

as follows;

Rk ! 2
Cse =(“*——] 37°nP| 1+ , 4-3
§ 6k, Tem,, ( ) : (4-3)

where kg, m’, U, n, and Tese represent Boltzman constant, effective mass of the carrier,
mobility, carrier concentration and superconducting transition temperature of semiconductor
(usually equals to zero). Rough estimation was performed in several semiconductors, and
calculated coherence length is summarized in Table 4.4.1. The referred values are from the
single crystalline films characterized at room teﬁperamre except for n-InN. In the

calculation, the values of mobility and carrier concentration were from the room temperature
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measurement and estimated coherence length was the one at 4.2 K. Therefore, they are not
exact values since the electrical properties of each semiconductors at 4.2 K are not well
known. In general, we can see from the table that this coherence length in degenerated
semiconductor ranges from a few 10 nm to 100 nm. Therefore, microfabrication technology
is required to achieve this range of processing and to realize a superconducting weak link

devices.
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Table 4.4.1 Coherence length in various semiconductors.
Semiconductor Carrier Mobility | £ (4.2K) | Reference
Concentration [cm”] [cm®/Vs] [nm]
p-Si 1%x10% 48 12 [16]
5% 10% 50 20
1 x10* 42 23
n-Si 1x10% 84 22
' 5%10% 57 31
1 x10% 37 32
p-GaAs 1X10% 39 11 [16]
5%10% \ 25 15
1% 10* 16 15
n-GaAs 1x10" 1645 91
5%X10" 893 115
1%X10% 625 121
n-InAs 2.0X 10" 1x10* 200 [22]
p-InGaAs 1.3x10% 76 4 [20]
: 7.0%x10" 47 5
n-InGaAs 1.0X 10 1X10* 13 [19]
p-GaP 2.0X10" 65 3 [18]
n-GaP 1.2x10" 50 9
n-InP 1.0x10" 1500 17 [21]
1.0x10"% 1000 30 o
5.0%10" 600 40
1.5%X10% 60 18
n-InGaP 1.5x 10" 700 9 [24]
1.0x 10" 450 14
3.2X10" 350 18
n-InN 1.3%x10% 18 17 [23]
n-GaN 1.0x 10" , 440 6 [17]

-70 -



Chapter 4  Characterization of Heavily-Doped Semiconductors
and Its Applications to Superconducting Devices

4.4.2 Coherence length in heavily-doped semiconductors

In Fig. 4.4.1, the coherence length of n""-Si and p"*-GaAs as a function of carrier
concentration is shown. The curves were calculated using eq. 4-3, and the mobility and the
carrier concentration were assumed constant throughout the entire temperature range (from
room temperature to 4.2 K) since the film is suppoéed to be degenerated in the calculated
range. Relation between the carrier concentration and resistivity was deduced from the ref.
[16]. We can see from the figure that the coherence length becomes large with increasing the
carrier concentration, which indicates that the heavily-doped n-type Si and p-type GaAs are
advantageous from a point of the application to the normal layer of the superconducting
weak link device. Since we have achieved heavy impurity doping of the order of 10*! cm™ in
both systems, larger superconducting critical current and fabrication margin are expected.

Furthermore, Figure 4.4.2 shows the dependence of the coherence lengfh of InN on
temperature. As was discussed in this chapter, one of the InN thin films grown on the
sapphire substrate showed electrical anomaly at very low temperature. Therefore, the curve
‘'was plotted using experimental data not from theoretical values. Since it showed
'superbonduétor-like electrical transition, the coherence length was in addition plotted
-assuming the superconducting transition temperature (7,) of 0.1 K. Withouf ahomaly, the
coherence length is not so much different from the n™*-Si or p*-GaAs at 4.2 K, however, it
was surprisingly estimated to reach almost 1 um at 1.4 K in a sample with the electrical
anomaly. This result indicates that the InN with electrical anomaly was considered quite
effective for the weak link application if the device was supposed to function at such a low

temperature.
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4.5 Investigation of Three-Terminal Weak Link Devices

4.5.1 Background of three-terminal weak link devices

For three-terminal device operation, controlling the sﬁperconducﬁng current by gate
electrode is the basic concept in the weak link device. In other words, it is expected to
function as a switching device with low power dissipation since the finite voltage does not
rise during the superconducting current flow. By lowering the critical ‘superconducﬁng
current (/) of the device in some way, biased point shifts to the finite voltage region which
operates as an “on” stage. One of the typical ways to control the critical current is to employ
a FET type structure with coplanar or back gate electrodes. By applying gate voltage to the
normal layer, carriers can be controlled from accumulatedvto depleted stage;s resulting to
control the coherence length in the channel or to control the Josephson coupling between the
superconducting electrodes. This type of device operation is widely studied using various
degenerated semiconductors [25-28] or high electron mobility system using II[- V.
compounds [27-31]. As for the degenerated system, the doping level was cont_rolled to be
about 5% 10"®~1X 10” cm™ because of the effective carrier modulation. HoW_ever in ouri
~ case, the carrier concentration reaches as much as 1X10*' cm™ in n™"-Si or p™*-GaAs
epitaxial thin films, the electric field was found not to be able to collect so much carriers,
which was revealed from the following calculations although it is more effective to obtain
higher critical superconducting current by employing higher carrier concentration as
discuslsed in the previous section.

Figure 4.5.1 shows the calculated result from the dependence of the electron
concentration accumulated in Si/SiO, boundary by applying gate voltagé. in a stacked
metal/oxide/semiconductor (MOS) structure. When the MOS junction is positively biased,
the electrons are accumulated near the Si/SiO, boundary. Generally, the electrons are
considered to be accumulated in a range of Debye length (1) from thé boundary [32].
However, it should be replaced with the Thomas Fermi screening length (A7) when dealing

with the higher carrier concentration. The length is described as,
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(4-4)

where the & and 7 represent the dielectric constant of the semiconductor and carrier
concentration, respectively. Since the net charge is proportional to the applied voltage and

capacitance (Q = CV), we obtain following relation,

n=_teub_y ~ (4-5)
edox ;LTF ’

where the &, and d,, mean the dielectric constant and thickness of the oxide layer,
respectively. Therefore, we can theoretically predict the relation between the carrier

concentration and applied voltage by using these two equations (egs. 4-4 and 4-5) and are

deduced as
5 * ~
no =fa |5 2y _ (4-6)
hd, \ &, \«m

As was expected, the electron concentration increases with increasing applied voltage.
However, there exists a limit of the breakdown voltage in the insulator. If the conventional
silicon dioxide was assumed, its maximum sustainable electric field is aboiif6>.< 10® V/m.
These investigation was plotted in Fig. 4.5.1. We can see that the carriers could not be
controlled by the gate bias even if the thickness of the SiO, was changed on condition that
the semiconductor has more than 1 X 10*' ¢cm™ electron concentration. In other words, such a
degenerated semiconductor is favorable to the weak link device but control of the carrier
modulation or that of superconducting current can not be achievable by applying gate

voltage.
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4.5.2 Superconducting current modulation by gate current

As described previously, FET-type three-terminal weak link device was not thought
to function when employing a degenerated semiconductor whose carrier concentration is of
the order of 10*' cm™. Therefore, this study took notice on the magnetic field dependence of
the superconducting current in the Josephson devices. Josephson current is known to be able
to be modulated by the external magnetic field and critical current of the junction shows
Fraunhofer diffraction pattern against the magnetic field as described in the following

equation,

[ =% (4-7)

Where the /... and I, represent maximum Josephson current and that at O T, respectively. The
@ and @, répresent the applied magnetic flux and flux quantum (@y=h/2e), respectively.
Therefore, the Josephson current in our device could be controlled by the magnetic field
§vhjch is generated by the current flowing through the gate line situated over the channel las
schematically shown in Fig. 4.5.2. In this device, output signal is perfectly separated from
the input, and also it features considerable number of fanouts by employing a series junction.

Preliminary estimation was carried out next. Relation between control Vgate current

(conr) and magnetic flux is deduced as following equation,

27@
L, =—= (4-8)

cont 3

/Jarxffz(1+,r7°)

where r and r, represent thickness of insulator and channel, respectively, and x is the
=ffective junction length, i, is the magnetic permeability of gate oxide. On condition that

ror=100, x=0.2 um, and @=@,, I, was calculated to be about 5 mA. This current would
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work to completely suppress the superconducting current flowing through the semiconductor
region. However, it is not always necessary to completely suppress the /;, which means that
the gate current of about a few milli ampere would be enough for the device operation which
depends on a bias current of the logic circuit. This value would be practicable since the high

superconducting current is expected owing to the usage of heavily-doped semiconductor.
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4.6 Summary

| In order to investigate the applicability of heavily-doped semiconductors not only to
the conventional p-n junction devices but to the cryoeléctronic devices, temperature
dependence of their electrical properties were extensively studied in this chapter. Heavily
impurity doped semiconductors such as P-doped Si, B-doped ZnO, C-doped GaAs and also
n’-InN grown on GaAs showed metallic characteristics on temperature and they were
theoretically studied. Furthermore, in the case of n"-InN epitaxial film grown on a sapphire
substrate, peculiar electrical characteristics were observed below 4.2 K such as the sharp
decrease of the resistivity, the increase of the mobility, extremely large magnetic field
dependence of the differential resistance, and their dependence on the electron concentration.
To clarify the origin of these superconductor-like characteristics, a number of | experixhental
evaluations on the InN films were performed, however, it is still under investigation.

These degenerated semiconductors were considered to be employed to the channel
(or normal) material in superconducting weak link device and fundamental calculation was -
carried out in terms of the coherence length in the semiconductor region. In the cése ofn™-Si-
and p""-GaAs, films having higher carrier concentration were found to be prefefable for fhg |
device, and the InN with anomalous property was also a good candidate.

Three terminal weak link device using heavily-doped semiconductor channel was
considered and -control of the superconducting channel current by the gate current which
rises magnetic field was proposed since the conventional control by the gate voltage was not

practicable because of the extremely high carrier concentration in the channel region.
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Chapter 5

Fabrication of Superconducting Weak Link Devices Using
Heavily-Doped Semiconductors

5.1 Introduction

One of the possible applications of the heavily-doped semiconductor thin films to

the electronic devices is the J osephson weak link junction. By changing the doping level of

the semiconductor layer, new functionality could be expected which is not obtaiﬁable in the

superconductdr/normal metal system. Furthermore, recent Si related large scale integration

technology could be easily transferred to its fabrication. |

| As the applicability of degenerated semiconductors to the cryoelectronic devices was
.theoretically confirmed in the previous chapter, experimental procedure follows in this
chapter. As for the superconducting material, niobium (Nb) and its nitride (NbN) were

" selected. The Nb not only has the highest critical or superconducting tr_ansition temperature
of the clétricntary supercoﬁductors but possesses characteristics of high physical hardness
and high durability against thermal cycling from liquid helium temperature to room
temperéture. Moreover, it can be easily deposited using sputtering technique and we can
obtain a fairly good film quality even if it was deposited at room temperature. It is thus
favored for superconducting applications such as the Josephson junctions of Nb/AlOx
system [1-8] or the superconducting weak link devices [9-15]. In this chapter, deposition of
Nb and NbN is first described, and it is employed to the superconducting electrodes of the
weak link devices using a heavily impurity-doped semiconductor as a normal layer.
: ESpecially polycrystalline boron-doped zinc oxide (B-doped ZnO) and epitaxial
phosphoroué—doped silicon (P-doped Si) thin films are employed there whose electron
concentrations were about 1.5X10%° cm™ and 1X 10°! em™, respectively. Together with
considering their properties, the device structure is in each modified and new process for

fabricating sub-micron gap structure is also proposed through the realization of coplanar-
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type metal electrodes. Successful fabricétion of single-electron transistors by AFM nano-

oxidation process using the extremely thin Nb film is also presented for reference.
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5.2  Deposition of Superconducting Nb and NbN Thin Films

