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a b s t r a c t

Data storage using scanning probe microscopy (SPM) has attracted great attention because of its
nanometer-scale storage capacity. We present an overview of the recent advances and representative
achievements of SPM-based data storage from the viewpoints of recording techniques including elec-
trical bistability, photoelectrochemical conversion, field-induced charge storage, atomic manipulation
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or deposition, local oxidation, magneto-optical or magnetic recording, thermally induced physi-
cal deformation or phase change, and so forth. Among new SPM-based data storage schemes, a
thermochemical-hole-burning (THB) technique was developed in our group. This review also summa-
rizes our recent achievements in design and synthesis of organic charge-transfer (CT) complexes towards
thermochemical-hole-burning memory, the correlation between hole-burning performances and physic-
ochemical properties of CT complexes, the STM tip design and its effects on the hole-burning performance,

ata s

1

i
m
c
e
u
c
s
t
p
m
a
t
e
t
t
h
v
t
w

p
a
a
l
s
t
s
a
g

s
T
n
c
r
C
m
p
a
s

2

fi
e
w
b
s
s

b

as well as studies on the d

. Introduction

Scanning probe microscopy (SPM), including scanning tunnel-
ng microscopy (STM) [1–3], atomic force microscopy (AFM) [4],

agnetic force microscopy (MFM) [5,6], scanning near-field opti-
al microscopy (SNOM) [7,8], etc., is a branch of microscopy that
xamines nanometer-scale surface features of various specimens
sing a scanning probe. The spatial resolution of SPM technique
an be as small as sub-angstrom levels because the resolution of a
canning probe is not limited by diffraction, but only by the size of
he probe–sample interaction volume. Thus, on one hand, scanning
robes have been widely used to produce high-resolution spatial
apping of topographic, mechanical, electronic, magnetic, optical,

nd thermal properties of the specimen surfaces. On the other hand,
he highly localized probe–sample interaction can be used to gen-
rate a change of physical or chemical properties of the substrate at
he nanoscale and achieve an ultrahigh-density array of nanopat-
erns for next-generation data storage. In principle, SPM memory
as the potential to achieve a data density of 6 petabit/in.2 using a
acancy or an atom as an information bit, which is much superior
o those of the commercialized storage technologies limited by the
ell-known superparamagnetic effect and optical diffraction.

So far, a variety of SPM-based data storage techniques have been
roposed. However, to realize SPM-based data storage systems that
re competitive with those of existing storage technologies, there
re a number of technical challenges to overcome. Small bit size,
ow error rate, high probe endurance, high writing and reading
peed, low cost, low energy consumption, and good scalability of
he technology are essential. In fact, the emergence of new data
torage principles that combines high density, high performance,
nd low cost could usher in seminal changes in storage technolo-
ies.

The contents of this review article are as follows. We will first
ummarize recent advances in SPM-based data storage systems.
hen we will introduce a unique STM-based data storage tech-
ique, thermochemical hole burning on organic charge-transfer
omplexes, recently developed in our group. We will also summa-
ize our recent achievements in design and synthesis of organic
T complexes towards this kind of thermochemical-hole-burning
emory, the correlation between hole-burning performances and

hysicochemical properties of CT complexes, the STM tip design
nd its effects on the hole-burning performance, as well as the
tudies on data storage mechanism.

. Overview of SPM-based data storage

SPM-based data storage has become a rapidly growing research
eld since 1990. Many publications have been presented, and sev-
ral good reviews are already available [9–12]. Herein, no attempt
ill be made to present a comprehensive overview; rather a num-
er of major contributions with the most general applicability and
ome important aspects on new data recording principles will be
hown.

Typical SPM-based data storage schemes include electrical
istability, photoelectrochemical conversion, field-induced charge
torage mechanism.
© 2010 Elsevier B.V. All rights reserved.

storage, atomic manipulation or deposition, local oxidation,
magneto-optical or magnetic recording, thermally induced physi-
cal deformation or phase change, etc. Representative achievements
reviewed from the viewpoints of recording techniques since 1990
are listed in Table 1.

2.1. Electrical bistability

Electrical bistability is a phenomenon in which conductance
switching between a low- and a high-conducting state occurs
while the surface topography remains unchanged by applying a
suitable voltage pulse. Such switching phenomena can lead to
molecular-scale memory elements and logic gates [12,35]. So far,
various electrical bistable materials have been used to achieve non-
volatile ultrahigh data storage based on SPM [20,21,25–27,36–44].
Electrical bistable memories are also complemented by rapid devel-
opments in the field of molecular electronics, where researchers are
targeting devices down to a single molecule level as a memory bit
[11,45].

The basic device mechanisms proposed for the observed con-
ductance switching include phase change, charge transfer, charge
tunneling, and electroreduction. Sato et al. [20,21] pioneered an
STM tip-induced electrical switching and data storage on an inor-
ganic phase-change material, �-NaxV2O5. The reversible recording
and erasing of marks with the sizes of about 10 nm have been
demonstrated. However, for �-NaxV2O5, the recording speed of
1 ms was several orders of magnitude too slow for practical
applications. In 1995, on another well-known phase-change film,
GeSb2Te4, Kado and Tohda [22] achieved an electrical bistable stor-
age with a density of up to 6.45 Tbit/in.2 using a conductive AFM
tip. By applying a pulse between the AFM tip and the amorphous
chalcogenide film, the conductance of the film was increased over
100 times while the surface topography of the recorded regions was
not changed. Two resistance switching mechanisms (phase change
and polarity-dependent) were speculated for the chalcogenide
films [46,47] but were not clarified in Kado’s work [22]. Recently,
Pandian et al. [48] exploited these two mechanisms simultaneously
and demonstrated that reversible polarity-dependent resistance
switching in phase-change chalcogenide films was feasible. They
successfully produced and erased nanometer-scale crystalline
marks in Sb rich amorphous Ge2Sb2+xTe5 films by electrical pulses
through a conductive AFM tip.

Organic electrical bistable materials have attracted much atten-
tion for building large-area, mechanically flexible low-cost, and
light-weight electronic devices. Researchers in China have been
active in this field [20,21,25–27,36–44]. The switching mecha-
nism of organic electrical bistable materials is mainly based on
electrical field-induced charge transfer and the interfacial polar-
ization. Ma et al. [25] achieved STM-based ultrahigh-density data
storage on a crystalline organic electrical bistable thin film, N-

(3-nitrobenzylidene)p-phenylenediamine. The smallest recorded
mark was 0.7 nm in size, corresponding to a storage density of
1015 bit/in.2. Large-area ultrahigh-density data storage can be real-
ized in organic electrical bistable materials. For example, Yano et al.
[23,24] carried out AFM-based large-area data storage using con-
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Table 1
Representative work on SPM-based data storage since 1990.

Time Author/Institute Storage mechanism Ref.

1990 Eigler and Schweizer (IBM) Atom manipulation using STM, Xe on Ni surface [13]
1990 Liu et al. (Tokyo Univ.) Photoelectrochemical, azobenzene LB film [14]
1991 Barrett and Quate (Stanford Univ.) Field-induced charge separation, SiNx/SiO2/Si (NOS) [15]
1992 Mamin et al. (IBM) Thermomechanical writing, polymer thin films [16–18]
1993 Bard and co-workers (Texas) Photoconductor, ZnODEP [19]
1993 Sato et al. (NEC) Electrical bistability, �-NaxV2O5 glass [20,21]
1995 Kado and Tohda (Matsushita) Conductance change, GeSb2Te4 [22]
1996 Yano et al. (Canon) Conductance change, PI polymer LB film [23,24]
1996 Pang and co-workers (CAS, China) Electric bistability, organic complex film [25–27]
1999 Manalis and co-workers (MIT) Chemical oxidation, carbon nanotube tip [28]
2000 Liu and co-workers (PKU, China) Thermochemical hole burning, charge-transfer complex [29]
2000 Vettiger and co-workers (IBM) “Millipede”, 100–200 Gbit/in.2 [30]
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2001 Quaade et al. (Technical University of Denmark) STM-b
2003 Cavallini et al. (Sezione di Bologna) Supram
2006 Hamann et al. (IBM) Therm
2009 Jo et al. (Postech, Korea) Pressu

uctance change in a polyimide Langmuir–Blodgett film. 1 Mbit
table writing was realized with the overall error rate less than
× 10−3. The diameter of the bit is about 10 nm.

.2. Photoelectrochemical conversion

A remarkable feature of photoelectrochemical conversion data
torage is that the writing, reading and erasing of the informa-
ion bit is performed by coordinated photon (optical) and electron
electrical) processes. The storage material is therefore required
o have both optical and electrical responses. SPM/SNOM probes
an be employed as a highly focused electric field sources and/or
ight beam sources to localize chemical or physical change of
he storage materials. A typical example of photon-mode optical
ecording is the well-known photochemical-hole-burning (PHB)
emory. PHB is the site-selective and persistent photobleach-

ng of an inhomogeneously broadened absorption band, induced
y resonant laser light irradiation at low temperatures. The nar-
ow and stable photochemical holes can be “burned” into the
bsorption bands for high-density frequency-domain optical data
torage [49,50]. On the other hand, electron-mode photoelectro-
hemical recording with SPM has been a good candidate for an
ltrahigh-density memory. Since 1990, Liu et al. [14] have exten-
ively studied the photoelectrochemical properties of azobenzene
erivatives and proposed an SPM-based optical–electrical hybrid
ata storage using the azobenzene derivative. A distinct differ-
nce was observed in the electrochemical reduction potential
etween trans- and cis-isomers in the assembled monolayer
lm of the azobenzene derivative, which has potential appli-
ations in photoelectrochemical data storage. In principle, the
torage density can reach 1012 bit/in.2. Another organic material,
inc-octakis(beta-decoxyethyl)porphyrin (ZnODEP), also exhibited
xcellent optoelectronic properties and memory behavior. Liu et
l. [19,51] have achieved optical–electrical data storage based on
harge trapping within a solid thin film of the ZnODEP photo-
onductor. In this case, the individual data bits created by an
TM tip could be as small as 40 nm in diameter, corresponding
o a density of 5 × 1011 bit/in.2. The charge trapping or detrapping
ould be realized with a single 10 ns laser pulse. Most recently,
a et al. [52] demonstrated a photoelectric cooperative effect

n STM-based data storage. An organic bilayer thin film com-
osed of titanylphthalocyanine-N,N,N′,N′-tetra(4-methylphenyl)-

1,1′-biphenyl)-4,4′-diamine (TiOPc-TTB) with good photoelectric
ooperative properties was used as the storage medium. The
N/OFF current ratio was remarkably enhanced and the thresh-
ld voltage was reduced when the thin film was irradiated with
uitable light intensity.
tomic reversible data storage on silicon at room temperature [31]
ular surface patterning mechanically with AFM [32]
duced phase change, 3.3 Tbit/in.2; data rate: 100 MHz [33]

sed phase change, block polymer, 1 Tbit/in.2 [34]

2.3. Field-induced charge storage

In general, electric field-induced charge storage (charge sepa-
ration, charge trapping and change transfer) uses charge “dots” as
data bits. An existence of an energy barrier within the charge stor-
age material is critically required to prevent the recombination of
the positive and negative charges, even after the electric bias has
been removed. Electrets and ferroelectric materials are commonly
employed as charge storage materials. A charge can be recorded
within the storage media by applying a suitable voltage pulse with
a conductive SPM probe that is capable of charge-sensing. The local
capacitance or surface potential of the recorded region in the dielec-
tric media will change, which can be detected with the SPM probe.