5.2.1 Deposition condition

Deposition of niobium (Nb) and niobium nitride (NbN) was carried out for
concerning its application to the superconducting electrodes of weak link devices. Figure
5.2.1 shows a.schematic deposition chamber and its picture used in this study. It is a DC
magnetron spuftexing system with a niobium target placed opposite to the substrate. The
chamber has two gas inlets and sputtering is performed using argon (Ar) gas for Nb
dép'osition and a little amount of nitrogen (N,) added to Ar for NbN deposition. Purity of the
gases' and ﬂ;e target are 99.9999 % and 99.95 %, respectively. The substrate can be
negatively biased for the bias-sputtering which is one of the effective ways that contributes
to purify the depositing film. Deposition conditions are summarized in Table 5.2.1.
Sputtering was performed at relatively low gas pressure (of the order of 1X 10° Torr) so that
the chamber was evacuated by turbo molecular pump during the deposition. Prior to the film
deposition, 'pre-sputtering was performed for about 3 to 10 minutes to remove any |
..co-ntaminat‘é:d layer on the Nb target and to stabilize the DC plasma. The substrate
temperature was not controlled and the sputtering was performed at room temperature. Due
to the self-heating effect m the plasma process, the substrate temperature goes up to around

140 °C after 10 minutes deposition. For obtaining Nb and NbN thin films in better quality,

sputtering conditions and the partial pressure of N, were optimized.
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Fig. 5.2.1 Schematic (a) and picture (b) of DC magnetron sputtering system used
this study for obtaining Nb and NbN superconducting thin film.
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Table 5.2.1 Conditions for depositing Nb and NbN thin films by DC magnetron

sputtering.
Back Pressure 1X10° Torr
Total Gas Pressure 2.0X10° Torr
N, Partial Pressure 0.2 ~1.0X10° Torr
(for NbN)
Substrate Temperature R. T.
DC Voltage -250 ~-300 V
DC Current 03~07A
Substrate Bias Voltage 0~-60V
(for NbN)
Pre-Sputtering 3 ~ 10 min.

'5.2.2 Characterization of Nb thin film
D‘ebp‘bsition of Nb was >at first carried out on a n-Si substrate of high resistivity (~1
kQ-cm). Figure 5.2.2 shows the dependence of the electrical properties and the deposition
rate on DC plasma current. The Ar gas pressure was fixed at 2.0 mTorr as the low pressure
was found to be effective to obtain a Nb film in better quality from the previous experiment.
The Nb films were deposited in about 100 nm thick. We can see from the figure that the high
DC current is optimum for better quality. This is because the increase of the deposition rate
more prevents from the incorporation of impurities in the depositing films, such as an oxygen.
Moreover, that makes the resistivity of the film at room temperature decrease and the
residual resistance ratio (RRR) as well as the supercbnducting transition temperature (7)
Increase. Althbugh our equipment could no longer increase the DC current, Nb thin film with
T.of8.1K waé ever achieved. For further improvement in the film quality, bias sputtering is
one of the additive technique, howevef, drastic impro;/ement was not observed in the case of

Nb but in the NbN, which will be discussed later. One point should be noted here that the
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deposition was performed with ,the substrate neither externally biased nor electrically
grounded, which means that the self-bias was unintentionally applied to the substrate (about
-10 V) due to the Ar" bombardment. This effect should have prevented from the disastrous
bombardment from.secondar,y electrons in a certain degree. Figure 5.2.3 shows an X-ray
diffraction profile of the Nb thin film with a thickness of about 500 nm. Peak of Nb (110)
was clearly oBserved and no other phase was detected. The Nb film 1s polycrystalline and
has a strong preference for the (110) lattice plane to be parallel to the substrate. In Fig. 5.2.4,
dependence of the resistivity at room temperature on Nb thickness is shown. They were
deposited in optimized conditions on a SiO,/Si substrate. It is well known that the resistivity
reflects the electrical properties at low temperature, especially the superconducting
properties. Films having larger than about 40 nm thickness showed both lowest resistivity
obtainable from this experiment and 7, was about 8 K. However, the resiétivity increases
with the film becomes thinner and also the superconducting transition width (47,) becomes
larger. The 7, was measured to be about 2.3 K and below 1.4 K for the films of 6.5 nm and 3
nm, respectively. As the Nb is easily oxidized in the ambient atmosphere and forms a stable
niobium oziide layer in about a few nanometer [16-18], this oxidation effect causes film
. degradation énd especially it was influential in extremely thin films.

Although the electrical properties of Nb film degrade with decreasing the film
thickness, the surface of the film was found to be quite smooth with a roughness of 0.5~1.0
nm from the AFM observation shown in Figs. 5.2.5(a) and (b) [19]. The Nb film was
deposited in about 3 nm thickness on a thermally oxidized silicon substrate. In the AFM
image of Fig. 5.2.5(b), Nb oxides wires were modified by AFM nano-oxidation process. This
technique is considered to be the anodization process [20-23]. By applying negative bias to
the conducting cantilever of AFM, anodization reaction occurs between the metal or
semiconductor thin film and oxygen containing species absorbed on the film surface. Besides,
by scanning the cantilever at constant speed while applying negative bias voltage, we can
obtain an oxidized wire whose 'Width can be ranged from 20 to 50 nm by adjusting the
applied bias voltage or the scanning speed, which is éhown in Fig. 5.2.5(b). For proceeding
this process, it is fairly known that the surface should be smooth enough to modify a fine
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Fig. 523 X-ray diffraction profile from Nb thin film.
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Fig. 5.2.5 AFM images of the Nb surface with a thickness of about 3 nm. In (b

AFM nano-oxidation process was performed to modify Nb oxide wire

(cited from Ref. 19).
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Fig. 5.2.6 Drain current-drain voltage characteristics with various side-gate voltages
in a single-electron transistor of Nb/Nb oxide system fabricated by AFM
nano-oxidation process. The characteristics were measured at room
temperature (T = 298 K). Drain current with +2 fA is colored white (cited
from Ref. 24). |
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structure. By using the extremely thin Nb film deposited in above optimized condition, tt
technique was successfully applied to fabricate a single-electron transistors (SETs) by o
group, and especially its perfect operation at room temperature was first reported as referr
in Fig. 5.2.6 [24]. One of the key features of this successful demonstration lays on a flatne
of the Nb thin film and it may be due to the slight bias sputtering which caused surfa

flattening during the deposition.

5.2.3 Characterization of NbN thin film

Problems on the metal of Nb are that it is not so much stable against tﬁennal proce
over room temperature and is easily affected by oxygen diffusion forming a niobium oxic
(NbOx) at the surface, which degrades the superconducting properties. Therefore, it is n
always suitable for its application to the superconducting devices which consist of any oxic
material or to the case that requires thermal process after the Nb deposition although it h
highest transition temperature (7, = 9.4 K) among the entire elemehts. ‘As this stuc
considers utilization of polycrystalline ZnO grown by thermal metalorganic :éhemical Vapk
deposition (MOCVD) for the normal layer of superconducting weak link device in a staqke
structure, other material which is stable against thermal process should be employe
Therefore, NbN thin film was taken noticed. Since this NbN can be easily deposited by
small amount of N, addition during the Nb sputtering and it features thermal stabilit
physical hardness, superior in heat cycle and relatively high 7, (the highest of the binar
compound semiconductors with a NaCl-type structure and a value of 17.3 K has ever bee
reported [25]), its deposition is next considered. Niobium nitride has vé lot of §rystz
structures depending on a concentration of nitrogen in the film which is shown in Table 5.2.
and superconducting properties are strongly affected by deviation frdxﬁ stoichiometri
composition [25-28]. The aim of this study is to obtain a film of high 7, and it corresponds t
the d-phase NbN.,
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Table 5.2.2 Structural properties of NbNx system.

Phase “Structure Compositional Lattice Constant Notes
Ratio (NbNy) [nm]

B-Nb;N hexagonal 0.40 ~ 0.50 a=0.305, ¢=0.459 N poor

' ‘ ' a=0.305, ¢=0.499 N rich
v-Nb;N; .- tetragonal 0.75~0.80  a=0.438, ¢=0.431 N poor

| ' irregular-B1 a=0.439, ¢=0.433 N rich
5-NbN BI (cubic)  0.88 ~0.98 0.438 ~ 0.440 T=15~173K
1.10 ~ 1.06
d’-NbN reverse NiAs a=0.297, ¢=0.553
(hexagonal) :

g-NbN hexagonal 0.92 ~1.00 a=0.296, c=1.127 T<1.77K
NbsNg » - hexagonal T.<1.77K
Nb,Ns  tetragonal 2=0.687, c=0.430 T=8.0~85K

Deposition of NbN film was performed on an i-Si substrate and its thickness was
controlled to be about 100 nm. Figure 5.2.7 shows the dependence of the electrical properties
of NbN thin films on partial pressure of N, during the sputtering. Total gas pressure and DC
power were controlled at 2.0 mTorr and 2.2 mW/cm®, respectively. i’arameters of the |
electrical estimation are resistivity at room temperature, residual resistance ratio (RRR,
corresponds to the Rzpox/ Rox) and measured superconducting transition temperature (7).
The figure also shows the electrical dependence of films on negative voltage bias applied to
the substrate. We can see that large bias made the film low resistivity and high 7. This is
attributed to ihe fact that Ar" reaches not only to the Nb target but also to the substrate by
applying negative voltage to the substrate, which causes sputtering of the weakly-bonded
impurities, such as an oXyge-n, i the depositing ﬁhn resulting to make a film in better

quality. The fact that the substrate was also sputtered during the NbN deposition is
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confirmed from the Fig. 5.2.8. This ﬁgure shows the dependence of deposition rate on tl
partial pressure of N, and bias voltage, which reveals that the rate is low at higher bi:
voltage. In general, this bias sputtering is known to be one of the effective techniques 1
obtain a film of better quality [29], and this rresult is consistent with the fact. From Fig. 5.2.’
dependence of the electrical properties on the partial pressure of N, reveals that the 0.
mTorr is the optimized condition and 7, of 14.2 K was achieved. Although the resistivity ¢
the film deposited at the bias of -60 V is not so much affected by the N,, influence on 7
drastic. This would be due to the existence of multiple phases in NbN and especially th
difference in superconducting properties among them. The deposition rate monotonousl
decreases with increasing partial pressure of N,, and this would be due to the difference i
sputtering yield of Nb between Ar and Nj.

Figures 5.2.9(a) and (b) show the results from the X-ray diffraction spectroscop
measurements performed on the NbN films. The former shows the dependence of lattic
constant of NbN on the bias voltage and the latter does that of lattice constant on partlc
pressure of Ny, which are estimated from the X-ray diffraction peak position of 3-NbN (111
sincg it has a preference for that lattice plane to be parallel to the substrate.vThese ﬁguré
also supports the result from the electrical properties that the film deposited in opﬁmize‘
condition (Vs = -60 V and Py, = 0.5X 102 Torr) is closed to the value of stoichiometri
bulk NbN.