In 1991, Barrett and Quate [15] at Stanford University pioneered
the charge storage trapped in the SiNx/SiO2/Si (NOS) structure
using scanning capacitance microscopy (SCaM). A localized bias
was applied to the NOS sample by the SCaM tip, causing charge
to tunnel through the oxide layer and to be trapped in the nitride
film. This trapped charge bit induces a depletion region in the Si
substrate, which can be detected with a capacitance sensor tip.
The bit sizes can be as small as 75 nm, corresponding to a density
of 27 Gbit/in.2. The trapped charge bit was kept stable for 7 days.
Recently, Suh et al. [53] have demonstrated the surface potential
imaging in the SiO2/SiNx/Si/SiO2 substrate using an AFM cantilever
with field effect transistor structure. Mesquida et al. [54] have writ-
ten a nanoscale charge pattern in an electret fluorocarbon film with
an AFM probe. Ferroelectric thin films are promising candidates for
high-density charge storage media. For example, Chen et al. [55]
have described the formation and visualization of nanoscale polar-
ized domains in ferroelectric lead zirconate titanate thin films using
an AFM probe.

2.4. Atomic manipulation or deposition

Atomic manipulation and deposition are especially appealing in
the fields of nanoscience and nanotechnology. Since the scanning
probe is essentially a nanoscale effector combined with a high-
precision mechanical movement controller, the ultrasharp probe
tip is able to act as an atomic manipulator. In 1990, Eigler and
Schweizer [13] pioneered the atomic manipulation of creating arti-
ficial structures “IBM” by the direct movement of adsorbed Xe
atoms on a Ni(1 0 0) surface with a STM tip in an ultrahigh vacuum

at 4 K. In the subsequent work, Eigler and co-workers at IBM have
successfully arranged adsorbed CO molecules in atomically pre-
cise configurations on a Cu(1 1 1) surface with a low-temperature
STM, and demonstrated a working logic device consisting of molec-
ular cascade architectures [56]. A room-temperature repositioning
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f individual C60 molecules at Cu steps has also been achieved
y Cuberes et al. [57]. In 2001, Quaade et al. [31] have reversibly
witched a single hydrogen atom between two symmetric sites on a
ilicon dimer of the Si(1 0 0) surface with a STM tip at room temper-
ture, which is a model binary switch for single-atomic reversible
ata storage. Later on, the memory structure, reliability, speed, and
undamental limitations of such single-atom data storage tech-
iques have been investigated in detail by Bennewitz et al. [58].

t is also interesting to note that an AFM probe was employed as
nanoscale manipulator to achieve large-area high-density data

torage on a supramolecular film, demonstrated by Cavallini et al.
32]. AFM-based data storage with the density of 10–100 Gbit/in.2

as achieved using supramolecular surface patterns. It was pro-
osed that the mechanical perturbation effect of the AFM tip during

ine scans induces the topographical change of the supramolecular
lm.

On the other hand, the SPM tip can act as an effective tool to
nduce materials transfer and deposition at the nanoscale, which
ould be used for high-density data storage. In the early 1990s, a
umber of publications showed that nanoscale mounds and pits
ould be created on various substrates by applying a suitable volt-
ge pulse to the SPM tip. Atomic transfer between the probe tip
nd the sample surface were observed. This phenomenon would
e explained in terms of two major mechanisms: tip–sample con-
act and field evaporation. Pascual et al. [59,60] have proposed
hat a protrusion on the tip and/or the sample can be induced
y the high electric field or electrostatic forces. This protrusion
ould lead to a mechanical contact and create a nanostructure

n the substrate. Another study that we need to mention is that
f Gratzke and Simon [61]. They have postulated that a thermal
xpansion of the tip would result in a mechanical contact when
significant enhancement of the electric field intensity occurs

n the tip vicinity. In 1990, Mamin et al. [62] observed a simi-
ar gold atom transfer process between a gold STM tip and gold
ubstrate. However, they considered another mechanism for the
ormation of gold mounds through the field evaporation of gold in
he STM configuration. This field evaporation of materials in STM
ears a resemblance to the field evaporation process observed in
he field-ion microscope. In 1991, Tsong [63] extended the theo-
etical models of field evaporation in field-ion microscopy to STM
nd concluded that negative field evaporation may be favored.
n the subsequent study of Tsong and co-workers [64], Au atom
ransfers induced by both positive and negative field evaporations
ere observed under an STM configuration in UHV. They also con-
rmed that the STM tip can sustain itself only if it is in negative
olarity. Besides the Au system [65], other atomic transfer pro-
esses induced by field evaporation have been extensively studied
n many cases [66], such as gold-coated AFM probe–Si, SiO2, and
raphite substrate [67–70], and Pt/Ir STM tip-sputtered carbon
lms [71].

In principle, both field evaporation process and mechanical con-
act process may be very sensitive to the tip–sample distance and

any other factors. In most previous studies, the use of STM or
FM tips either in actual contact or in very close proximity with

he sample surface complicates the study of the actual underly-
ng mechanism. Therefore, in spite of increasing interest in these
anofabrication and data storage schemes, the actual processing
echanism is still controversial. And the reproducibility and relia-

ility need further improvement.

.5. Local oxidation
Local oxidation or nano-oxidation of semiconducting, metallic
nd organic films by a STM or conductive AFM tip is emerging as
reliable and versatile method to nanometer-scale modification,

abrication and data storage. Local oxidation data storage mecha-
y Reviews 254 (2010) 1151–1168

nism involves an electrochemical oxidation of the sample surface
in humid air, or by field-enhanced oxidation in a dry environ-
ment. The material on the sample surface exposed to the SPM
tip-induced electric field undergoes local electrochemical reac-
tions. These changes between recorded and unrecorded areas can
be clearly distinguished using contrast enhancing techniques such
as conductance, force modulation, lateral force, dI/ds or dI/dV. Good
reviews on scanning probe lithography based on local oxidation are
already available [9,10]. Herein, we briefly mention some represen-
tative work in this field.

In the aspect of the storage medium, a large number of materials
have been employed as local oxidization media including silicon,
metal films, silicon nitride, silicon carbide, III–V semiconductors,
perovskite manganite thin films, and organic materials such as
organosilane and alkane thiolate self-assembled monolayers, as
well as polymer films [9,10]. Silicon surfaces, because of the tech-
nological significance of this material, are most frequently used for
local oxidation lithography or data storage. Instead of silicon, bulk
metals or metal films were also employed in the SPM lithography
and data storage experiments. For example, titanium surfaces have
been patterned by Sugimura et al. [72,73] using a local oxidation
strategy with an STM tip. The humidity was very important on TiO2
patterning, as was seen for silicon surfaces. An electrochemical pro-
cess in the water-filled gap between tip and sample could result in
the oxidation of Ti to TiO2 [72,74]. By using single-walled carbon
nanotube probes and atomically flat Ti films, Cooper et al. [28] in
1999 demonstrated ultrahigh-density data storage with an areal
density of 1.6 Tbit/in.2 They reported that 8 nm bits with 20 nm
pitch were written by anodically oxidizing Ti film at a rate of 5 kbit/s
at room temperature in air.

2.6. Magneto-optical or magnetic recording

Magnetic recording is a form of non-volatile memory that uses
different patterns of magnetization in a magnetizable material
to store data. In 1888, Oberlin Smith first published a descrip-
tion of magnetic recording in Electrical World. Then, for the first
time, a Danish engineer Valdemar Poulsen publicly demonstrated
a magnetic recorder in 1898. Until the late 1980s, magneto-optical
(MO) recording technology was not introduced. Magneto-optical
recording writes/reads magnetic medium optically. During record-
ing, the magnetic medium is heated locally by a laser beam,
which decreases the coercive field. Then, the local magnetic
polarization can be switched by a small magnetic field, and the
polarization is retained when temperature drops. During read-
ing, the reflected light varies in the polarization area due to the
magneto-optical Kerr effect when the laser projects on the mag-
netic medium.

Compared with traditional magnetic recording, magnetic probe
recording is a promising alternative, because one can make use
of both high resolution of SPM and the well-developed mag-
netic materials explored in hard disk or magneto-optical recording
systems. Hosaka et al. [75] reported the formation of nanoscale
magnetic domains in a Pt/Co multilayer magnetic film with a
MFM probe. Analogous to the situation in magneto-optic recording
where heating is achieved by a focused laser beam, extremely small
optical spots produced with the SNOM technique can act to image
and record magneto-optical domains. For instance, Betzig et al. [8]
have demonstrated that magneto-optical domains with the diam-
eter of 60 nm can be recorded and detected in a Co/Pt multilayer
film with SNOM.
2.7. Thermally induced physical deformation or phase change

The SPM probe can act as a tiny heater to induce a local physi-
cal deformation or phase change of the thermally sensitive storage
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edia for data recording. Extensive studies have been done since
992 [16]. The performance of SPM-based thermal recording has
een greatly improved in the past 18 years. We will review repre-
entative achievements in the SPM-based thermal recording.