Figure 5.2.10 shows the temperature dependence of the critical current density. I
this expen'ment, the NbN was patterned to the stripe line by lift-off technique whose widtl
and length were 20 pum and 2 mm, respectively. The film deposited in highér negaﬁ\(e D(
bias shows higher 7, and higher critical current density (J,). The superconducting curfen‘
flowed as much as 3 X 10° A/em? at 4.2 K in the film deposited in -60 V bias and it isb abouw
two orders of magnitude larger than the film deposited without applying biés. Here again we
can confirm the effectiveness-of bias sputtering. |

Finally, the dependence of the superconducting transition temperature of NbN films
on thickness was investigated and the result is shown in Fig. 5.2.11. The superconducting

properties degrades with decreasing the film thickness. This is due to the existence of critical
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thickness to exhibit superconducting property similar to the case of Nb discussed in previo
section. Since NbN is'more stable and less influential from the ambient oxygen than Nb, tl
3 nm thick NbN still showed superconductivity below 5 K. This is an encouraging result f
considering any superconducting devices using an extremely thin superconducting film, suc

as the previously-mentioned SETs modified by AFM nano-oxidation process.
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5.3 Weak Link Device of NbN / ZnO / NbN Stacked Structure
5.3.1 Utlization of ZnO thin film as a normal layer

For the application of the heavily-doped semiconductors to the cryoelectronic
devices, superconducting weak link device was considered. It is inevitable to control the
channel length of the normal layer of the order of 0.1 um or less for the superconducting
operation. For starters, heavily boron-doped zinc oxide (B-doped ZnO) was newly employed
for the normal layer to realize a stacked junction, which is one of the easy structure to
control thé channel length.

| The “ZnO thin film was deposited by metalorganic chemical vapor deposition
(MOCVD) technique under the condition summarized in Table 5.3.1 using the apparatus
illustrated in Fig. 5.3.1. Dimethylzinc (DEZn) and D,O were used for the sources of zinc and
oxygen, respectively, and they were introduced to the reacting chamber by Ar carrier gas.
The B,Hg diluted with hydrogen was also introduced from another gas inlet for the boron
doping to obtain n"-ZnO thin film. The gases are decomposed thermally and the deposition
: occurs. Figgre 5.3.2 shows the dependence of the resistivity of the obtained ZnO film on the
B,H; flow rate: By changing the flow rate, we can control the electrical characteristics of
* ZnO films and obtained a film whose electron concentration was 1.5 X 10% cm™ growri at
optimized conditions with a thickness of 50 nm. Its superconducting coherent length in this
ZnO film was estimated to be about 10 nm at 4.2 K, which is a hopeful value for the
Josephson cdupling ;[hrough the film.
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Table 5.3.1 Deposition condition of B-doped ZnO.

Pressure 6 Torf

Flow Rate
D,0 "~ 124.5 ymol / min
DEZn 81.3 umol / min
2 % B,He/H, 0.25 ~ 5.0 sccm
Substrate Temperature 158 ~208 °C
Deposition Time 1~ 30 min

UV Lamp

0 00| Quartz

-

'_1:%;‘ Window

X -

| - substrate

DEZn — [W] "5

Heater
B2Hes /H> | TP

Fig. 5.3.1 Schematic of the MOCVD system for depositing ZnO film.
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Fig. 5.3.2 Dependence of the resistivity of ZnO thin film on B,Hg flow rate.
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5.3.2 Fabrication process

Since the ZnO film is polycrystalline, the superconducting weak link device wa.
fabricated in a stacked structure. By stacking the ZnO by superconducting electrodes, we cai
easily control the channel length of the normal layer which corresponds to the thickness o
the intermediate ZnO film although it requires considerable number of lithography. In orde:
to realize a superconducting device operation in this system, superconductihg electrode:
must be stable against thermal process and oxidation. Therefore, the NbN was selected fo:
them. The process flow of the device and its schematic are illustrated in Figs. 5.3.3 anc
5.3.4(b), respectively. First of all, an i-Si substrate was cleaned by organic solvents anc
diluted HF. As for the substrate, insulating material was preferable such as a glass or
Si0,/Si to prevent leakage current in the device operation. However, NbN of better quality
was only obtained by utilizing bias sputtering technique in our deposition system a:
mentioned 1n the previous section and good NbN film could not be deposited on any
insulating substrate as the electrical bias could not be applied on. Therefore, a silicon wafél
of a high resisti\}ity (~ 1 kQ-cm) was used as a substrate because the caniers’ffreeze; out a
device operating temperature (around 4.2 K) and the substrate exhibits sémi-insuléting
properties at that temperature range, which would less affect the electrical leakage. After the
substrate preparation, NbN was deposited on it by DC magnetron sputtering and patterned by
photolithography and lift-off to form a lower superconducting electrode. The intermediate
B-doped ZnO was then deposited in about 50 nm by MOCVD method. Its thickness can be
controlled by the deposition time. After etching the ZnO except for that in junction region by
diluted HCI, top NbN electrode was formed in similar manner to the lower one. Thus, the
NbN/ZnO/NbN stacked junction was fabricated. Cross sectional SEM imagev of the juﬁcﬁon
area was shown in Fig. 5.3.4(a). Since the ZnO layer was deposited by CVD techniqué, its
coverage seems to be smooth enough to prevent the electrical shortage between the top and

lower electrodes. Junction size of the device was 10 um square or 20 pm square.
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(a) NbN deposition
and lift-off

Si-substrate

(b) B-doped ZnO
growth by MOCVD

NBN
'(c) NbN deposition
and lift-off
Fig. 5.3.3 Fabrication process for NbN / ZnO / NbN weak link device.
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5.3.3 Electrical characteristics

Electrical characterization of the weak link device of NbN/ZnO system was next
performed. The device was set in a helium cryostat and the measurement was done by four
point probe method. Figure 5.3.5 shows the current-voltage characteristic of the device
measured at 4.2 K whose normal layer thickness was about 40 nm. As can be seen,
superconducting current flowed through the n"-ZnO layer, which would be based on the
proximity effect. This preliminary result suggests that the heavily B-doped ZnO can be
applicable to the Josephson junctions. The I.R, product of the device was estimated to be
about 1.5 mV,‘ which is a consistent value compared to the superconducting energy gap.
Figure 5.3.6 shows the temperature dependence of the critical current of another device. We
can see that the critical current decreases with increasing the temperature, Which 1s roughly
due to the temperature dependence of the coherent length and the thermal fluctuation.
Theoretically, critical current (/) dependence on temperature was reported to follow the

following equation [30],
e =—“( —l‘)\/—(coshz(c ‘/—D , : (5-1)

where 7 represents 7/7,, C, represents L/&,(T,) and C, is the fitting parameter. The &, means
the coherencé length of the ZnO and T of this device was about 10 K. By changing the C; in
order to best fit the data, value of 3.5 explains the experimental data as shown in Fig. 5.3.6.
However, we obtained the valued of &, from the fitting to be about 17 nm, which is a little
large compared to the value of 6 nm from the theoretical calculation using eq. 4-3. This
discrepancy will be discussed later.

Since a number of junctions was fabricated, relation of the critical current density
(/o) on thickness of the ZnO was examined comparing the devices whose coherence lengths
were calculated to be almost same. The result is shown in Fig. 5.3.7. Although there were
two plots, less superconductiﬁg current flowed through the thicker ZnO layer. By using

following equation, coherent length was further investigated,
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Fig. 5.3.5 Current-vbltage characteristic of NbN / ZnO / NbN weak link device.
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Ic éexp(— é) , | | (5-2)

where L means the channel length of the normal layer or thickness of ZnO layer. From the
experimental fitting, the &, was calculated to be 37 nm, which is also largev compared to the
theoreﬁcal one. These discrepancies would be attributed to the film ununiformity. Since the
Zn0 is polycrystalline, there should have existed a relatively thin area which might have
governed the electrical characteristics or the influence of the grain boundary where the
electrons could more easily flow through them than through the grains WithA tunneling the

potential barrier in the grain boundary.
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Fig. 53.7  Dependence of critical current density on intermediate ZnO thickness.
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5.4  Weak Link Device of Nb / n"*-Si / Nb Coplanar Structure

5.4.1 Utilization of n”*-Si as a normal layer

Heavily-doped semiconductors are applicable to the superconducting weak lin
device as a normal layer. In the previous section, B-doped ZnO was employed. However, :
is not always suitable to use polycrystalline material in stacked junction as discussed becaus
the controllability of the device electrical parameters is relatively inferior due to th
influence of the grain boundary or the film uniformity and because the poork extensionality t
the three-terminal operation in that structure. Therefore, application of single crystallin
material was next considered. As mentioned in Chapter 4, we have a technology to groy
epitaxial heavily-doped semiconductor thin films such as n™-Si or p**-GaAs. Thei
applicability was also confirmed from the theoretical calculation of their coherence lengths
Considering the device structure, stacked junction is no longer applicable but a coplane
structure is one of the choices. For Josephson coupling between the superconductin
electrodes through the heavily-doped semiconductor, however, it requires a channél length c
the order of the coherence length and it is estimated to be about 0.1 pm or 1ess.j"'This situatio
means that the conventional photolithography managed to or could not meaf. the demands
therefore, other techniques such as the electron-beam lithography should be used ,‘fc
realizing the device in coplanar structure. Although the fabrication becomes comple>
following advantages are expected in this structure, such as low capacitance (which raise
the cut-off frequency together with R, being small), rich extentionality to the three-termine
device, and junction characterization.

As discussed extensively in Chapter 3, one of this studies is the. nanofabricatio
using carbonaceous microstructures deposited by SEM. In particular, we can easily obtain
carbon wire which is thinner than 0.1 pm and it can be positively used as an etching mask fc
fabricating nanowires. Therefore in this chapter, utilization of this carbonaceous wire fc
defining the channel length of the weak link device in coplanar structure was first developec
Namely, the wire was used as a lift-off mask or suspended mask. This means that the widt
of the carbon wire determines the channel length since the width can be ranged from as sma

as 30 nm. New fabrication process was proposed in this section and the carbon wire wa
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successfully employed to define the channel length of the Nb/n™"-Si/Nb coplanar weak link

device.

5.4.2 Fabrication of sub-micron gap structure using a-C wire
As a-C itself is stable against acid, its removal from the fabricating device after the
definition of the gap is the key issue which is similar problem to the dry etching mask
discussed 'bef;ore. Therefore, a bilayer resist system was newly employed. The details of the
process flow ére illustrated in Fig. 5.4.1. First, a ZnO buffer layer is deposited on a Si
substrate by MOCVD method (a). The application of this layer is one of the key features of
this process and it is due for both forming a suspended mask and removing the a-C wire.
Since polycrystalline ZnO can be easily etched by any acid and has a relatively high
conductivity as well as a flat surface morphology [31], its usage for electron-beam induced
process is advantageous compared to the usage of insulating SiO,. Conventional
photolithography follows for defining a channel electrode. Then, the a-C wire is deposited
.by SEM to bridge the photoresist across the channel, which divides the channel into two
-tegions and defines a channel length (b). After the writing, ZnO 1s etched using diluted HF
which makes a stencil structure and leaves the wire hanging over the Si substrate forming a
suspended mask (c). A niobium electrode is then deposited (d). Finally, the structure is
patterned and the a-C wire is removed by the lift-off (e). Through this process, a patterned
structure with a gap whose length is almost equivalent to the width of the a-C wire can be
realized. As it was previously pointed out, the width of the wire can be controlled (from a
few 100 nm to as small as 30 nm) by changing the electron-beam condition. Moreover as
shown in Fig. 5.4.2, the channel length could be controlled by writing the wires in parallel,
which makes a fat wire and contributes to realize a long channel length. The thickness of the
photoresist and height of the a-C wire were about 1 pm and 200 nm, ’respectively. Although
the a-C wire was not thicker than the photorésist, the patterned photoresist was confirmed to
have a tapered structure from the SEM image in Fig. 5.4.2(d) and this situation is considered

to prevent the a-C wire from being cut during the following processes. The SEM image also
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(a) Deposition of ZnO

a-C wire
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i (b) Photolithography and

deposition of a-C bridge
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"

(c) Etching ZnO by
diluted HF

T

(d) Deposition of Nb

(e) Lift-off and

removal of a-C wire

Fig. 5.4.1 Fabrication process for coplanar structure with sub-micron gap.
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reveals the clear deposition of carbon wire on the insulating resist as it was thin enough to be
- processed by the electron-beam and as the conducting ZnO existed underneath. Therefore we

could make coplanar-type metal electrodes with a sub-micron gap structure through this

process.

Figuie 5.4.3 shows a typical SEM image of a fabricated gap structure. In this
structure, three a-C wires were connected i series to form a relatively long chémnel width
(~20 um) simply because of the limit of the scanning area of our SEM system. Furthermore,
each a-C wires was overwritten three times to make wires with highraspect ratio in order to
strengthen the a-C bridge. Eventually, an electron dose is calculated to be about 0.6 nC/pm.
By optimizing the a-C wire in this manner, a sub-micron gap structure was successfully
fabricated whose width and length were about 20 um and 60 nm, respectivély. Since the
wires were overwritten, the length of the gap became large compared to the minimum
obtainable width of the a-C wire (~30 nm). This is due to the fact that a longer beam
irradiation leads to the lateral growth of the wire as well as to its vertical grbwth. In Fig.
5.4.3, no residue of the a-C in the gap can be seen, which ensures its compi’eté revaaI
during the lift-off process as the wire hangs» over the Si surface and does not come into

contact with the deposited metal.

5.4.3 Electrical characteristics of Nb / n*"-Si / Nb junction

Regarding the application of this process to device fabrication, a superconducting
weak Imk device in a coplanar structure was fabricated using a heavily pho’sphorous—doped
Si epitaxial film as a channel material. It was grown on a Si (100) substrate by the plasma
enhanced chemical vapor deposition (PECVD) technique and it has an electron
concentration of 1X 10*' cm™. Since the n*™*-Si is highly degenerated and has a high electron
concentration, the coherence 1ength of the superconducting wave function penetrating into
the semiconductor region, which is the proximity effect [32], is long enough to facilitate the
observation of the superconducting current flow between the source and drain electrodes in

our available scale of the structure.
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Fig. 5.4.3 SEM image of the Nb / Si / Nb coplanar structure with a gap length of
about 60 nm fabricated with a-C suspended mask. Inset shows the gap in

high magnification.
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Fig. 5.4.4 Current-voltage characteristic of Nb / n"*-Si / Nb weak link device.
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Source and drain electrodes coﬁsisted of superconducting Nb, and n""-Si channel
length was about 0.1 pm in this device. Figure 5.4.4 shows an I-V curve of the device
measured at 1.4 K. We can see that the /-J curve shows a resistively-shunted junction (RSJ)
model like characteristic and the superconducting current flows through the vn++-Si layer.
This result suggests the applicability of this process to the device fabrication process, and
also demonstrates the realization of Nb/n""-Si/Nb weak link device in a coplanar structure
using a heavily-doped semiconductor whose carrier concentration is of the order of 10*' cm™
for the first time. The /I.R, product of this device was estimated to be 0.2 mV. This value is
consistent with the reported value in the Si weak link devices, however, the normal
resistance was a little large in this device compared with the value estimated from the device
structure and from the electrical measurement performed pfeviously on the film. This would
be due to the contamination at the interface between the Nb and n*"-Si, which is known as a
critical issue in the weak link devices since the cooper pairs must tunnel through this layer as
well as the Schottky barrier. In this case, the n™"-Si substrate was chemically cleaned in a wet
process but not in the dry process in the chamber. The Ar” ion cleaning and its effectiveness
have ever been reported [33, 34]. Introduction of this treatment might contribute to the better

electrical performance in the device,
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5.5 Summary |

In this chapter, results of the fabrication of superconducting weak link devices using
heavily-doped semiconductors as a normal layer were deséribed in detail. Based on the
theoretical estimation performed in Chapter 4, structural design was also investigated. First
of all, the Nb and NbN were selected as superconducting materials and both deposited by
DC magnetron sputtering technique. Through the optimization of the Ar or N, gas pressure,
bias voltage and sputtering conditions, fairly high superconducting transition temperatures
were obtained in both materials (8.1 K for Nb and 14.2 K for NbN). Very flat surface of the
obtained Nb thin film enabled to be modified by the AFM nano-oxidation process and led to
the successful fabrication of single-electron transistors operating at room temperature.
Moreover, the materials were employed to the superconducting electrodes of the weék link
devices. Polycrystalline B-doped ZnO was first applied in a stacked junction using NbN as
the electrodes. Superconducting properties were successfully obtained and theoretical
fittings from the point of the coherence length were also performed. Furthermore, heavily P-
doped Si epitaxial film whose electron concentration was 1X 10*' cm™ was alép considered
for its application. In order its realization in a coplanar structure, new process was develop_eé
to fabricate a sub-micron gap structure which was indispensably required in this device. By
employing the carbonaceous wire and a ZnO buffer layer, metal electrodes having a gar
length of about 60 nm was skillfully fabricated which corresponds to the width of the carbor
suspended mask. This process was successfully applied to fabricate Nb/n""-Si/Nb weak link
deVice, and its electrical characteristics showed superconducting behavior at 1.4 K. This is
the first demonstration of the device using degenerated semjconductors'tr whose carrier

concentration is of the order of 10*! cm™.
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Chapter 6

Evaluation of Carbonaceous Material for Microscopic Devices

6.1 Introduction

To produce microscopic devices, such as single electron transistors (SETs),
utilization of electron-beam lithography for patterning each device is the most commonly
applied techn'idue so far [1-3]. However, it is not always the simplest technique for use in the
device fabricating process, and an establishment of simple and unique processes to make
minute structures is required. Among the newly developed techniques, a beam-induced
process, such as an etching [4, 5] and a deposition of materials [6-8], has potential for use in
manufacturing due to its easy and resistless microprocessing. The direct writing and
depositioﬁ is one of its notable techniques for producing the stacked structures. As
‘mentioned before, its key features are that various materials and structures can be deposited
in arbitrary positions by changing a precursor or the scanning of an electron-beam, its lateral
.size can be rahged from 10 nm to a few 10 um, and it is applicable to obtain a material with a
fairly wide range of resistivity from metallic to semi-insulating by just changing a precursor
molecule. These features are quite attractive especially for the direct fabrication of the
microscopic junctions of metal/insulator systems. ' |

In chapter 3, the deposition of carbonaceous wires originating from the residual
gases in the chamber using scanning electron microscope (SEM) was performed and its
applications to the tip of AFM cantilever and the device process, especially the etching mask,
were examined. However, properties of the carbonaceous material itself ha%/e not yet been
considered. From a point of its application to the fabrication of microscopic devices
consisting of fhis matérial, its electrical characterization is inevitable. Therefore in this
chapter, evaluation of this material is provided and the results of its application to a
metal/insulator/metal (MIM) diode in a stacked structure are reported using Au and

carbonaceous microfilm as metal electrodes and an intermediate insulator, respectively.
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Furthermore, in order to shrink the junction size to sub 1 um, the metal electrodes in another
~ device were directly fabricated using an ion-beam-induced reaction technique in which a
tungsten carbide (WCx) was grown using W(CO)s. Namely, MIM diodes of WCx/C system
were fabricated and investigated. In addition to the electrical characterization, Raman

scattering 'spectroscopy was also carried out and the optical investigation of the carbon

microfilm was supplemented in advance.
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6.2  Characterization of Carbon Microfilm
6.2.1 Deposition of carbon microfilm |

Carbonaceous films such as diamond-like amorphous carbon (DLC) films have been
deposited by many researchers using chemical vapor deposition [9-11], sputtering [12-14] or
ion-beam deposition [15-17] mainly for its applications to the coating material for magnetic
media or for reactive surfaces. That is because the DLC film has low friction characteristics,
high wear resistance, optical transparency, chemical inertness and high electrical resistivity
[18, 19] By usmg these general techniques, carbon film is deposited on an entire substrate.
Therefore, add1t10na1 processes are required in case of fabricating and defining a small
device. While by using the EBID technique, a square-shaped carbonaceous film can be
grown at an arbitrary position by two dimensional electron-beam scanning. This is a great
advantage for fabricating nanometer-size devices. Although this technique is not suitable for
large area deposition, it is quite effective if applied to the small discrete devices where the
film is necessary in small area, as it does not require the lithography or lift-off techniques to
'_defme each‘:device. Therefore the fabrication of microfilm by this method is necessary for
establishingﬁ the direct fabrication of discrete devices.

The carbon deposition was carried out in a surface analysis mode of SEM which is a
-two-dimensional electron-beam scanning mode. Detail deposition conditions are almost the
same with the case of the fabrication of carbon nanowire which is described in Chapter 3.
The growth rate mainly depends on the lateral size of scanning area and it is about 0.5
nm/min in a size of 5 um square and the electron dose was about 5 nC/um? at that time,
which made a 30 nm thick carbonaceous film.

Figures 6.2.1(a) and (b) show the SEM and AFM images of the surface of the
carbonaceous film deposited on a Si substrate. In the SEM image in Fig. 6.2.1(a), each
corner of the ﬁhn has round shaped structure. They are originally the markers grown in conic
shapes in advance of the film growth. We can see from the figures that the surface is smooth
with the roughness being less than about 2 nm. Although the surface morphology shows
some stripes due to the scannjhg beam deposition, n(') pinholes were observed. Therefore, it

could be applicable to the device having stacked structure. Since this film was deposited in

- 127 -



Chapter 6  Evaluation of Carbonaceous Material for
Microscopic Devices

Fig. 6.2.1 SEM (a) and AFM (b) images of the surface of the carbonaceous microfilm.
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the electron-beam conditions optimized for obtaining narrow carbon wires, the radius of the
beam was thought to be small, which is more likely to make a stripe on a film surface
especially in a large area deposition. To obtain a film with less stripe structure on the surface,

deposition with a fat electron-beam might be considered.

6.2.2 Raman spectroscopy _

To characterize the structure of this carbon film, a Raman scattering spectroscopy
measurement %vas performed. The spectrum was obtained in a backscattering configuration
with the Ar" 514.5 nm line at room temperature and recorded with a Jobin Ybon Ramanor
U-1000 double grating monochrometer equipped with a photonmultiplier and photon-
counting electronics. Since the carbon film could not be deposited in a large area and the
growth rate is not high, the film was prepared in a 3 um square with about 200 nm in
thickness, and the spectrum was taken with the Ar™ laser whose diameter was 3 um. To
measure the“Ramah spectrum, we first used a beam diameter of about 1 um spotted onto a
fnuch smalle} film, however, the irradiated area was completely etched possibly because of
the evaporatibn or oxidation by air with the aid of the local heating effect. Therefore, the
laser power density and the film size were optimized to obtain the Raman spectrum. The
result is shown in Fig. 6.2.2. Two broad peaks centered around 1350 cm™ and 1550 cm™ are
seen. The data were fit by two peaks with Gaussian line shapes and it was divided into the
peaks around 1320 cm™ and 1570 cm™. The 1350 cm™ band is called the disorder band (D-
band) and is assigned to the A;,-type mode at the K point of the Brillouin zone activated by
he disorder [20]. Another 1580 cm™ band is called the graphite band (G-band) and
sorresponds to one of the E,, modes, which has been assigned to the vibrational mode
sorresponding to the movement in opposite directions of two neighboring carbon atoms iri a
sraphite sheet [21, 22]. Judging from the obtained Raman spectrum and the Gaussian fittings,
he carbonaceous film grown by EBID from residual hydrocarbon molecules is considered to
sonsist of a mixture of tetrahedrally (sp3) and trigonally (sp®) bonded cafbon as these
eatures are distinctive profiles of a hydrogenated amorphous carbon (a-C:H) or a DLC [11,
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12, 23]. Accordingly, this carbon film is determined to have an amorphous structure mainly

consisting of carbon.