In 1992, Mamin and Rugar [16] at the IBM Almaden Research
enter pioneered thermomechanical writing of topographic fea-
ures on PMMA films using an AFM cantilever equipped with a
eater on its tip. An indentation with the size of ∼20 nm was cre-
ted thermomechanically by the heated AFM tip in the 20 nm thick
MMA film that stands for a logical “1”. Erasing of data was also
erformed by means of heating either the entire plastic card or its

ocal region.
A thermomagnetic writing was also demonstrated on a

9 Gbit/in.2 patterned magnetic medium, a continuous CoCrPt film,
y using Joule heat generated by a current flowing between an MFM
ip and the magnetic medium [76]. The thermomagnetic meth-
ds typically use a current flow in a conductive SPM probe or a
ear-field laser beam for local heating. However, the availability
f the method of flowing a current might be limited in practical
hermomagnetic recording, since flowing a large current requires
irect contact between the head and media, which causes a seri-
us problem of abrasion. The combination of near-field modulation
nd near-field laser-beam heating should be a more promising
ethod for thermomagnetic recording, which may overcome the

roblem of abrasion. In 2004, Hamann et al. [77] have carried out a
hermomagnetic recording on 16 nm thick Co/Pt alloy films using
n AFM tip combined with a pulsed-laser. Specifically, magneti-
ation patterns with a spacing of ∼40 nm between the bits were
chieved. The corresponding storage density is about 400 Gbit/in.2

he current magnetic storage density is limited to ∼0.5 Tbit/in.2

ue to the well-known superparamagnetic effect. Hamann et al.
lso predicted that potential storage densities of >1 Tbit/in.2 with
ecording speeds of >1 GHz can be realized with thermomagnetic
ecording using an AFM tip combined with a pulsed-laser, supe-
ior to current magnetic storage density. Onoue et al. [78] also
tudied a thermomagnetic writing on a CoNi/Pt multilayered film
hrough a heat-assisted MFM tip and obtained the magnetic bits
ith a diameter of 80 nm. It is noted that Lu et al. [79] fabricated
anostructures on both gold films and H-passivated Ge surfaces
y using lasers in combination with a STM tip in 2000. They con-
luded that the mechanism of pits formation on gold films was
ased on a thermomechanical indentation induced by a thermal
xpansion of the tip under laser irradiation. For H-passivated Ge
urfaces, however, the tip-enhanced optical field thermally des-
rbed the hydrogen atoms from the sample surface, resulting in
ano-oxidation based on the optical enhancement underneath the
ip during laser irradiation.

We noticed a recent study reported in 2006 in Nature Mate-
ials. Hamann et al. [33] demonstrated a scalability of thermal
ecording of erasable phase-change bit patterns at a density of
p to 3.3 Tbit/in.2 on thin-film chalcogenide phase-change mate-
ials using a heated AFM tip. The AFM cantilever was heated to
bout 350 ◦C by pulsed-laser irradiation. The heat was then trans-
erred from the AFM tip to the storage media and thus induced

phase change. The data rate was 100 MHz for writing/reading
ith an estimated signal-to-noise ratio ∼20 dB. The erasing rate
as 10 MHz. Power requirements were less than 10 mW, exclud-

ng the spinning of a disk. All these results were very competitive
o those of existing storage technologies, and demonstrated that
he AFM-based thermally induced phase-change storage/memory
an be a very promising concept to realize alternative memory

evices.

Jo et al. [34], in their study in 2009 in Nature Nanotechnology,
eported a pressure-based phase-change ultrahigh-density data
torage using AFM but without a heated tip. Local phase transitions
f a specific block copolymer film exhibiting a baroplastic property
y Reviews 254 (2010) 1151–1168 1155

were caused by the indentation of an AFM tip at room temperature.
They have achieved a data storage density of 1 Tbit/in.2, which is
limited only by the size of the tip. This concept of the pressure-
based phase-change memory at room temperature may be used
for next-generation ultrahigh-density data storage.

SNOM is capable of utilizing evanescent energy to pro-
duce extremely small optical spots that locally illuminate/heat
the recording layer [80]. In 1996, Hosaka et al. [81,82] have
firstly demonstrated nanometer-sized phase-change recording in
Ge2Sb2Te5 thin film using a reflection SNOM with a 785 nm wave-
length laser diode. The temperature rise due to light irradiation
of an evanescent light through the SNOM aperture induces an
amorphous–crystalline phase change of the recording film so that
the reflectivity of the irradiated area increased. The recorded bit
size decreases with the decrease of the input laser power and opti-
cal aperture size of the SNOM probe. The smallest bit size was 60 nm
in diameter, which corresponds to a density of 170 Gbit/in.2 [83].
By using a new type of SNOM–scanning interfermetric aperture-
less microscopy (SIAM), Martin et al. [84] have achieved a density
of 256 Gbit/in.2 and an effective data rate of 30 MHz with a signal-
to-noise ratio of 20 dB on e-beam fabricated bit patterns. The SIAM
utilized a cantilever probe with a tip of 5 nm radius and two read-
out spots. One readout spot was used to produce a reference beam.
The cantilever probe was placed in the central portion of the sec-
ond spot. Due to the dipole interactions between the probe tip and
surface, the modulation in light scattering from the sharp scatter-
ing object was detected by combining the reference beam and the
beam reflected from the second spot in a sensitive homodyne inter-
ferometer. The highest predicted data storage in the 100 Tbit/in.2

range could be accessed at data rates of 100 MHz.
As for STM, one of the remarkable features of STM is that highly

localized current can be generated between the tip and the sam-
ple. The thermal heating effect of STM tunneling current has been
investigated rigorously in early studies [85–87]. The flowing elec-
trons from the STM tip are scattered in the sample by an inelastic
energy loss process. This process causes the kinetic energy of elec-
trons to be lost in the scattered area [88–90]. The temperature of
the scattered area underneath the STM tip is elevated. Therefore,
tunneling/field emission current in STM can be the smallest heat
source of all the instruments. The energy of the STM current has
been employed to break a chemical bond [91], induce a controlled
motion [90,92–95], or achieve a thermally induced recording [88].

However, for STM-based thermophysical storage applications
the properties of the storage medium plays a crucial role. According
to the Fourier heat conduction law T = −q/k [89], the tempera-
ture gradient in the substrate T depends on the thermal power
density dissipated in the sample q and thermal conductivity of
the sample k. Due to the high values of electric conductivity and
thermal conductivity of crystalline metallic substrates, the STM
thermal heating effect is usually negligible [96]. Since the melt-
ing point of crystalline metallic substrates is relatively high, the
thermally induced recording on these substrates is essentially not
feasible. On the other hand, the thermal conductivity of multilay-
ered films is smaller than that of crystalline metallic substrates.
For example, the thermal conductivities of Co and Pt are 69.24
and 72.7 W K−1 m−1 at room temperature, respectively. The ther-
mal conductivities of the 15.4 and 10 nm thick Co/Pt multilayered
films are 20 and 10 W K−1 m−1, respectively [77,88]. In 1995, Naka-
mura et al. [88] reported a STM-based thermomagnetic writing on
15.4 nm thick Co/Pt multilayered films, by using the Joule heating
effect of STM current. The size of the recording mark was about

200 nm. In 1999, Saluel et al. [97] also demonstrated that the tun-
neling probe of STM is a sufficient heater source for an electrical
resistivity change on phase-change materials. STM-based WORM
memory was achieved with a storage density up to 10 Gbit/in.2 on
the 30 nm thick Ge–Sb–Te and Ag–In–Sb–Te films.
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.8. Reading and writing rates

Until now, we have briefly summarized some of the early work
overing the important aspects on new data recording principles
or SPM-based data storage. It is noted that local oxidation, atom

anipulation or deposition, physical deformation based SPM stor-
ge techniques are often non-reversible, which naturally limits the
pplicability of these schemes. It has been recognized for quite a
ong time that the writing and reading rates of a SPM may be too
low for any practical applications in mass data storage due to the
nherent slowness of the SPM configuration. For instance, due to
he limitations of the feedback loop response and the mechanical
esonant frequency in AFM cantilevers, the data rates of a single
antilever are a few Kbit/s in an AFM-based data storage system,
hereas data rates of 100 Mbit/s or more have been achieved in

onventional magnetic storages. The low tunneling currents and
low feedback speed severely limited STM-based data storages to
ven lower data rates.

Fortunately, many efforts have been made to greatly improve
he data rate of SPM-based data storage so far. In 1993, Altman
t al. [98] utilized a computer and a commercially available data
cquisition card to achieve a high-speed data acquisition and con-
rol system. Kuipers et al. [99] also improved scan rates (105 data
oints/s) with fast analogue electronics and a combination of a
orkstation and three transputers in 1995.

For higher data rate, a rotary disk-type AFM recording system
16,100] with a high-speed air spindle motor has been used since
992. A high resonant frequency AFM cantilever was developed
y Hosaka et al. [83] in 1997. They demonstrated an ultrahigh
ecording density of 1.2 Tbit/in.2 and a readout speed of 1.25 Mbit/s.
o further overcome resonant frequency limitation, Mamin et
l. [101] in 1999 have fabricated highly compact implementa-
ion integrating piezoresistive sensors on low-mass Si cantilevers
or AFM-based data storage. They have successfully reduced the

echanical response time to 90 ns, corresponding to data rates of
bout 10 Mbit/s, comparable to that of the DVD.

On the other hand, since 1995, Quate and co-workers [102–105]
ave pioneered the parallel AFM cantilevers with integrated sen-
ors and actuators technique to lift the restrictions of a single AFM
antilever. In 1997, Binnig [106] presented a 5 × 5 array of individu-
lly controlled cantilevers. In this parallel operation, each cantilever
cted as an autonomous system, which significantly increased the
hole data rate and density.

Currently the most advanced example of a parallel storage sys-
em is the IBM “Millipede” that combines ultrahigh density and high
ata rate [30,107–109]. Large two-dimensional AFM probe arrays
cted as independent writing, reading and erasion elements. The
riting was done thermomechanically on polymer thin films via
eating of the AFM tip. Initial areal densities of 100–200 Gbit/in.2

ave been achieved with the 32 × 32 array chip, which has potential
or further improvements. The data rate can reach 35 Mbit/s, supe-
ior to that of a DVD. They stated that the recording density can be
ver 1 Tbit/in.2 in principle [109]. The results are quite encouraging
o make efforts in this promising direction. Future developments of
ew parallel scanning probes and renovation of storage techniques
ill lead to industrial-scale application of SPM-based storage tech-
iques that combine high data rate and ultrahigh density.

. Thermochemical-hole-burning memory
The common characteristic of SPM thermophysical storage
ethods is that a SPM probe is employed as a nanometer-sized

eater to induce a physical change of the storage medium for
ata recording. In our recent work [110–117], we have proposed a
ovel STM-based thermochemical-hole-burning (THB) technique
Fig. 1. Schematic diagram of the STM-based thermochemical-hole-burning (THB)
process. L: low-boiling point components; H: high-boiling point components.

for data storage, which utilizes the STM current heating effect
to induce a nanometer-scale thermochemical decomposition of
organic charge-transfer (CT) complexes and subsequent gasifica-
tion of the low-boiling point decomposition product for writing
a data bit as a nanometer-sized hole. Fig. 1 shows the scheme of
the THB process. A single crystal of organic CT complex is fixed
onto a metallic plate with highly conductive silver adhesive for
STM investigation and hole writing. When applying a voltage pulse
between the STM tip and the single crystal of CT complex, a high-
density electron flux passes through a finite area on the sample
surface determined by the tunneling/field emission mode and the
tip geometry. An electron–phonon interaction in the sample occurs,
and the electron energy is then transferred to the crystal lattice by
an inelastic energy loss process [88–90]. This results in an increase
in lattice vibrations and the local temperature underneath STM tip
is elevated significantly. When the local temperature rises above
the decomposition points of the CT complexes, a localized decom-
position reaction takes place. The volatile decomposition products
are then gasified, leaving a hole on the sample surface. Our experi-
mental and theoretical studies have confirmed the concept of THB
data storage [110–117].

A variety of organic CT complexes have been proven as suit-
able THB materials [110–118]. Organic CT complexes have low
thermal conductivity (the order of ∼0.5 W K−1 m−1) [119–121], rel-
atively low room-temperature conductivity [122], remarkably low
decomposition temperatures [122,123], and a short electron mean
free path [124], when compared with normal crystalline metals.
These features facilitate the use of low flux of heat generated by
STM current for localized thermal decomposition of the CT com-
plex substrate. The decomposition of CT complexes evolves volatile
products, which also helps the formation of a nanometer-sized hole
on the crystal surface with high repeatability. However, this ther-
mochemical decomposition leads to a volatile and non-reversible
storage scheme, which naturally limits the applicability of the
organic CT complex as a rewritable recording medium.

The THB data storage technique has a number of advantages
compared with the STM-based thermophysical storage techniques
and other SPM memories as follows: (1) ultrahigh density. The data
bit can be easily down to a few nanometers because of the ultrathin
tunneling electron beam and its highly localized heating effect on
the organic CT complexes with low thermal and electrical conduc-
tivity. In principle, molecular-scale data storage can be achieved
through the STM-induced decomposition reaction at molecular
scale. (2) Excellent writing repeatability and reliability. The decom-
position temperature of an organic CT complex is much lower than

the melting point of the tip material. Hence the thermal deforma-
tion of an STM tip in the data writing process is negligible. The
low writing temperature is also suitable for the low energy flux of
STM current. The non-contact writing mechanism gives the STM tip
high endurance on wearing and physical deformation. As a result,
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he repeatability of determining the hole size and the reliability
f hole-formation is very high, reaching 100% for large-area data
ecording. (3) Organic CT complexes have enormous flexibility for
olecular design compared with inorganic materials, which pro-

ide much room for improvement in the storage material. (4) THB
ystems may open up an avenue for the studies of nanometer-scale
eactions and even single molecular reactions. The hole burning
rocess typically involves hundreds or tens of molecules, which
an be well controlled by the amplitude and duration of the volt-
ge pulse. It would be of great interest to learn about the kinetics
nd thermodynamics of such a nanoreaction system.

. Synthesis and characterization of organic
harge-transfer complexes

.1. Synthesis

The synthesis of organic CT complexes has received consid-
rable attention due to their intriguing electronic, optical, and
agnetic properties in the last four decades, beginning with the

rst report of conducting salts of the powerful planar electron
cceptor, 7,7,8,8-tetracyanoquinodimethane (TCNQ). In our recent
tudies [110–118], we have developed a number of single crystals
f organic CT complexes as promising STM-based THB data storage
aterials. The general rules for designing the organic CT complex
aterial used for THB data storage includes: (1) the CT complex
ith donor-acceptor association has a good enough conductivity

nd high enough stability for STM operation; (2) the donor and
cceptor have a moderate electrostatic attraction that provides a
tabilizing force and ensures suitable decomposition temperature;
3) The CT complex has low-boiling point decomposition products
or gasifying in the THB wring process; (4) the thermal conductiv-
ty of the CT complex should be low enough, which facilitates an
tilization of low energy flux generated by STM current for high
riting reliability and ensures an effective confinement of cur-

ent heating area for high-density recording; (5) the storage media
hould have an atomically flat surface over a large area that ensures
he ultrahigh density and capacity.

Most TCNQ-based binary CT complex memory materials have
olecular units represented by formula M+(TCNQ0)(TCNQ−),
hich contain molar proportions of neutral TCNQ0 associated with

CNQ− and a cation M+ [122]. The cation M+ is represented by
lkyl- or aryl-substituted ammonium (including N-heterocycles),
hosphonium, and sulfonium ions. In the solid state there is elec-
ron delocalization between (TCNQ−) and (TCNQ0) in the �-stacked
hain as implied by the formula (TCNQ)2

−. Almost all types of binary
omplexes memory materials, M+(TCNQ0)(TCNQ−), can be synthe-
ized according to the general method of Melby et al. [122] in 1962.
hey described a major synthetic route to these binary CT com-
lexes written as the following reaction:

M+I− + 4TCNQ → 2M+(TCNQ0)(TCNQ−) + M+(I3)− (1)

From the equation, the iodide ion is oxidized to free iodine and
rovides the electron for the formation of TCNQ−. Triiodide ion in
olution was scavenged as the result of the redox reaction between
he iodide ion and TCNQ.

On the other hand, a series of ternary TCNQ salts con-
aining TCNQ and I3− chains and ammonium cation (alkyl
mmonium–TCNQ–iodide) were synthesized in the late 1970s
123,125–127], following the reaction:

M+I− + 3TCNQ → (M+) (TCNQ) 2−(I )− (2)
3 3 3

Note that those compounds all have a (CH3)2N+H group, which
eems to be a necessary condition for the synthesis of these ternary
T complexes. In 1988, a ternary sulfonium–TCNQ–iodide was syn-
hesized by Izumi et al. [128].
Fig. 2. (a) Molecular structure of DBA(TCNQ)2 with atom labelings and (b) perspec-
tive views of the crystal structure of DBA(TCNQ)2. These graphics are reproduced
from Ref. [111]. Copyright Wiley–VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.

Following the above methods, we have synthesized
thirty THB storage materials, including several series
of TCNQ-based complexes such as ammonium–TCNQ,
quinoline–TCNQ, pyridine–TCNQ, morpholinium–TCNQ, and
ternary ammonium–TCNQ–iodide [110–118]. We have synthe-
sized a new CT complex, DBA(TCNQ)2 [DBA = dibutylammonium]
that exhibited excellent THB proprieties [111,118].

4.2. Crystalline characterization

Single-crystal X-ray diffraction has been widely used to deter-
mine the crystal structure and molecular arrangement of CT
complexes. The as-grown crystals of CT complexes typically exhibit
a needle shape that are up to centimeters long, millimeters wide
and thick.

TCNQ-based CT complexes usually have a layered structure
in which layers of TCNQ molecules alternate with layers of
cations M+. Take the new compound DBA(TCNQ)2 for example
[111]. Fig. 2 depicts the molecular structure and arrangement
of DBA(TCNQ)2 at room temperature. The DBA(TCNQ)2 crystal
is triclinic with space group P1 and a = 6.6543 Å, b = 14.192 Å,
c = 15.908 Å, ˛ = 83.39◦, ˇ = 79.21◦, � = 90.02◦, Z = 2. A DBA cation
and two crystallographically independent TCNQ molecules (A and
B) exists in the asymmetric unit. The TCNQ molecules are stacked
face-to-face along the a-axis with repeat sequence AB leading to

two independent spacing distances (dAB = 3.25 Å, dBA′ = 3.39 Å). The
packing can be described as a set of TCNQ columns (in effect, a
stack of AB diads) parallel to the a-axis and spaced by chains of
DBA cations in the b-direction, indicating a layered structure along
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ig. 3. (a and b) Typical molecular-resolution STM images of the DBA(TCNQ)2 crys
unneling current; Vb: sample bias voltage). The atomic arrangement on the surface
re reproduced from Ref. [111]. Copyright Wiley–VCH Verlag GmbH & Co. KGaA. Re

he b-axis. The remarkable electronic, optical, and magnetic proper-
ies of TCNQ-based CT complexes, in essence, arise predominately
rom the quasi one-dimensional (1D) conductive chains formed by
stacking arrangement of planar TCNQ molecules [129–131]. Fur-

her, we have studied the crystal structure transition of 1D TCNQ
hain in DBA(TCNQ)2 by detailed X-ray structure analyses at differ-
nt temperatures [118]. A first-order reversible structural change
elated to a dimer–tetramer transition along the TCNQ chain and
isruption of the hydrogen-bonding chains was indicated as the
emperature decreases from 270 to 253 K, which is the origin of the
lectronic and magnetic transition. A direct correlation of physical
roperties with crystal structure during the transition was estab-

ished.