6.2.3 AFM nano-oxidation of carbonaceous film

As the film deposited by the EBID using SEM had been regarded as being
carbonaceous material and it was confirmed to have an amorphous structure consisting of
carbon, another characterization of this film was performed by AFM nano-oxidation method.
As this pfoce'ss was described in Chapter 5, it i1s one of the successful nanostructure
fabrication techniques ever established for realization of single-electron transistors [24]. So
far, a metal or a semiconductor thin film was modified to produce nanoscopic oxidized wires
and this process was considered anodization [25, 26]. In this study, our carbonaceous film
was processed by this method.

The AFM image in Fig. 6.2.3 shows the surface of the film after the AFM nano-
oxidation was processed. As was expected, the film exhibits a ditch with a depth of about 20
‘nm along the line scanned by the AFM cantilever. This structure suggests that the oxidation
-occurred bti/tAnot leaving an oxidized wire, as the main consisting element of carbon was
resulted to react with ambient water or oXygen-containing species adsorbed on the film and
made a carbon oxide (COx) gases. Namely, this complementary result with the case of metal
oxide reveals the incorporation of carbon, hydrogen, sulfur or nitrogen atoms, whose oxides
are in gas phase at room temperature, in the film deposited from the precursors of the
residual molecules in the SEM chamber. Figure 6.2.3 gives another important information
that the ditch 1s not uniform. Considering both the metal oxide wire has um'fbrm structure [25,
26] and this process is driven by electrochemical reaction between the substrate and a
negatively biased AFM tip, this ununiformity suggests that the electrical resistivity of this
carbonaceous 'ﬁl'm 1s high resulting that the anodization current could not flow smoothly and
reaction occurs explosively at the pass where the resistivity is relatively low such as grain
boundary. One point could be supplemented that the anodization voltage was about 10 times
larger than the case of modification of metal thin film. This also suggests the carbonaceous

film having high resistivity.
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Fig. 6.2.3 AFM image of the surface of the carbonaceous microfilm after the AFM

nano-oxidation was performed.
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6.3 Metal / Insulator / Metal Diode of Au / a-C System

6.3.1 Metal/insulator / metal junction
Electrical properties of this amorphous carbon film was extensively evaluated next.
From the previous study, it was quite difficult to measure the electrical resistance from an
amorphous carbon wire by the four-point-probe method as the carbon was almost an
insulator. Therefore, its evaluation was performed with the carbon microfilm sandwiched
between metals, which formed a metal/insulator/metal (MIM) diode structure, to lower the
measuring resistance.
| Eiectﬁcal characterization in the form of the MIM diode is one of the skillful ways if
considering its application to the microscopic tunneling devices. As will be discussed later, it
gives information on various electrical properties of each consisting system. In this study, the
carbonaceous film was stacked between metals and it was expected to work as an insulator
since it had exhibited insulating properties from the preliminary measurements and since
fabrication of metal/insulator/semiconductor (MIS) diode using carbon film grown by other
methods has’ ever been reported by other group [27]. Through this investigation, the a-C
applicability; to the device consisting material would be recognized. Because this film was
preferable to be deposited in very small area, it could be expected to be employed to the
insulating thin film in the minute MIS transistors or the potential barrier in the tunneling

devices much more in the single-electron transistors (SETs).

6.3.2 Fabrication process

Fabrication of the MIM diode was carried out as follows and its process flow is
illustrated in Fig. 6.3.1. Thermally oxidized Si was used as a substrate. Although the SiO; is
an insulator, it was thin enough to be processed by SEM. Therefore, the deposition was not
affected by electron charge up. First, a Au base electrode was fabricated using the
evaporation and the lift-off techniques. To prevent the electrical shortage at unintentional
édge of the electrode residue, double resist system using spin-on glass (SOG) was employed

to form a stencil structure. Then the carbonaceous film was deposited over the base electrode
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(a) Lithography

(b) SiO: etching
with HF

bafet de (c) Au evaporation
electro .
and lifi-off
(d) Carbon deposition
CZZ’;;; de (e) Au evaporation
and lift-off
Fig. 6.3.1 Fabrication process for MIM diode of Au / a-C system.
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Fig. 6.3.2
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Schematic (a) and AFM image (b) of the MIM diode of Au / a-C system.

Junction size is about 3 pm square.
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in the junction region by SEM. Finally, a counter (top) electrode was evaporated and
patterned similar to thé base electrode after the removal of SOG layer. A schematic and an
AFM image of the device are shown in Figs. 6.3.2(a) and (b), respectively. The smooth edge
profile of the base electrode indicates that no electrical short path exists between the base
and counter'electrodes, whereas the edge of the counter electrode is a little rough since the

edge treatment was not performed on it. From the AFM image, thickness of the carbonaceous

film was measured to be 30 nm and the junction size 3 pum X 3 pum.

6.3.3 FElectrical characteristics
MIM diodes of Au/a-C system were fabricated with various thickness of the

intermediate a-C film. The current-voltage characteristics were measured at 300 K and 175 K
and Figs. 6.3.3(a) and (b) show their results of the a-C thickness of 30 nm and 60 nm,
fespecﬁvely. The /-V curves show non-linear characteristics and the current is suppressed in
the low bias region. Comparing two cases, the current is smaller i the diode of thicker a-C
film. These results mean that the intermediate carbonaceous film was working as‘ an insulatqf
and an energy barrier to the electrons. At higher biases, the current begins to flow through
the film due to thermionic emission and/or tunneling. The current is suppressed and the
threshold voltage shifts towards higher voltages at lower temperatures. Therefdre, it is found
that the tunneling current dominates in this temperature region. The resistivity of the film
was estimated from the lower bias region where the thermionic emission current is negligible
and it was on the order of 10'' Q-cm. It is consistent with the reported values on the a-C film
[28-30]. |

In order to further investigate the electrical results, theoretical fitting to the data of
the temperature dependence of the I-V curve was next considered to estimate a relative
dielectric constant of this a-C film. The current flowing through this MIM diode waé
considered to be the sum of the thermionic emission current (J7) and the Fowler Nordheim

tunneling current (Jgy). They are expressed in follbwing equations,
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Fig. 6.3.3 I-V curves of the MIM diode of Au / a-C system. Thickness of the

mtermediate carbon films are (a) 30 nm and (b) 60 nm.
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@ |
Jri == AT exp( "klﬂ) , (6-1)
87+ 2m'm,(q P ’ | -
Jiw = AL exp| — )gq B) , (6-2)
3gqhl:

where k is the Boltzman constant, m" is an effective mass of an electron, £ is an applied
electric field and 7 is the temperature. In these equations, @ indicates an effective potential
barrier height subtracting an effect of the image force from an intrinsic barrier height (@gy)

expressed as,

qE
4re g,

Dy =Dy, — (6-3)

where &, represents a relative dielectric constant.

From these equations, we can see that only the Jy depends on the temperature.
Therefore, the increment of the current on temperature could be assumed to be due to tﬁe
thermally induced electrons, and they were fitted to the experimental data from the /-V
curves at 300 K and 175 K. In this calculation, only the relative dielectric constant becomes
variable and the result is shown in Fig. 6.3.4. The calculation performed on the 30 nm thick
a-C film diode revealed that & of 4.8 led to the closest fit to the data. It is generally
recognized that the dielectric constant of a diamond is around 5.5, and that ‘of diamond—like
carbon is quite dependent on the hydrogen concentration in the film. Consequenﬂy, our

result is considered to be in accordance with the accepted value.
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Fig. 6.3.4 Contribution of thermoionic emission current on the MIM diode of Au / a-C

system. The inset shows the same curve with a logarithmic vertical axis. The

current 1s normalized with the value at 15 V.
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6.4 MIM Diode of WCx / a-C System
6.4.1 Fabrication process

This technique of depositing carbon film by SEM is effective when used in :
situation where microscopic dimensions are required, because the growth mechanism i
based on the electron-beam-induced reaction. Therefore, it is more advantageous i
employed to a smaller MIM diode. However, there is a certain limit in the conventiona
photolithography for patterning the metal electrodes from a point of the accuracy in the
alignment and drastic shrinkage of the device. Accordingly, a technique to obtain WCx as ¢
metal electrode was employed, which is grown by a similar beam-induced reacﬁon process
In this study, to avoid a modification of the SEM by introducing some metalorgéuiic gases
the metal was prepared by using a focused-ion-beam (FIB) system, in which the ion source i
~ elemental gallium, with an ion-beam-induced deposition technique. Namely, the insulating
amorphous carbon was grown by the electron-beam and the metallic WCx by the ion-beam
SO as fo fabricate a stacked MIM junction. Since both depositions are performed by focusec
beam scanning, it is considered to be extremely effective for the direct fébl‘ication of
microscopic devices in the size ranging from 10 nm to a few 100 nm. : o

The WCx waé deposited from W(CO)s as being a precursor. The depositibr
conditions are sﬁmmarized in Table 6.4.1. For the comparison, those of the electron-beam
were also added in the table. This technique has been widely studied for application tc
device process or to mask repair [31-36]. In this study, it was employed to fabricate the
upper and lower electrodes of the MIM diode. The process flow is described as follows and
illustrated in Fig. 6.4.1. First, Au contact pads and electrodes were patterneﬂdron a thermally
oxidized silicon substrate by the evaporation of gold and the lift-off techm'@és, which 18
similar to the previous case of Au/a-C/Au diodes. They had a gap between the electrodes and
the length was about 5 um. The WCx wire was deposited from one side 0f the edge of Au
electrode (source electrode) to the junction area by FIB. The length, width and height of the
wire were about 3 pm, 230 nm and 100 nm, respectively. To obtain good electrical contact

between the WCx wire and the Au electrode, the WCx was squarely deposited in the contact

region in a 1 pm square. The amorphous» carbon film grown by SEM then covered the other
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end of the wire. Finally, the upper WCx wire was deposited, bridging to the other edge of the
Au electrode (drain electrode). Its AFM image is shown in Fig. 6.4.2. In this device, the
upper and lower electrodes did not completely overlap to prevent the electrical shortage or
the leakage of current between the two WCx electrodes, which might be caused by the dose
of elemental Ga absorbed into the amorphous carbon ﬁlm duﬁng the depositioh of the upper

electrode using FIB. The junction size was about 150 nm square.

Deposition conditions of a-carbon and WCx using SEM and FIB,

Table 6.4.1.

respectively.

Material Carbon WCx

Equipment SEM FIB

(Hitachi S-800) (Micrion JFIB-2100)

Beam Source electron Ga" | |
Beam Spot Size 2 nm 11 nm

Precursor pump oil W(CO)s

Pressure 1~3X10° Pa 2X 107 Pa
Acceleration Voltage 30kV 30kV

Beam Current 35 pA 4.2 pA

Electron (Ion) Dose 5 nC/pm® 2 nC/pm?

Working Distance 15 mm 25 mm
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(a) Au electrodes
with a gap

(photo-lithography
and lift-off)

(b) WCx electrode
by FIB

(c) a-C intermediate
film by SEM

(d) WCx electrode
by FIB

Fig. 6.4.1 Fabrication process for WCx / a-C stacked junction.
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Fig. 6.4.2 AFM image of the MIM diode of WCx / a-C system. Junction size is about

150 nm square.
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6.4.2 Electrical characteristics

The I-V characteristics of the MIM diode of WCx/a-C system at 74 K and 290 K ar
shown in Fig. 6.4.3. Similar to the Aw/C system, clear nonlinearity was observed, indicatin
that the émorphous carbon film was working as an insulator and a potential barrier to the
electron. The resistivity of this film was estimated from the low bias region at about 10" O
cm at 74 K. This value is three to four orders of magnitude smaller than the one obtainec
from the Aw/a-C/Au diodes. This discrepancy will be discussed later. |

In Fig. 6.4.4, an arrhenius plot of the I-V characteristic is shown. In the highe
temperature region, the slope of the current becomes steeper, suggesting that the thermioni
emission current dominates the chmacteﬁsﬁcs. Figure 6.4.5 shows the 'depen&énce of the
effective barrier height on the electric field. From the figure, an intrinsic barrier height in thi
system and the relative dielectric constant of the a-C film were estimated to be 0.19 eV anc
12, respectively. Due to this result, the dielectric constant was almost double cc_)mﬁared e
that obtained from the MIM diode of Au/C system. The discrepancies of the dielectric
constant and formerly-mentioned resistivity are attributed to the Ga" bombardment into thc
carbon film during the deposition of the upper WCx wire. Since the acceleratlon voltage was
as high as 30 kV, it could be considered that the dose of the elemental Ga into the carbor
film around the junction area led to the increment of &, and its existence inside the filir
increased the leakage current, causing the estimated resistivity to be smaller. This influence
of Ga' is inevitable in the ion-beam reaction process but not in the electron-beam. However,
the high resistivity of the insulating amorphous carbon and enough height of @3, remained ir
the MIM diode. By an optimization of the device structure and a further reductlon of i 1ts size,
reahzatlon of the microscopic tunneling device of the WCx/a-C system fabricated with 2

beam-induced process could be expected.
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Fig. 6.4.3 [-V curve of the MIM diode of WCx / a-C system.
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6.5 Summary

In this chapter, evaluation and characterization of the carbon micfoﬁ]m deposited t
the EBID technique using SEM were extensively perfonned. In particular, its optical as we
as the electrical properties were characterized and it was applied to the intermediate layer ¢
the MIM diodes. From Raman scattering spectroscopy, distinctive peaks of diamond-lik
carbon wefe observed, indicating an amorphous structure in the film. The result from th
AFM nano-oxidation process also supports the fact that the film consists of carbo
Moreover, the fabrication of the MIMvdio'des was carried out using Au and WCx as met:
electrodes and a-C as an intermediate layer. Nonlinear /-J characteristics were obtained fror
both devices indicating the a-C layer working as a potential barrier to the electror
Temperature dependence of the -V curve from the Au/a-C/Au diode was theoreticall
studied and the dielectric constant of the a-C was estimated at approximately 5 and this valu
is consistent with the reported one. Furthermore, the tungsten carbide was used m the mets
electrode in the MIM diode fabricated by the ion-beam-induced deposition technique for th
application to the nanostructure devices. The intrinsic barrier height in the WCx / a-C syster
was estimated at 0.19 eV, : o
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Chapter 7

Single-Electron Transistors with Amorphous Carbon
Nanostructures

7.1  Imtroduction

| . Progress in the field of the nanofabrication technology includes the active
development of microdevices. In particular, great interest and expectations have been raised
on single-electron transistors (SETs) as future electronic devices. An electrometer or a
transistor of extremely low power dissipation are specific devices to be expected in SETs
since they have an electrical sensitivity of less than one electron, and the controllability of a
single charge, respectively. Fabrication processes for realizing single-electron tunneling’
_devices 7include not only the conventional electron-beam lithography technique [1-6] but also -
- the newly _developed scanning probe microscope (SPM) [7-9] and beam-induced reaction
" processes [10, 11] as were presented in detail in Chapter 2. Moreover, various aspects of
~ SETs are rapidly being mnvestigated.

Among the studies concerning SET devices, this study has focused attention on the
direct writing technique using the electron-beam-induced deposition (EBID) method. Direct
processing without lithography is one of its notable advantage.s. In particular, by using a
scanning electron microscope (SEM) system, amorphous carbon could be deposited at
arbitrary place and in arbitrary structures with size on the order of 10 nm without any
modification of the SEM as was discussed in detail through this dissertation.

In this chapter, this technique is applied to fabricate microscopic devices which
mainly consist -of amorphous carbon dots forming a one-dimensional array or a double
junction with'side-gatéd structure. They are arranged in series between fine tungsten carbide
electrodes which are deposited by focused ion beam (FIB). Therefore, microscopic tunnel
junctions are prepared by the beam-induced reaction processes, which are ‘simple and unique

techniques for the microfabrication. Use of carbon in a dot shape is concentrated in order to -
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realize a device with multiple or double capacitive junctions using air barrier. Its electrica
properties are intensively characterized. Namely, the carbon dots are employed a
conducting electrodes through which the tunnel current flows. As a result, single-electroi

charging effects were clearly observed at room temperature.
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7.2  One-Dimensional a-Carbon Dot Arrays

7.2.1 Multiple tunnel junction using amorphous carbon dots

One of the skillful structures to observe sirigle-electron charging effects is the
multiple tunnel junction system whose effective tunnel junctions are well isolated from the
‘harmful electromagnetic environment which strongly mnfluences the charging properties of
single tunnel junctions [12]. In this case, since each junction is disconnected by high
resistive resistors, it is protected from the environment and the individual junctions can be
quasi—qurfent,biased in a one-dimensional array, even though the array itself is voltage biased.
Theréfore, fér the first step of the fabrication of the single-electron devices, some of the
amorphous carbon dots are deposited and arranged in series which are due to the individual
islands between the metal electrode. They are fabricated by SEM from the residual
hydrocarbon molecules as a precursor, and this means that the ratio of sp’ / sp*-bonded
carbon incorporated in the film is not specially controlled. For the tunnel barrier, the air is
used, which is considered appropriate to the device in terms of the simple process (any
- modification is required for barrier formation) and potential barrier height (the highest to any
| material). Since the air barrier is used, the environment during the measurement would affect

- the electrical characterization. Therefore the measurement is performed in vacuum.

7.2.2 | Fabrication process

The tunneling devices were fabricated on a thermally oxidized silicon substrate
(S104/Si) through the process flow illustrated in Fig. 7.2.1. They consisted of Nb electrodes
deposited by DC magnetron sputtering and patterned by the lift-off technique with an
approximately 2 um gap between source and drain electrodes. In order to prepare finer
metallic leads for the electrodes, tungsten carbide (WCx) wires were fabricated between the
Nb electrodes by FIB using W(CO)s as a precursor. Its deposition conditions are the same as
those described in previous chapfer. These WCx wires of 150 nm width were bridged to the
junction area, leaving a 300~500 nm gap into which the a-C dots were filled. During the a-

carbon deposition, the pressure in the SEM chamber was about 1~4 X 10 Pa and the
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(a) Nb electrodes
with a gap

(photo-lithography
and lift-off)

Source

(b) WCx deposit_z'on
by FIB

(c) a-C deposition
by SEM

Fig. 7.2.1 Fabrication process for SET with one-dimensional a-C dot array.
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acceleration voltage was set at 30 kV. Long beam 1rradiation leads to lateral as well as
vertical growth, therefore the irradiated time was optimized for forming minute dots which
leads to a low self-capacitance. The electron dose was set at about 0.5 nC, which resulted in
a-C dot diameters of 30~40 nm. Schematic and SEM images of the fabricated multiple
junction are shown in Figs. 7.2.2(a), (b) and (c), respectively. From the SEM images, we can
see the WCx iead wires and the a-C dots betWeen the wires. Dot sizes were estimated to be

about 40 nm in diameter with gaps of less than 10 nm.

7.2.3  Electrical characteristics
| Electrical measurements were performed in a shield room using an HP4156A
precision semiconductor parameter analyzer under an asymmetric bias condition. The probe
chamber was evacuated by the turbo molecular pump during the measurement and
maintained at about 1X 10” Torr. Since this device uses the air as the potential barrier,
'_ measurement in the evacuated environment is preferable for excluding the influence of the
minute dusf or atmospheric moisture. Current-voltage characteristics of the device with 4
~ carbon dots in series were measured at 9.4 K whose SEM image corresponds to the Fig.
7.2.2(b). The result is shown in Fig. 7.2.3. The thick line represents the drain current-drain
voltage curve and the thin line represents the conductance. In the range near the zero voltage
bias region, the current was suppressed within about =60 mV, which indicated that the
Coulomb blockade was in effect. This suggests that the tunneling current flowing through the
a-C dots between the WCx electrodes dominated the characteristics. Since the a-carbon had a
high resistivity estimated previously at Chap;cer 6, tunneling was considered to occur through
the almost insulating dots.
Using the Coulomb gap voltage in Flg 7.2.3, the sum of the junction capacitance
(Cx) was estimated to be about 1.3 aF. For this multiple tunneling system, there is an
argur(ﬁént that the electrical properties are explained by the behavior of not a single charge

but a so-called charge soliton »[12].
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(d)

C : junction capacitance
Co: self-capacitance

Fig. 7.2.2 Schematic (a) and corresponding equivalent circuit configuration (d) of
| multiple tunnel junction by a-C dot array.
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©

Fig.7.2.2 SEM images of multiple tunnel junctions formed by one-dimensional
amorphous carbon dot array. Four and about 20 a-C dots in series are shown

in (b) and (c), respectively.

- 157 -



Chapter 7  Single-Electron Transistors
with Amorphous Carbon Nanostructures,

3 T | m04
Al |
| S
< 1} o
s | 102 &
= oft 2
o ®
S ' 7101
@) 1 J 3
- ey | 2
2 :_ 10
Y T VA N B il g1

-0.4 -0.2 0 0.2 0.4
Voltage [V]

Fig. 7.2.3  Electrical characteristics at 9.4 K of the device with four a-C dots. The thick

line represents the -V curve and the thin line represents the conductance.
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To describe a one-dimensional array of N number of junctions, the junction

capacitance (C) and self-capacitance (Cy) are specified as shown in Fig. 7.2.2(d). The array

is assumed to be homogeneous for simplicity. If a single-electron is place on the K" electrode
of an infinitely long array, a potential ¢, will be generated and an effective capacitance (Cep)

can be defined, such that ¢, = -e/C.p;, where Coycan be deduced as

C; =+C, +4cC, . (7-1)

The potential of an arbitrary electrode i as a function of the distance from the

charged &” electrode can be calculated, and expressed as following equation,

li-| .
—k
P, == e( < ) =—ieXP(—u), - (72
| Cor C+CO +C, Cy M ‘

- where C, _i:s the capacitance of a half infinite array. In other words, the potential falls off
exponentially with a characteristic fall off length A which can be introduced from the eq. 7-

2 as
C.+C
M= 1n(—ﬂ——°] . (7-3)

For the case of a single electron on the &” electrode, there is a potential distribution
with a maximum value of ¢=-¢/C,5 The potential falls off exponentially on both sides. If an
electron tunnels from electrode 4 to electrode &+, this potential distribution will move one
step to the n'ght. Since this potential distribution does not change its form as it moves, it may
be called a soliton. The solitori extends over approximately 2A/ junctions. Typically, the
value M has been reported of the ordér of 3-5. |

Being back to the device shown in Fig. 7.2.2(b), there are four fabricated dots, -
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therefore it would be inaccurate to consider them to be an infinite array of capacitances i
the discussion of charge solitons. However, estimation of the C. from the structura
parameters was attempted in order to enable numerical discussions. Assuming that th
carbon dots were spherical having a diameter of 40 nm, the Cr was deduced to be about 1-
aF, and the parameter M was calculated to be 0.43. The capacitive discrepancy and the smal
M value were due to the deduction of the self-capacitance being relatively large vcompaxed tc
the junction capacitance. This numerical result suggests that the characteristics in Fig. 7.2.3
cannot be explained by the behavior of the charge solitons or by considering the device tc
belong to a multiple tunneling system. It should be noted that the difficulty in estimating the
junction capacitanée and the self-capacitance remains essential since each carbon dot is not
exactly spherical but has a conical structure. It could be pointed out here that the four dots
were not individuals but some were coupled, resulting in a device with one or two
homogeneous junctions. It is difficult to monitor by SEM or SPM whether some of the dots
were structurally coupled or not, however, the SEM image in Fig. 7.2.2(b) might sﬁggest thaf
this device had only one junction (air gap) at the center of the dot array. In this case, C of
the device was in good agreement with that determined from the Coulombvgap Voltége;
Namely, although the device appeared to have four dots, only one junction practicaHy
functioned as a capacitor and the others functioned as a part of the resistive lead wires.