.3. Surface structure characterization

The surface structure and property of storage materials play a
rucial role in SPM-based ultrahigh-density data storage. Hence
t is necessary to carry out surface structure characterization of
ur THB materials. STM is a powerful tool to study the atomic-
evel structural and electronic features of a conducting substrate
132]. We have demonstrated that the STM imaging is an effec-
ive method to determine the crystallographic orientations and

olecular arrangement on the surface of the CT complexes

ncluding ammonium–TCNQ, quinoline–TCNQ, pyridine–TCNQ,

orpholinium–TCNQ, and ternary ammonium–TCNQ–iodide. STM
maging results of the biggest surface of our various CT com-
lex crystals usually reveal a molecularly flat surface terraces
ith a step height of 1–2 nm that corresponds to a specific lat-
rface. Imaging conditions were It = 0.10 V, Vb = 0.10 nA; constant-current mode (It:
-plane terminated with TCNQ (c) and covered with DBA cations (d). These graphics
ced with permission.

tice parameter. These terraces are mainly terminated with TCNQ
molecules in a chain form, with the same periodicity as the bulk
crystallographic parameters. The TCNQ molecules are in a tilted
stand-upright form along the molecular long axis, with one nitro-
gen atom at the outermost surface. The TCNQ-terminated surfaces
prefer to keep the bulk truncated state and have larger rigid-
ity, which originate from the strong �–� stacking interaction
between TCNQs. Occasionally, small terrace patches, identified as
the cation layers were found at the outermost surface. It is noted
that the molecular arrangements of the cations at the outermost
surfaces were sensitive to the outer environment, presumably due
to the weak interactions between cations and underlying TCNQs
[133].

Again take DBA(TCNQ)2 for example, Fig. 3a and b shows two
typical molecular-resolution STM images of the biggest crystal sur-
face of DBA(TCNQ)2. The dimensions and the angle of the surface
unit cell confirm that the crystal surface is the ac-plane. The hon-
eycombed pattern corresponds to the arrangement of the zigzag
TCNQ stacks (Fig. 3c). Interestingly, some regions of the same crystal
face display a dark striped pattern under identical imaging condi-
tions (Fig. 3d). Considering comparisons with molecular models of
the ac-plane and the lack of density of states at the Fermi level on
the DBA cations, it is reasonable to assign the dark striped pattern
in Fig. 3a to DBA cations terminated regions (Fig. 3d), where DBA

cations are obscurer than the underlying TCNQ molecules. These
observations of two different STM images on the same crystal face
are evidenced that one of these images represents an ac-face termi-
nated with TCNQ anions, whereas the other represents an ac-face
covered with DBA cations.
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In the case of TEA(TCNQ)2, the correspondence between charge
ensity patterns and surface atomic distribution has also been con-
rmed by STM operated in ultrahigh vacuum. Three kinds of distinct
tructures, monomerization, tetramerization, and octamerization
f TCNQ chains with different electron density distributions, were
bserved on different terraces.

.4. Raman spectroscopy

Raman spectroscopy has been a powerful tool for studying
CNQ-based CT complexes [134–140]. We have carried out exten-
ive Raman spectroscopic studies on our as-grown CT complexes
f TCNQ. Raman spectra of ammonium–TCNQ, quinoline–TCNQ,
yridine–TCNQ, and morpholinium–TCNQ compounds usually
xhibit four expected characteristic vibration modes at 2208 ± 3,
600 ± 2, 1423 ± 3 and 1192 ± 4 cm−1 that can be assigned to C N
tretching, C C ring stretching, C C wing stretching and C C–H
ending modes, respectively. Those analogous vibration modes in
eutral TCNQ0 are at 2224, 1600, 1453 and 1206 cm−1. The C C
ing stretching and C N stretching mode are quite sensitive to the

lectronic change of the TCNQ moiety [140]. The red shift of the
C wing stretching mode compared to that of TCNQ0 suggests the

ccurrence of charge transfer. An empirical linear relation between
he frequency of the characteristic C C wing stretching vibration
n TCNQ and the degree of charge transfer was proposed [135].
rom C C wing stretching vibration of above compounds at about
423 cm−1, the degree of charge transfer was estimated to be about
.5 e, suggesting all TCNQs are equivalent in the TCNQ chain.

In the case of DBA(TCNQ)2, comparison with the Raman spec-
rum of DBA(TCNQ)2 and neutral TCNQ0 (Fig. 4a and b) revealed
hat the C C wing stretching mode at 1434 cm−1 was red-shifted
y 19 cm−1. The calculated degree of charge transfer was ca. 0.32,
hich suggested the average charge on a special TCNQ molecule
as ca. 0.32. This value was in approximate agreement with the

esult estimated by our X-ray structural analysis. X-ray diffraction
t room temperature further revealed that a hydrogen-bond links
BA cation with one special TCNQ, which results in the “pinning”
f formal charge on the special TCNQ in the TCNQ chains.
To study the decomposition behavior of CT complexes, we have
arried out laser-induced ablation experiments and in situ Raman
haracterizations of the decomposition product on a Renishaw sys-
em 1000 Raman Imaging Microscope. A 0.6 mW He–Ne laser beam
as focused by the 50× objective onto the surface of a DBA(TCNQ)2
y Reviews 254 (2010) 1151–1168 1159

crystal for about 5 s. As a result, a pit of about 6 �m in diameter was
observed with a peltier-cooled CCD camera. Some residual powder
was found around the fabricated pit. The typical Raman spectrum of
the decomposition residue near the pit is shown in Fig. 4c. We can
identify the TCNQ0 mode at 2226, 1603, 1454 and 1206 cm−1. These
vibrations indicated unambiguously the presence of a substantial
quantity of TCNQ0 in the decomposition residue.

We also investigated the current-induced decomposition
behavior of the DBA(TCNQ)2 crystal with the Raman spectroscopy.
Fig. 4d and e shows two typical Raman spectra of decomposition
residue, respectively. Compared with the spectrum of neutral TCNQ
and the simple salts (e.g. K+TCNQ•−) [141], we identified the TCNQ0

modes at 2225, 1605, 1453, and 1205 cm−1 (Fig. 4d) and TCNQ•−

ag modes at 2202, 1605, 1389, and 1195 cm−1 (Fig. 4e). These
Raman spectra confirmed the formation of TCNQ0 and TCNQ•− in
the current-induced decomposition residue.

4.5. Thermal decomposition behavior

Compared with other physicochemical properties, the study
of thermal decomposition behavior is still lacking. Abkowitz
et al. [123] evaluated the thermal properties of CT complex
NMe3H–I–TCNQ with thermal gravimetric analysis, differential
scanning calorimetry traces and X-ray diffraction. They concluded
that NMe3H–I–TCNQ decomposes into gaseous HI, NMe3 and solid
TCNQ in an open container. It is important to investigate the
detailed thermal decomposition behavior of the THB storage mate-
rials although the detailed analysis of thermal decomposition
products and mechanisms is tedious work, especially for large
organic compounds.

Today thermogravimetry combined with mass spectrometry
(TG–MS) proves to be remarkably useful for understanding ther-
mochemical reactivity of functional materials. We carried out
extensive TG–MS studies to characterize the decomposition behav-
ior of various THB storage materials including quinoline–TCNQ,
pyridine–TCNQ, morpholinium–TCNQ, ammonium–TCNQ, and
ternary ammonium–TCNQ–iodide CT complexes. The TG–MS
experiments were conducted on a Setaram TGA92 thermogravi-
metric analyzer combined with a quadrupole mass spectrometer
(Balzers OmniStar 200), which provides online monitoring of the
mass loss of the sample and the formation of positive ions in
the range of 1–300 amu. The CT complex crystals (∼10 mg) were
heated at 5 ◦C/min under flowing argon carrier gas (∼37 mL/min).
The evolved gases were analyzed continuously by the mass spec-
trometer, where they are ionized in a 50 eV electron impact ion
source.

4.5.1. TG–MS of ammonium–TCNQ CT complexes
We investigated the thermal decomposition behavior of

TEA(TCNQ)2 crystals in 30–400 ◦C with the TG–MS technique.
TEA(TCNQ)2 begins to decompose at ca. 195 ◦C and the first-step
weight loss between 195 and 220 ◦C is about 11% from the TG curve,
corresponding to the formation of gaseous products. The possi-
ble decomposition process involves an evolution of HCN molecules
in the first-step weight loss through an initial cleavage of cyano
groups from the TCNQ moiety and the subsequent vaporization of
the low-boiling point component, triethylamine, as identified by
the TG–MS results [117].

We also carried out a detailed TG–MS study of the DBA(TCNQ)2
crystal in a large temperature range of 30–800 ◦C. The TG curve
shown in Fig. 5 revealed the thermal decomposition undergoes two

different steps at different weight-loss rates. The temperatures at
the maximum rate of weight loss in first and second step were ca.
192 and 440 ◦C, respectively, according to the derivative thermo-
gravimetric (DTG) analysis. The first-step weight loss was about
5.1 wt%, occurring between 177 and 210 ◦C with a faster weight-
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ig. 5. TG–MS curves of DBA(TCNQ)2 single crystal. The numbers correspond to the
ass-to-charge ratio of ions detected from the gaseous products. TG curve, left-hand

rdinate. This graphic is reproduced from Ref. [111]. Copyright Wiley–VCH Verlag
mbH & Co. KGaA. Reproduced with permission.

oss rate. The second-step weight loss was slowed down, especially
bove 500 ◦C. At 800 ◦C, about 60 wt% heat-resistant materials were
ot decomposed.

MS analysis of the evolved gases revealed the formation of ions
aving a mass-to-charge ratio (m/z) of 15, 16, 26, 27, 41, 42, 43, 53,
5, 56, 57 and 58 amu (shown in Fig. 5). The ion currents at masses
77 and 204 amu, the characteristic peaks of the TCNQ molecule,
ere insignificant in the 30–800 ◦C range, which indicated that

CNQ was not gasified. The curves of ion currents at masses 26 and
7 amu peaked at the same temperature (∼192 ◦C) after subtract-

ng the baseline, which were identified as the evolution of HCN
m/z = 27) molecules in the first-step weight loss. HCN molecules
riginated from the cyanide groups (–CN) of TCNQ and protons
f the DBA cations, analogously to the our TG–MS results of the
EA(TCNQ)2 [117] Moreover, according to the weight loss of 5.1%
ccurring in the first step, only half TCNQ molecules were decom-
osed via cleavage of one CN group. A small quantity of ions at
asses 41, 42, 43, and 53 amu also peaked in the first-step weight

oss, which might come from thermal degradation of a very few
ibutylammonium ions.

The second-step thermal decomposition of DBA(TCNQ)2 was
ore complicated, when compared with TEA(TCNQ)2 [117]

hat directly released the donor molecule, triethylamine. The
ibutylamine molecule has actually not been released, for the char-
cteristic ions (m/z = 86, 129) of dibutylamine were negligible. The
lkane fractions C4H9

• (m/z = 57) were released instead between
10 and 550 ◦C, which was accompanied by the appearance of
3H8N+ (m/z = 58), alkenes C4H7

• (m/z = 55) and C4H8 (m/z = 56). We
peculated that these fractions originate from the degradation of
he same parent-molecule, dibutylamine. Above ca. 500 ◦C, smaller
ractions such as CH4 (m/z = 16), CH3

• (m/z = 15) were dominant
n the ion currents, because organic species tend to decompose to
mall fractions at high temperature. At 800 ◦C, about 60 wt% mate-
ials were still not decomposed (shown in TG curve), presumably
ecause of the production of heat-resistant polycyclic aromatic
tructures. In fact, graphite-like materials existed in the residue,
hich was indicated by the appearance of two strong Raman peaks

t 1590 and 1355 cm−1 appeared in the Raman spectrum of the
esidue, usually referred to as the G and the D band of disordered
raphite, respectively [142].

The results of TG–MS experiments showed that the thermal

ecomposition of DBA(TCNQ)2 involves initial elimination of the
N group from about half the TCNQ moieties by capturing a proton

rom the DBA, and subsequent thermal degradation of the ammo-
ium salts. In terms of the crystal structure, Raman spectra, and
G–MS analysis, it is reasonable to speculate on the thermal decom-
Fig. 6. (a) TG–MS curves of HEM(TCNQ)2 crystal. TG curve corresponds to left-hand
ordinate and the numbers are the m/z of ions of gaseous products. (b) A portion of
the mass spectrum of evolution products from HEM(TCNQ)2 obtained at 273 ◦C.

position process of the DBA(TCNQ)2 crystal. The decomposition
reaction undergoes two steps. In the first step, the proton of DBA
cation attacks the CN group of TCNQ(B) anion via H-bonding, releas-
ing HCN gas. The TCNQ(A) might be residual as the neutral TCNQ or
TCNQ− anion by forming intermediate CT species coupled with DBA
[118]. In the second step, the intermediate species DBA+TCNQ− gets
decomposed, releasing various low molecular weight species. In
fact, TCNQ is a fast radical-trapping reagent [143]. A radical addition
to TCNQ with thermally produced radicals and the same additions
with loss of one of more CN groups can produce a new radical aro-
matic structure from a quinone structure, as confirmed by accurate
mass measurements [144,145]. At higher temperature, the heat-
resistant polycyclic aromatic structures are probably produced via
the radical polymerization of quinone structures.

4.5.2. TG–MS of morpholinium–TCNQ CT complexes
We have prepared single crystals of a series of N-substituted

morpholinium–TCNQ CT complexes, including HMM(TCNQ)2,
HEM(TCNQ)2, DMM(TCNQ)2, MPM(TCNQ)2, EPM(TCNQ)2, and
MEM(TCNQ)2 [HMM = N-methyl-morpholinium; HEM = N-
ethyl-morpholinium; DMM = N,N-dimethyl-morpholinium; MPM
= N-methyl-N-propyl-morpholinium; EPM = N-ethyl-N-propyl-
morpholinium; MEM = N-methyl-N-ethyl-morpholinium].

Take HEM(TCNQ)2 for example, the thermal decomposition

behavior of HEM(TCNQ)2 crystals was studied by TG–MS (Fig. 6a).
The TG curve indicated that the decomposition of HEM(TCNQ)2
undergoes two different steps. The first-step weight loss between
173 and 227 ◦C is about 12%. From the mass spectrum of evolution
products of HEM(TCNQ)2, the curves of ions with the mass-to-
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ig. 7. (a) STM image of a large-scale hole array written on DBA(TCNQ)2 by voltage pu
c) Dependence of hole size on the pulse voltage. A 5 × 5 array formed by voltage p
or (a–c): It = 0.10 nA, Vb = 0.10 V, constant-current mode. (d) The size of hole as a

iley–VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

harge ratio (m/z) 12, 13, 14, 26 and 27 amu are observed to peak at
he same temperature (∼211 ◦C), which are identified as the cyano
roup cleaved from TCNQ. In addition, the ion current with m/z
15 amu increases observably at about 227 ◦C, accompanied by the
ppearance of the ions with the m/z 29, 42, 56, 57, 70, and 100 amu.
he mass spectrum monitored at 273 ◦C shown in Fig. 6b indicated
hat all fragment ions with the m/z 29, 42, 56, 57, 70, and 100 amu
riginate from the same parent-molecule ion, 4-ethylmorpholine
m/z 115). The results of TG–MS experiments show that the pos-
ible decomposition mechanism of HEM(TCNQ)2 crystals involves
he initial elimination of cyano group of TCNQ moiety by abstract-
ng a proton from the HEM and the subsequent vaporization of the
ow-boiling point component, 4-Ethylmorpholine (boiling point:
39 ◦C).

From our extensive TG–MS experiments, a series of
mmonium–TCNQ and N-substituted morpholinium–TCNQ
T complexes exhibit a similar thermal decomposition process as

ollows [114]. The decomposition reaction usually undergoes two
ifferent steps. In the first fast step at around 200 ◦C, the proton
f the cation attacks the neighboring CN group of TCNQ moiety,
eleasing HCN gas and the low-boiling point component of cation.
n the second step, the intermediates species generated in the
rst-step decomposition, releases various low molecular weight
pecies, corresponding to the slower mass loss step. For ternary
mmonium–TCNQ–iodide, the decomposition process is more
omplicated. In addition to the low-boiling point species of the
ations and HI released in the first decomposition step, HCN and
ther volatile alkyl iodine were byproduced. Note that the TCNQ is
ot directly gasified during the thermal decomposition.

. Data storage on charge-transfer complexes
.1. Hole-formation on charge-transfer complexes

THB recording was performed using a computer-controlled pro-
ram. The STM tip was moved to a desired place, giving a voltage
f 8 V × 300 �s. (b) Nanometer-scale letters written by voltage pulses of 8 V × 300 �s.
of 3, 4, 5, 6 and 7 V at a fixed duration of 300 ms, respectively. Imaging conditions
on of the pulse voltage. These graphics are reproduced from Ref. [111]. Copyright

pulse to the tunneling gap while the feedback was turned off. After
that, the feedback was switched on and the tip went to another set-
ting place for data writing. Fig. 7a shows a large-area hole array on
the ac-plane of DBA(TCNQ)2 crystal written by pulses of 8 V (sam-
ple vs. tip), applied for 300 �s (8 V × 300 �s pulses). The terraced
structure on the crystal surface was also clearly visible. The terraces
were consistent with vertical steps of approximately 1.5 nm, nearly
equivalent to the b lattice parameter of DBA(TCNQ)2. Holes having
diameters of 28–35 nm and depths of 4–6 nm were observed on
every terrace. The writing reliability reached 100%. This demon-
strated that DBA(TCNQ)2 is a suitable hole burning material for
STM data storage. With the computer program, a “PKU” pattern
can be burnt under the same condition (Fig. 7b). We have also car-
ried out hole-burning experiments on various CT complexes. The
writing reliability in all cases can reach 100% with a suitable writing
pulse.

The hole size depends on both pulse height and pulse dura-
tion. As shown in Fig. 7c and d, the hole size increased in both
diameter and depth by increasing the pulse voltage. There exists
a threshold voltage for the hole-formation with a fixed pulse dura-
tion. In the case of DBA(TCNQ)2, with a fixed pulse duration of
300 �s, no discernible holes were formed when the pulse voltage
was below 3 V. In addition, the threshold voltage of the hole-
formation strongly depends on the pulse duration [110]. In the
case of DPA(TCNQ)2 [DPA = dipropylammonium], a higher thresh-
old voltage needs a shorter pulse duration to create holes on the
crystal surface, or vice versa. In the THB process, the thermochem-
ical reaction occurs when the total energy input is large enough
to elevate the local temperature to the decomposition tempera-
ture of a CT complex. Apparently, the increase of pulse voltage will
result in a current increase and thus the increase of total power

input. Therefore, the higher pulse voltage needs a shorter pulse
duration to induce hole-formation. This dependence of threshold
voltage on pulse duration strongly supports the current-related
hole-formation mechanism, rather than the electric field-related
mechanism [63,110].
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Fig. 8. (a) Molecular structure of N-substituted morpholinium–TCNQ CT complexes. (b) A 28 × 28 hole array burnt on the ac-plane of DMM(TCNQ)2 by a voltage pulse of
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V × 300 �s. (c) Hole array created on DMM(TCNQ)2 at different pulse conditions fo
hanged from 3 to 5 V at an interval of 0.5 V (bottom to top), and from 100 to 300 �
t a given pulse duration of 150 �s on the decomposition temperature of N-substi
nly a guide to the eyes. These graphics are reproduced from Ref. [114]. Copyright 2

.2. Correlation of hole-burning performance and
hysicochemical property

As mentioned above, the properties of the storage medium plays
crucial role in the storage performance. In the study of THB

torage, we found that the hole burning properties of CT single
rystals have a close relationship with their physiochemical prop-
rties, such as decomposition temperature, thermal conductivity,
nd electrical conductivity, which demonstrated the feasibility
f molecular design of storage materials in optimizing the hole-
urning performance.

.2.1. Decomposition temperature
The thermogravimetric analysis showed that DPA(TCNQ)2 and

EM(TCNQ)2 begin to decompose at 225 and 271 ◦C, respec-
ively [110]. In the hole-burning experiments on DPA(TCNQ)2
nd MEM(TCNQ)2, we found that the threshold voltage of hole-
ormation in MEM(TCNQ)2 is much higher than that in DPA(TCNQ)2.

e believe that the threshold voltage of hole-formation is related
o the decomposition temperature of the CT complex: the higher
he decomposition temperature, the larger the writing threshold.