In Fig. 7.2.4, electrical characteristics measured at 9.4 K for a similar tunneling
device with about 20 carbon dots arranged in series are shown. Its SEM image is also shown
in Fig. 7.2.2(c). The thick line indicates the drain current-drain voltage characteristic and the

thin line represents the conductance. The Coulomb staircase with a period of about'l V is
clearly observed for this device. This relatively large period is due to the multiple junctién of
dots and results in the low capacitance of the device. The conductance was smaller than that
of the previous device with four dots. This is related to the high resistivity of the carbon dots
and longer carbon electrodes. Similar discussions as for the previous device could be
developed here, however, the estimation of the capacitances from the structural parameters is
far more difficult. Furthermore in this device, somé of the dots were in fact structurally

coupled, which was revealed by the SEM image in Fig. 7.2.2(c), and resulted in the
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Fig. 7.2.4 Electrical characteristics at 9.4 K of the device with about 20 a-C dots. The

thick line represents the -V curve and the thin line represents the

- conductance.
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formation of long carbon dots (or wires), so that the number of the junctions was reduce
from 4 to 2. In other words, this device was composed of not 20 homogeneous dots but som
bunched dots with a few capacitive junctions. Accordingly, the electrical properties of thi
device shown in Fig. 7.2.4 were not considered to be due to soliton-like conductance
Therefore, the fact that the Coulomb staircase was observed in this device can be attribute
to the inhomogeneity of dots and the capacitive asymmetry. |

Based on these preliminary results that the single-electron charging effects wer
observed in a system consisting of carbon dots, the following could be pointed out. Althougt
a conducting metal was employed for neither the island region nor the capacitive material,
material of relatively poor conductivity, siich as our a-C, could be employed for realizing
SETs, providing that a sufficient electron barrier height existed in the junction. Moreover.
the high resistivity leads to the suppression of the leakage current through the device
Therefore, the utilization of amorphous carbon dots is considered to be effective. In addition,
this EBID technique was demonstrated to be one of the practicable tools for the direct
fabrication of SETs. |
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7.3 Double Junction with Side-Gated Structure

7.3.1 Double junction using amorphous carbon dot and wire

In this section, application of the a-C microstructures to the SETs is further
investigated. Double tunnel junctions consisting of a-C wires and a dot with a gate electrode
are fabricated for the consideration of the simple device structure, the simple numerical
characterization, and the three terminal device operation. Amorphous carbon microstructures
are modified to the source, drain electrodes and the capacitive island deposited by using
SEM. As‘thé, amorphous carbon wire is found to function as a highly resistive wire in the
previbus sec‘éion, the environmental effect is considered to be able to be minimized although
some negative influence should be taken noticed, such as the lower source-drain current by
introducing longer a-C wire. The air barrier is similarly employed in this device. The gate
electrode consisting of tungsten carbide deposited by FIB is also supplemented. It is led from

the Nb pad and locates in coplanar structure which forms a side gate.

" 7.3.2 Fabrication process
Fabrication process for the double junction device is almost the same with the
previously discussed multiple tunneling system and illustrated in Fig. 7.3.1. Schematic and
typical SEM image of the device are shown in Fig. 7.3.2(a) and (b), réspectively. In the gap
between the Nb source and the drain electrodes, fine electrodes consisting of WCx were
similarly fabricated using FIB system with a precursor of W(CQO)s. These WCx wires are due
for the leads from the dull edge of Nb electrodes to the microscopic a-C electrodes. In
addition, the WCx gate was supplemented and formed a side-gated structure with about 1 pm
gap between the gate and the tunnel junction. Finally, between the WCx source and the drain
electrodes, a-C wires and a dot were deposifed using SEM. Since this study focuses on a
simple process for making mingte_ structures, residual hydrocarbon molecules in the SEM
chamber were taken as precursors and resuvlted to build amorphous carbon microstructures.
Width and diameter of the a-C wires and the dot were about 40 nm. From the SEM image in

Fig. 7.3.2(b), we can see that the a-C dot and the electrodes were separated in about 50~80
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(c) a-C deposition
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Fig. 7.3.1 Fabrication process for SET of double junction with side gate.
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nm, which means that the air gap would Vbe the potential barrier for each electron. It should
* be noted here that our FIB system was not so suitable for the fabrication of the minute dot
(island) because of relatively large ion-beam spot size (11 nm) compared to that of the
.electron beam of our SEM (~2 nm). Although conical WCx dot could be deposited, it has a
large diameter and long tail, which causes an electrical shortage between the source and the
drain electrodes. With this respect, the WCx ﬁﬁérostruchires fabricated by ion-beam-induced

deposition was only employed to the preparation of fine electrodes with a gap of 0.2~0.5 pm.

7.3.3 Electrical characteristics

Electrical measurements were performed in the electromagnetically shielded room
using same apparatus in the same condition described in previous section. Figure 7.3.3
shows a drain current-drain voltage characteristic of a device having two tunnel vjunction’sv
measured at 9.3 K. The length of the air gap between the source, drain and the island were
about 20~80 nm, and the diameter of the dot was about 80 nm. In the J-V curve sl_iown in Fig.
7.3.3, we can see Coulomb staircase with a period of about 0.7 V. Since this stﬁdy recorded‘
the staircase from the one-dimensional a-C dot arrays, this characteristics ensures that the é—
C microstructures are also applicable to the simple double junction device. The sum of the
Junction capacitance (Cy) of the device was estimated to be about 0.3 aF from the Coulomb
gap voltage. As the ésﬁmated Cswas small enough, operation at higher temperature could be
expected. Besides, this device did not have a gate electrode, we next fabricated a similar two
Junction device with a gate electrode for the observation of the gate modulation n the_ -V
curve, o

SEM image of the fabricated three-terminal device is shown in Fig. 7.3.4(a). We can
see the double junction consisted of a-carbon dot and wires and the gate electrode consisted
of WCx which was led from the Nb pad. Figures 7.3.4(b) and (c) show a drain current—drainv
voltage (/p-Vps) characteristic and a drain current-gate voltage (Ip- V,) characteristic,
respectively, and both of them were recorded at as high as 294 K. Coulomb staircase and

periodic Coulomb blockade oscillation aré clearly seen in these figures at surprisingly high
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Fig. 7.3.3 Drain current-drain voltage characteristic of SET of doﬁble junction.
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Fig.73.4 SEM image (a) and drain current-drain voltage characteristic (b) of SET of

double junction.
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Fig. 7.3.4(c)  Drain current-gate voltage characteristic of the SET.
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temperature. This clear periodic oscillation at room temperature is so far the first
demonstration in the device fabricated by beam-induced reaction process. In this device, the
air gap length seems to be a little longer (about 80 nm) and tunneling phenomena would not
occur judging from this yalue. However, single-electron charging effects were clearly
observed at room temperature. These results suggest that some of the new electron transport
from the source to drain through the air must be considered in this system, which will be
discussed later. In Fig. 7.3.4(b), plateau of the stairs are not sufficiently flat but the steps
were observable, and this would be due to the thermal fluctuations. The gate modulation
shown in Fig. 7.3.4(c) is notable. We can see that each electron mnnelmg was clearly
controlled by applying gate voltage and the leakage current induced by the gate‘bias did not
affect the characteristics and remained negligible although it was applied as much as 20~30
V. These would be attributed to the use of the air gap for the potential barrier and the use of
amorphous carbon as ‘this material has relatively poor electrical conductivity. From the
oscillatidn and the staircase periods, the junction capacitance was deduced. | The gaté
capacitance (C,) was estimated to be about 0.013 aF and that of the junction i(C 1+C5) was
about 0.19 aF. The calculated values from the structural parameters roughly égreed well to
them; C, and (C,;+C;) are about 0.018 aF and 0.22 aF, respectively. |

In order to clarify the reproducibility of the SETs which operate at room temperature,
various SETs were fabricated through the above method. One of the electrical result is
shown in Fig. 7.3.5(b) whose SEM image is also shown in Fig. 7.3.5(a). Clear Coulomb
blockade in about 0.55 V and Coulomb staircase were observed in the drain current-drain
voltage characteristic at 294 K. Coulomb blockade modulation by the gate voltage was also
confirmed in this device, which ensured its room temperatufe operation. | _

Considering from the device structure, the length of the air gap is long for the
electron tunneling, and the island with conical structure is not so small compared to the
reported SETs of other material systems [3, 8, 10, 13]. However, the gate modulation in Fig.
7.3.4((:) clearly reveals the single-electron charging effect in our systems. Some of the.
consideration can be developed here. One of the hopéful possibilities is that our a-C might

have low work function and could easily emit electrons to the air causing a relatively long
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Fig. 7.3.5(a) SEM image of the SET of double junction system consisted of amorphous

carbon dot and wires. Tungsten carbide (WCx) gate was supplemented.
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Fig. 7.3.5(b)  Drain curreﬁt—dfain voltage characteristic of the SET of double junction.
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way tunneling (or emission). As the a-C or diamond like carbon (DLC) is known to have low
work function and its research for the application to the vacuum emitting device is in active
[14-16]. Furthermore, the folldwing possibility could be considered next which is related to
the favorable material property of a-carbon. The amorphous carbon might have formed a
depletion layer near the surface due to the defects in thel ﬁlm This makes the effective size
of the dot tol be estimated smaller. In other words, the a-C dot was surrounded by the
Schottky barrier causing its effective self-capacitance small enough for the Coulomb island
which is preferable for the high temperature operation of SETs although the tunnel region
becoines lon‘g. Therefore, our successful result might owe to the usage of amorphous carbon
for the capacitance element, and this kind of material might be suitable for the fabrication of
SETs if one wants to realize them in not nanoscopic but microscopic structures.

Other consideration is based on the facts that the a-C dot has conical structures
(dpproximately Gaussian curve) and its tail could have coupled to the edge of the a-C source
and drain wires. In addition, the junction area is inevitably monitored by SEM for the -
- alignment, which causes deposition of ultra-thin a-C film in the observed area. Therefore,
during the*processing by SEM, some of the tungsten related molecules adsorbed on the
~ substrate surface or gallium atoms implanted during the FIB process were decomposed or
irradiated by the electron-beam to form a metallic clusters inside the a-C dot, wire and
maybe the ultra-thin film which cover the source and drain electrodes. Namely, that kind of
metallic nanoparticles inside the a-C might have dominated the electrical characteristics.
This possibility rises from the usage of FIB before the a-C deposition. However, any single-
electron chafging effect has not been observed at room temperature from the devices which
had not the a-C dot in the center of the source-drain gap. In addition, clear Coulomb staircase
or Coulomb blockade oscillation could not be observed from such multiple metal clusters
unless its junction and self-capacitance are all homogenious, which would not be possible in
the real devices. In order to clarify the influence of FIB process or the use of metal carbonyl
molecules, electrical estimation of the a-C wire (no island) and the fabrication of the SETs
without using FIB system are now ﬁnder investigaﬁons. Moreover, the possible electron

emissivity from the a-C should _also be studied in detail, especially the properties of the -
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barricr height or the work function. This research will reveal possibility to employ new
material system for the SETs. As a result, mechanism of the electron transport in this system
should be discussed further, however, the realization of room temperature SETs with such an
unique process, that is the beam-induced reaction process, should be noticed as one of the

=

potentials for the future electronic device fabrication.

i
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7.4  Summary

In order to utilize the microscopic dep‘osition technique by SEM for the direct
fabrication of the discreté devices, the single-electron transistor was targeted as it is one of
the potential candidates for the future electronic devices. For its realization, beam-induced
reaction techniques such as the electron- and ion-beam-induced depositions were used since
they enable simple microfabrications. Amorphous carbon dots were deposited by using
conventional SEM system from the residual hydrocarbon molecules in the chamber as usual,
and fine metallic leads consisted of tungsten carbide were made by FIB system.. The dots
were. employed to the island region of the tunneling devices, and its electrical
characterization was extensively investigated in this chapter. Various SETs were fabricated
with introducing the air gap for the tunnel barrier to the electron. At 9.4 K, Coulomb
blockade and Coulomb staircase were successfully observed in the devices with one-
dimensional a-carbon dot arrays. Moreover, in the devices of double tunnel junctions
consisting of a-carbon dot and wires, Coulomb staircase and periodic Coulomb blockade
 oscillation were clearly observed at not only 9.3 K but also as high as 294 K. These indicated
that the mnbrphous carbon dots were applicable and practicable to the SETs; and the beam-
~induced reaction process was found to be an effective technique for realizing these
microscopic tunneling devices. Although there still remains unknown factors such as the
electron transport through the device, this first demonstration of the room temperature
operation in the amorphous carbon-based SETs will open a new possibility for their simple

and fast fabrication.

-175 -



Chapter 7  Single-FElectron Transistors
with Amorphous Carbon Nanostructures

References

[1] K. Nakazato, R. J. Blaikei, J. R. A. Cleaver and H. Ahmed: Electron Lett. 26 (1993) 384.
[2] Y. Takahashi, A. Fujiwara,‘M. Nagase, H. Namatsu, K. Kurihara, K. Iwadate and K.
Murase: Ext. Abstr. 14th Symp. Future Electron Devices (1995) pp. 73.
[3] Y. Nakamura, C. -D. Chen and J. -S. Tsai: Jpn. J. Appl. Phys. 35 (1996) L1465.
[4] K. Jinushi, H. Okada, T. Hashizume and H. Hasegawa: Jpn. J. Appl. Phys. 35 (1996)
1132, J
[5] H. Ishikuro and T. Hiramoto: Appl. Phys. Lett. 71 (1997) 3691. ‘
[6] A. Toriumi, J. Koga, K. Uchida and A. Ohata: Ext. Abstr. 3rd Int. Workshop on Quantum -
Functional Devices (1997) pp. 23. -
[7] K. Matsumoto, M. Ishii, K. Segawa, Y Oka, B.J. Vertanian and J. S. Harris: Appl. Phys.
Lett. 68 (1996) 34. _
[8] J. Shirakashi, K. Matsumoto, N. Miura and M. Konagai: Jpn. J. Appl. Phyé.’ 36 (1997)
L1257. | o
[9] J. Shirakashi, K. Matsumoto, N. Miura and M. Konagai: to be published in Appl. Phys. |
Lett. (1998). |
[10] T. Wada, M. Hirayama, S. Haraichi, K. Ishii, H. Hiroshima and M. Komuro: Jpn. J.
Appl. Phys. 34 (1995) 6961.
[11] K. Komuro and H. Hiroshima: Microelectronic Engineering 35 (1997) 273.
[12] P. Delsing: “Single Charge Tunneling”, ed. H. Grabert and M. H. Devoret (Plenum
Press, New York, 1992) pp. 249. | ’ |
[13] K. Tsukagoshi, K. Nakazato and T. Sato: Ext. Abstr. 16th Symp. Futuré Electron
Devices (1997) pp. 67. |
[14] M. W. Geis, J. C. Twichell, J. Macaulay and K. Okano: Appl. Phys. Lett. 67 (1995)
1328.
[15] K. C. Walter, H. H. Kung and C. J. Maggiore: Appl. Phys. Lett. 71 (1997) 1320.
[16] N. A. Fox, W. N. Wang, T. J. Davis, J. W. Steeds and P. W. May: Appl. Phys. Lett. 71
(1997) 2337. |

-176 -



Chapter 8 Gencral Conclusions

Chapter 8

General Conclusions

In this dissertation, the establishment of microstructure fabrication was mainly
concentrated together with its application to the fabrication of mesoscopic and microscopic
de\)ices. The scanning electron microséope (SEM) was chosen as a processing tool and the
electron-beam;induced deposition technique was extensively studied. As a result, not only
the fabrication of the nanoscopic structures but also its successful applications to the
fabrication of superconducting weak link devices or single-electron transistors were
demonstrated. Moreover, 'some of the heavily-doped semiconductors were electrically
investigated and anomalous characteristics were first observed in one of them. In this chapter,
those conclusions are stated in detail to clarify the successfully achieved results throughout
this dissertation.

For the fabrication of microscopic structures, utilization of electron-beam-induced
~ deposition technique was demonstrated using SEM in Chapter 3. Without its modification,
the carbonaceous material could be deposited only at the place where the electron-beam was
spotted by employing residual hydrocarbon molecules adsorbed on the substrate surface.
Higher acceleration voltage and lower electron-beam current were found optimal for
obtaining narrow wires, and this is due to the sharper electron-beam and less enhanced
lateral growth. By optimizing the electron-beam conditions, the narrow carbonaceous wires
whose width was about 30 nm were successfully fabricated. The wires were observed by
atomic force microscope (AFM) with the carbonaceous needle deposited on top of the
cantilever. This processing enabled to obtain clear AFM image from the structures with high -
aspect ratio. For their application to the device process, the carbonaceous wires were
employed to the dry etching masks to obtain Si nanowires. By employing spin-on glass layer
to remove the masks, Si wires whose width was about 60 nm were fabricated and MOTEOoVer,
the n""-Si nanowire was also “electrically investigated. These results indicated its

applicability to the device fabrication processes.

-177 -



Chaptor 8 Gunoral Conclusions

To realize one of the future electronic devices, superconducting weak link device
* was taken noticed using heavily-doped semiconductors as a normal layer material in Chapter
4, For the starters, various degenerated semiconductor thin 'ﬁlms_such as P-doped Si, C-
doped GaAs, InN grown on GaAs substrate, and'B-doped.ZnO were investigated. Since they
had the carrier concentration of the order of 10~ 10*' cm™, temperature dependence of the
electrical resistivity showed metallic conducting characteristics, which were alsd confirmed
from the theoretical fittings. However, the epitaxial n""-InN thin films grown on a sapphire
substrate exhibited anomalous electrical characteristics below 4.2 K. Transition similar to the
normal to the superconductor was observed, and its peculiar characteristics was found to be
dependent on the electron concentration and external magnetic field: Its 6rigin was
extensively investigated from many aspects, however it has not been revealed yet. Any
influence from the superconducting elemental indium could be considered although it has not
been characterized from either the X-ray spectroscopy or surface observation by SEM and
AFM. F | |
© After the theoretical consideration of the practicability of these degenerated-
semiconductors including anomalous InN to the superconducting weak link devices in the
late part of Chapter 4, the n™-ZnO and n""-Si were practically employed to them in Chapter 5.
As the superconducting electrodes, niobium (Nb) and niobium nitride (NbN) were deposited
by DC magnetron sputtering technique, and bias-sputtering was found effective to obtain a
- film of better superconducting properties. By using polycrystalline ZnO film as a normal
layer of the device which was sandwiched by NbN electrodes, superconducting current
flowed through the layer and its supercbnducting characteristic was examined ‘from various
aspects with theoretical fittings. Furthermore, in the fabrication of Nb/nH-S;i/Nb coplanar
junction, new process using carbonaceous wire was proposed to determine the gap length
between the Nb electrodes. The wire was successfully applied to the stencil mask to make a
suspended structure with the aid of the ZnO buffer layer, and the gap length of about 60 nm
was obtained. This new process was also demonstrated to realize the weak link device. The
superconducting characteristic was also observed at 1.4 K. In addition to the proposal of this

fabrication process using carbonaceous wire, realization of weak link device using n"*-Si
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whose electron concentration is of the order of 10?' cm™ is the first demonstration.

For the active application of these carbonaceous microstructures to the electronic
devices, its optical as well as electrical characterization was carried out in Chapter 6. From
the Raman scattering spectroscopy performed on the carbon micro-film, the peaks
originating from the amorphous carbon were clearly recorded and the material deposited
from our SEM was determined to be an amorphous carbon. The a-carbon was employed to
the intermediate layer of metal/insulator/metal (MIM) junctions. Temperature dependence of
the /- curve showed non-linear characteristics, and the resistivity and dielectric constant
were estimated to be about 10'' Q-cm and about 5, respectively, which were consistent
values for the a-carbon. The MIM diode usihg WCx as the metal electrodes were also
fabricated to concern the device in minute size. Similar result with the above case was
obtained and the introduction of WCx deposited by ion-beam-induced deposition technique
using focused ion beam (FIB) was performed. |

For the ultimate application of the minute a-carbon microstructures, its dot shape
- was employed to the island region in single-electron transistors described in Chapter 7. First,
they were arranged in series to form a one-dimensional array in order to function as a
- multiple tuﬁneh'ng system using air gap as a potential barrier. Single-electron charging
effects, such as Coulomb blockade and Coulomb staircase were observed in the multiple a-C.
dot system at 9.4 K. Furthermore, a simple double tunnel junction system consisting of a-C
dot and wires were similarly fabricated using SEM and FIB for the a-C structures and
conducting lead electrodes respectively. In this device, Coulomb staircase and Coulomb
blockade oscﬂlanon were clearly observed at not only low temperature but also room
temperature. Since the self—capac1tance of the dot and tunneling air region were estimated to
be large in order the single-electron operation at 294 K, possible electron transport was
considered. Although it has not been clarified yet, it could be due to the easy electron
emissiveness from the diamond-like amorphous carbon which enabled the long way
tunneling and the existence of the depletion layer near the surface which made an effective
size of the dot being relatively small, or the existence of the gallium nanoparticles inside the

S10, substrate which might govern the electrical characteristics.
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Through this dissertation, the above results were successfully obtained. The beam-
- induced deposition technique was confirmed to be one of the practicable processes for the
future microscopic device fabrications. In particular, it is the key features that it could be
applicable to both lithographic mask for fine vst,ruc’fu're patterning and direct production of
discrete devices. Although this study did not introduce ahy precursor gases from outside of
the chamber to control the depositing material from the point of the easy processing without
modifying SEM system, positive introduction of metalorganic or hydrocarbon gases would
be necessary for widening its applicability and its advantages for the simple microstructure
fabrication. | |

For the concluding remarks, the author wishes that this study wo_uldlcontribute to
open or play any part of creating a new field of the future microscopic devices which helps .

to promote quality of our future daily activities.
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