Theoretically [110], a larger energy input would be necessary for
ole burning in a CT complex with a higher decomposition temper-
ture. A larger energy input is proportional to a larger pulse voltage
ith a fixed pulse duration. As a result, the threshold voltage for

ole burning is increased with an increase of the decomposition
emperature of the CT complex.

In order to investigate this relationship in detail, we have car-
ied out hole-burning experiments on a series of CT complexes,
-substituted morpholinium–TCNQ, as listed in Fig. 8a [114]. Take
aining the writing threshold, where the voltage and duration of writing pulse were
n interval of 50 �s (left to right), respectively. (d) Dependence of threshold voltage
morpholinium–TCNQ CT complexes, in which the lines connecting data points are
American Chemical Society.

DMM(TCNQ)2 as an example, Fig. 8b showed a large-area array of
holes formed on the DMM(TCNQ)2. The holes have a uniform shape
with the diameter of ca. 11 nm and depth of ca. 3 nm. The writing
reliability was 100%, suggesting that morpholinium–TCNQ CT com-
plexes are also suitable THB materials. As shown in Fig. 8c, with the
decrease of voltage or duration of the writing pulse, the diameters
and the depths of the holes showed a gradual decrease. The thresh-
old voltage for hole-formation obtained is ca. 4 V at a 150 �s pulse
duration.

To correlate the hole-burning performance with the ther-
mochemical properties of CT complexes, the macroscopic
decomposition behavior was studied by TG–MS experiments.
As mentioned in Section 4.5, the morpholinium–TCNQ com-
plexes undergo a similar thermochemical decomposition process
according to the TG–MS studies. The decomposition tempera-
tures of five morpholinium–TCNQ complexes are determined to be
251, 260, 271, 261, and 252 ◦C for HMM(TCNQ)2, DMM(TCNQ)2,
MEM(TCNQ)2, MPM(TCNQ)2 and EPM(TCNQ)2, respectively. Fig.
8d shows a plot of the threshold voltage vs. the decomposition
temperature for all the five N-substituted morpholinium–TCNQ
complexes. Unambiguously, higher decomposition temperature
corresponds to a larger writing threshold. Similar correlation
between decomposition temperature and threshold voltage was
observed in a series of alkyl ammonium–TCNQ–iodine CT com-
plexes [113]. The total energy for heating and decomposing the CT

complex can be expressed by E = IVbt, where I is the STM current,
Vb is the pulse voltage, and t is the pulse duration. Since a series of
CT complexes have similar electric resistivities and crystal struc-
tures, there would be not much difference in their current–voltage
(I–V) relationships. Hence, a large-energy input E is equivalent to a
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Fig. 9. STM image of a hole written on the ab-plane of TTF–TCNQ single crystal by voltage pulses of 5 V × 100 ms (tip negative) before (a) and after (c) rotating the sample
by an angle of 90◦ without any other change, followed by high-resolution STM imaging. Molecular-resolution STM images of the ab-plane of TTF–TCNQ single crystal before
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b) and after (d) rotation. The measured size of the unit cell in (b) and (d) is 1.25 n
ngle between these two directions is ca. 89◦ , nearly identical to the � value (90◦)
eproduced from Ref. [115]. Copyright 2007, American Chemical Society.

arge pulse voltage at a fixed pulse width t. Apparently, the thresh-
ld voltage for hole-formation is increased with the increase of the
ecomposition temperature of a CT complex, consistent with the
hermochemical-hole-burning process.

.2.2. Thermal conductivity
The thermal conductivity of a CT complex plays an

mportant role in the THB process. We have observed a
emarkably anisotropic THB phenomenon on the tetrathiaful-
alene–tetracyanoquinodimethane (TTF–TCNQ) single crystal
115]. TTF–TCNQ is a well-known CT complex as the first organic

etal with a large conductivity anisotropy in ab-plane. A strong
nisotropy of thermal conductivity also exists in the ab-plane
ccording to the experimental measurements [119,121] and theo-
etical analysis [115]. In our hole-burning experiments, an elliptic
ole was formed on the ab-plane of TTF–TCNQ with the major axis
f the ellipse along the high thermal conductivity b-axis (Fig. 9).

Considering the rapid lateral thermal diffusion on the surface of
T complex during the THB process, the shape of hole may depends
n the thermal conducting property of the CT complex [115]. In the
ase of TTF–TCNQ, elliptic isothermal region was formed on the
rystal surface and those areas where the temperature is above the
ecomposition point of TTF–TCNQ began to decompose, leaving an

lliptic hole on the crystal surface. Similar THB process was carried
ut on the bc-plane of TEA(TCNQ)2 crystal. However, no obvious
nisotropic hole burning effect related with the lattice orientation
as observed, consistent with the thermal isotropy of the bc-plane

n TEA(TCNQ)2 [120].
.38 nm, in good agreement with that in the ab-plane, 1.2298 nm × 0.3819 nm. The
ing conditions: It = 0.10 nA, Vb = 0.10 V, constant-current mode. These graphics are

5.2.3. Electrical conductivity
Another important physicochemical property of TCNQ-based CT

complexes is electrical conductivity, which is dominated by the
structure of the quasi-1D TCNQ chains in crystals. The TCNQ chains
can be modulated by the donor molecules in CT complexes, lead-
ing to large variations in electrical conductivity. In our various THB
storage materials, the difference in the electrical conductivity can
exceed six orders of magnitudes [116]. We studied the correla-
tion between the THB behavior and the electrical conductivity, and
found that for the low and high electrical conductivity CT com-
plexes, the dependence of hole size on the tip–sample distance
exhibits two distinct fashions.

Experimentally, we chose two typical isomorphous
quinolinium–TCNQ CT complexes with distinct longitudi-
nal conductivities, PrQ(TCNQ)2 (PrQ = N-propyl-quinolinium;
�b = 1.5 × 10−2 S cm−1) and BuQ(TCNQ)2 (BuQ = N-butyl-
quinolinium; �b = 1.5 × 10−6 S cm−1). For the relatively high
conductivity complex, the hole size monotonously decreases with
increasing tip–sample distance; however, for the low conductivity
complex, the hole size first increases and then decreases with
increasing tip–sample distance. We believe that this phenomenon
is closely related to the heat dissipation of the metal tip and defor-
mation at the sample surface induced by the strong tip–sample

interaction in the case of the low electrical conductivity complex.

These observations provide guidance to optimize the hole writ-
ing conditions for improving the storage performance, such as
writing reliability and storage density. In particular, for the CT com-
plex storage materials with relatively low electrical conductivity,
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y applying the voltage pulse at a large initial tip–sample distance
he writing reliability will be significantly improved [116].

. Effects of tip design on hole-burning performance

.1. Au-coated W tip

Since the heating effect of STM current is responsible for the
ole-formation, the heat conduction of the STM tip plays a role
ecause the tip is either in actual contact or in very close proximity
ith the sample surface. We commonly use conventional Pt/Ir STM

ips for our THB storage. The thermal conductivity of the Pt/Ir metal
ip is about 71.6 W K−1 m−1, usually 2–3 orders of magnitude larger
han that of the CT complexes [115]. When applying a voltage pulse,
great amount of heat energy could be transmitted away through

he metal tip, which may result in the insufficient heat energy to
reate a hole.

To confirm the heat conduction effect by STM tips and optimiz-
ng the storage performance, recently we have performed a THB
xperiment on the TEA(TCNQ)2 surface with an Au-coated W tip.
he hole size created with the Au-coated W tip was smaller than
hat obtained with the Pt/Ir tip, under the same writing condi-
ions. For example, under the same pulse condition 8 V × 100 �s,
he hole volumes are 7.87 × 103 and 4.72 × 103 nm3 with a Pt/Ir tip
nd a Au-coated W tip, respectively. This can not only be explained
ith the different curvature radius between the Au-coated W tip

nd Pt/Ir tip, since extensive investigations with the two kinds of
ips newly prepared have shown the same phenomena. In addi-
ion, the work function of Au (5.4 eV) is almost the same as the
ork function of Pt/Ir (5.7 eV) [91], while the thermal conductiv-

ty of Au (317 W K−1 m−1) [146] is much higher than that of Pt/Ir
71.6 W K−1 m−1). Under the same voltage pulse conditions and
TM image conditions, the joule heat produced by the two kinds
f tips is almost the same, but more heat is lost away from the
u-coated W tip, resulting in smaller holes.

.2. Single-walled carbon nanotube tip

Carbon nanotube tips represent a breakthrough in scanning
robe technology in several regards due to the high aspect ratio,
he small tube diameter (∼1–2 nm), unique electrical property,
nd damage resistance resulting from reversible elastic buckling
147–161]. Instead of conventional Pt/Ir STM tips, single-walled
arbon nanotube (SWNT) tips prepared by a chemical assembly
echnique we developed [162] have been used to induce more
ocalized THB process on CT complex, enabling a remarkable
mprovement in storage density [112].

Theoretically, the thermochemical decomposition of CT com-
lex was induced by the “hot” field-emission electrons since the
ffective writing voltage exceeds the work function of the tip. It is
ell known that the geometry of an emitting tip strongly affects

he emitting area and the emitting current density. As an ideal
anoemitter [163–165], the SWNT tip can undoubtedly generate
ore localized field-emission current than the Pt/Ir tip whose typ-

cal curvature radius is ca. 60 nm. Since the heating area in field
mission is strongly localized around the emitting area [89], the
WNT tip can be employed as promising nanometer-scale heating
ources to achieve ultrahigh-density THB storage.

Experimentally, we recently found that the Pt/Ir tip created
oles of ca. 25 nm in diameter whereas the SWNT tip gave holes

f only ca. 9 nm in diameter under the same pulse condition of
V × 100 �s [112]. The storage density could be increased by a fac-

or of 7.7. The smallest hole created with the SWNT tip was about
nm in diameter, corresponding to a possible storage density of
bout 1013 bit/in.2.
y Reviews 254 (2010) 1151–1168

7. Mechanism

7.1. Theoretical estimation of temperature rise

In our previous work [110,114], we have investigated the heat
producing mechanism during the thermochemical-hole-burning
process in more detail. Herein, we do not attempt to study the
detailed underlying physics, but roughly estimate the temperature
rise in the thermochemical-hole-burning process. The maximum
temperature rise from STM current heating effect can be estimated
from the equation:

�T = �J2l2

2�
(3)

where � is the electrical resistivity of the sample, J is the current
density, l is the length of a cylindrical rod between the highest tem-
perature location and the lowest temperature location, and � is
the sample thermal conductivity [166]. Take TTF–TCNQ for exam-
ple, the electrical resistivity along c*-axis, perpendicular to the
imaging surface, is 0.2 � m. The thermal conductivity has a level
of 1 W m−1 K−1. The current flow between STM tunneling gap was
over 120 nA with an osilloscope for a writing pulse of 5 V × 100 �s
on the TTF–TCNQ crystal. Supposing that � and � do not change
with temperature and no decomposition occurs inside the rod of
interest, we obtained the temperature rise, �T = 910 ◦C, for an elec-
tron flux of 2 nm in radius and a typical hole depth of l = 10 nm.
This roughly estimated value, adding the room temperature of
ca. 20 ◦C, is much higher than the decomposition temperature,
180 ◦C, of TTF–TCNQ. We concluded that due to the high electrical
resistivity and low thermal conductivity of the CT complex, STM
current Joule heating effect would be remarkable compared to the
decomposition temperature of CT complex and lead to the occur-
rence of localized thermochemical decomposition of CT complex
crystal.

7.2. Experimental evidences for hole-burning mechanism

It is a challenge to clarify experimentally the physical and/or
chemical processes in THB because the changes occur on a highly
localized area, usually from a few nanometers to tens of nanome-
ters. We have extensively studied the hole-formation mechanism
based on some experimental results. AFM imaging after hole-
formation confirmed that the holes originate from the morphology
change instead of the surface conductance change. The possibil-
ity of mechanical indentation was excluded by comparing the STM
imaging after thermochemical hole burning with the imaging after
direct mechanical writing [111]. Obvious hillocks were observed
around the holes created by tip indentation, whereas no hillocks
were observed around the holes formed by applying voltage pulses.
Holes can also be formed in a high-purity N2 atmosphere or octanol
solution, which indicate that the existence of oxygen or water is
not necessary and rule out the possibility of the electrochemical
reaction mechanism for hole-formation.

As mentioned above, the threshold voltage of hole-formation
depends on the pulse duration [110]. This behavior cannot be inter-
preted by the field-ion evaporation mechanism [63,65], whereas it
strongly supports the current-related mechanism [110]. The hole
volume was proportional to the square of the pulse voltage at
fixed pulse duration and to the pulse duration at a fixed pulse
voltage within a certain time scale, which is consistent with the
thermochemical-hole-burning mechanism [110,114]. In addition,

both positive and negative voltage pulses can generate the same
kind of holes, which excludes the possibility of a tip-induced local-
ized oxidation mechanism. As a negative pulse was applied to the
substrate, electrons accelerated across the tunnel gap impacted on
the tip. Hence, the possibility of the radiation damage mechanism
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Fig. 10. (a) STM image of a 5 × 5 hole array formed on DBA(TCNQ)2 by voltage pulses of 8, −8, 8, −8 and 8 V at a fixed duration of 300 �s, corresponding to rows from bottom
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o top, respectively. Imaging conditions: It = 0.10 nA, Vb = 0.10 V, constant-current m
ndicated by the arrows in (a).

or hole-formation, i.e. the bond rupture of the substrate by direct
lectron excitation [167], is also ruled out.

The measured depth of the same burnt hole was dependent
n the imaging-bias polarity. In contrast, the measured depth of
he mechanically created hole showed no difference with different
oltage polarities. The phenomenon of bias-dependent contrast in
TM imaging of the burnt hole, reflecting the different electronic
tates involved in the tunneling process [132,168], suggesting that
he chemical species inside the holes are different from the sur-
oundings, i.e. the occurrence of chemical reactions of CT complexes
n the THB process. The residual TCNQ moieties might be left in
he hole after thermochemical decomposition of CT complex, as
escribed previously in Sections 4.4 and 4.5. A hole-trapped area
aving lower electron density might be formed in the vicinity of
lectron acceptors TCNQ. Therefore, in the STM imaging, an elec-
ron flowed from the hole region to STM tip (tip positive) resulted
n a less bright STM image than the reverse case. In other words,
he depth of holes appeared differently with different imaging-bias
olarities. This phenomenon strongly supports the THB mecha-
ism.

The polarity of the applied voltage pulse affects the depth of the
ole formed on various CT complexes. Generally, applying a nega-
ive pulse can create a deeper hole than a positive pulse. Take the
BA(TCNQ)2 for example, apparently, both positive and negative
oltage pulses formed the same kind of holes (Fig. 10a). How-
ver, the depth of holes formed by applying negative pulses of
8 V × 300 �s was ca. 7 nm, remarkably larger than the depth (ca.
.0 nm) of holes in the positively pulsed case (Fig. 10b).

Theoretically, one cannot wholly neglect the influence of the
eld-induced diffusion and evaporation of the adsorbed atoms and
olecules on substrate surface within the region beneath the tip,
hich often occurred under a high electric field [65,169]. In the
egatively pulsed case, the situation became more complicated
s the possibility arose for field-induced evaporation of negative
pecies from the substrate. Thus, accompanied with the thermal
ecomposition of DBA(TCNQ)2 induced by an STM current heating
ffect, negative species, such as residual TCNQ− moieties near the

ole, might be dragged from the substrate to the positive tip across
he substrate-tip gap, which caused a remarkable increase of hole
epth as compared with the positively pulsed case.

The reliability for hole-formation, which is one of the criti-
al parameters for a practical storage technique, strongly depends
b) Cross-section of holes written by pulses of 8 V × 300 �s (I) and −8 V × 300 �s (II),

on the bias polarity of writing pulses. Although both posi-
tive and negative writing pulses could generate nanoscale holes
on CT complexes, higher hole-formation probability was usu-
ally achieved when the STM tip was negatively biased. Possible
mechanism for this bias polarity-dependent thermochemical-
hole-burning effect was discussed in the case of HEM(TCNQ)2
[HEM = 4-ethylmorpholinium]. As mentioned above, the depen-
dence of hole burning performance on the writing tips is in relation
to the features of writing electron beams [112]. When the tip was
negatively biased, filed emission current that flowed through the
sharpest apex section of the tip could heat up the tip apex region
and even melt as the current density was high enough [61,170].
A temperature and field-gradient-induced surface atom diffusion
from tip shank to the apex could result in sharpening the tip [64].
The current density from a relatively small area of the sharpened
tip apex is high and stable, which would achieve nanometer-scale
hole-formation with high writing probability on the sample sur-
face. If the tip was positively pulsed, on the other hand, the electron
was field emitted from the “blunt” sample surface. A diffused elec-
tron beam was generated to impinge the tip over a relatively large
area [64]. Therefore, the heating effect of diffused current might
result in relatively low writing probability.

7.3. Hole-burning in UHV-VT system

To provide direct evidence of the thermochemical reaction
mechanism induced by STM current joule heating, we have per-
formed the THB experiment with TEA(TCNQ)2 in an ultrahigh
vacuum system (UHV) with a variable temperature STM (VT-STM)
[117]. The THB behavior in the UHV system was similar to those
under ambient conditions, except that the average hole diameter
became larger, which was presumably attributed to fewer conduc-
tion paths of heat energy in the UHV system. Our THB experiments
in the UHV system strictly excluded the possibility of the local
oxidation mechanism that often occurred under humid conditions
because oxygen and water were absent.

In principle, the change of the specimen temperature has no

influence on the hole if the hole-formation is induced by the electric
field evaporation and the electron bombardment. On the contrary,
the local heating effect, which leads to the thermal decomposi-
tion of the specimen, is directly correlated to the change of the
specimen temperatures. More heat energy input will be required
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o reach the decomposition temperature point if the specimen is
ooled below room temperature. That is, the hole should be created
nder a larger pulse voltage and current. By varying the specimen
emperature from room temperature to 215 K in our UHV-VT sys-
em, we found that the threshold voltage of the hole-formation
n TEA(TCNQ)2 is highly temperature-dependent. Threshold volt-
ge of hole-formation increased and volumes of the holes became
maller as the specimen temperatures are reduced. These observa-
ions might give a direct correlation between the decomposition
eaction and the joule heat induced by STM current, therefore
trongly supporting the THB mechanism.

. Conclusions

An overview of recent advances in SPM-based data stor-
ge techniques is presented. Representative achievements have
een highlighted from the viewpoints of recording principles

ncluding electrical bistability, photoelectrochemical conversion,
eld-induced charge storage, atomic manipulation or deposition,

ocalized oxidation, magneto-optical or magnetic recording, ther-
ally induced physical deformation or phase change, and so forth.

n addition, great efforts have been made to improve the data rate
hat is the long-time concern in SPM-based data storage. The cease-
ess emergence of new data storage principle that combines high
ensity and high performance would finally provide a practical
ext-generation data storage system.

As a novel SPM-based data storage technique, a
hermochemical-hole-burning technique was developed in
ur group. We have mainly summarized our recent achieve-
ents in design and synthesis of organic CT complexes towards

hermochemical-hole-burning memory, the correlation between
ole-burning performances and physicochemical properties of CT
omplexes, the STM tip design and its effects on the hole-burning
erformance, as well as the storage mechanism.

We have developed thirty THB storage materials, including
everal series of TCNQ-based complexes—ammonium–TCNQ,
uinoline–TCNQ, pyridine–TCNQ, morpholinium–TCNQ, and
ernary ammonium–TCNQ–iodide. The information bit was
ecorded as a nanometer-sized burnt hole, and we have achieved
bout 1 Tbit/in.2 storage density using single-walled carbon
anotube STM tips. Our systematic studies on the correlation
f hole-burning performance and phyisochemsical properties
f the CT complexes provide further molecular design rules
f CT complexes towards optimizing the storage performance.
he mechanism of hole-formation has also been extensively
tudied, which strongly supports the localized thermochemical
eaction mechanism induced by STM current joule heating. The
hermochemical-hole-burning process involves energy conver-
ion and dissipation, heat transfer and chemical reaction, which
rovides a nanoreactor model for investigating localized physic-
chemical properties and the kinetics and thermodynamics of
anometer-scale reactions.
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