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Interaction  and  actuation  mechanisms  used in 
scanning  probe  microscopies (SPM)  have 
inherent  potential  for  storage  applications,  but 
many  unresolved  conceptual  and  technical 
questions have  precluded  a  thorough 
assessment  of this potential so far.  However, 
the intrinsic properties  of SPM instrumentation 
and  tiplsample  interactions  allow  a  number  of 
important  parameters  and  their  ultimate  values 
to be  estimated.  Coping  with  and  possibly 
surpassing  established  technologies will 
require  massive  parallelism  of  SPM-type 
recording heads, a condition that  might be 
satisfied in an  elegant  manner  by using 
SPM-type, circulating piezoelectric  flexural 
actuators.  Operation  of  an  entire  array  of 
recording  heads will require highly precise 
micromechanical  manufacturing  and/or 
sophisticated control mechanisms.  The 
resulting tolerance  requirement  can  be  relaxed 
by  choosing  long-range SPM interactions 
(Coulomb  forces,  capacitance,  near-field 
optics, etc.).  Furthermore, the  interaction  must 
allow  a high recording speed.  The restriction 

to read-only  storage  can  facilitate  exploratory 
work;  the writing process in this case might 
be  replaced by  replication,  similar to the 
techniques  used in the  production  of  compact 
disks. 

1. Introduction 
Imaging  an object with a scanning probe is equivalent to 
the reading of information; the ability to modify  locally 
allows one to write data. Scanning probe microscopies 
(SPM) have both capabilities and are therefore principally 
of interest also for storage applications. Hypothetical 
SPM-based storage devices would  fall into the category of 
direct-access storage devices (DASD), where tip, sample, 
and scanner correspond to recording head, disk, and  disk 
drive,  respectively.  The  name nanoDASD is  used  here to 
emphasize the potential  for  submicron-bit-size  performance. 

NanoDASDs, to be of practical interest, would have to 
outperform compact disks (CD-ROM,  with a “nanoCD” as 
storage element) or magnetic storage devices, or at least 
hold strong promise to do so in the future. To be more 
specific,  nanoDASD  would have to be superior to 
established technology in at least one important property 
such as access time-without  significant loss in other 
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Proposed micromechanical STM (from [12]). (a) Top view, (b) 
side view. Micromechanical cantilever C with tip T can be  de- 
flected electrostatically by applying voltage across gap G. Slots Sx 
and S, in the silicon wafer leave thin cantilever-like beams Bx and 
By, which allow lateral deflection of platform P with respect to the 
rest of the wafer W. The second cantilever (dashed lines) indicates 
the possibility of operating several tips in parallel. E might be the 
location of on-chip electronic circuitry. The entire STM, including 
the inner part (P), can be manufactured from a commercial silicon 
wafer using known micromechanical techniques [32]. 

parameters. This is a formidable task in view of the 
present standards and the progress to be expected in the 
years to come. With our present knowledge,  it is difficult 
to foresee whether nanoDASD ever will have a c h a n c e  
but it is also too early to rule  out  this possibility entirely. 

technology from the point of view of storage technology 
requirements, to discuss necessary modifications  and 
possible optimizations, and thus to provide some 
guidelines for more specific exploration. Note that  this 
paper is by no  means  intended as  a  complete  assessment 
of  nanoDASD,  and  even less as  a proposal of a  viable 
alternative to established  technology; its sole  purpose is to 
show  some  of  the features of SPM techniques  that,  beyond 
arguments  merely  concerning  bit  size,  might  be  of  interest 

The intention of this paper therefore is to examine  SPM 

702 in  the context of storage  technology. 

2. General  considerations 
As its main feature, the enormous resolving  power of SPM 
holds promise for very small  bit size and very high storage 
density. This had already been recognized  in the early 
days of SPM; see, for instance, the review by Quate [l]  
and the references cited therein. Information may be 
stored in topographic form  (small craters [2-51 or mounds 
[6]), structural changes (amorphous/crystalline) [7], local 
electric charging [SI, or magnetized domains [9]. This 
paper builds primarily on the author's own investigations 
and on those of a number of collaborators in this area, 
which began soon after the birth of scanning tunneling 
microscopy (STM) in 1981. A large part of our storage- 
related work has been documented as patents [lo-171. 

To estimate the possible performance of a nanoDASD, 
a bit size of 30 nm has been chosen. This value may be 
considered reasonable with regard to the resolution of the 
various SPM techniques as well as to the forthcoming 
requirements of storage technology. The 30 nm, of 
course, may  not  be achieved right  from the beginning of 
experimentation, nor should this be considered the 
ultimate limit  of bit size. It is further assumed that 
information is transferred to the storage medium  by 
replication  of a  master disk, which has proven very 
successful in  CD-ROM technology. This implies that 
replication techniques such as embossing,  injection 
molding, or stamping can be extended into the sub-100-nm 
regime-and there is no reason why this could not be 
done. Embossing and injection molding  of submicron-sized 
structures actually are already being used in mass 
production of holograms for identification purposes (e.g., 
on credit cards) [X-201. In addition, stamping techniques 
were demonstrated recently to transfer submicron-sized 
structures using solutions of alkanethiolates and related 
compounds. These molecules have the property to self- 
assemble as monolayers (SAM) on metals such as silver or 
gold [21, 221. Such replication techniques may  become 
instrumental in the mass production of forthcoming 
nanometer-structured products. 

Various design considerations indicate a need for 
parallel operation of many reading heads in a nanoDASD, 
each of them interrogating only a small fraction of the 
storage area. This requires precise structuring on a 
microscopic scale, a task that can be mastered best 
with the methods of micromechanics. A few aspects 
are discussed in Section 3. 

The relative motion between recording head  and storage 
medium  in a nanoDASD could be provided by the 
conventional rotating disk drive (see for instance [S, l l]) ,  
and the standard aerodynamic regulation of  flying height 
could be used for distance control. Such an approach, 
however, sidesteps an instrumental feature of the SPM 
technique, namely its piezoelectric flexural actuator (PFA) 
system. The PFA approach  makes  nanoDASD  conceptually 
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different  from  rotating  disk  devices [13]. As a consequence, 
such a nanoDASD  will  have a number of interesting 
features not available in conventional DASD (and vice 
versa); in particular, it  may be convenient for parallel 
operation of large arrays of individual recording heads. 

The following considerations (and use of the term 
nanoDASD) are restricted to flexural actuation and a 
proposed mode of operation called circulation. This 
requires a detailed discussion of the properties of two- 
dimensional PFAs. A number of relevant operating and 
storage parameters (storage capacity, access time,  and 
reading speed) [23] are derived in Section 4. 

The organization of the storage area into “megarrays” 
of “microdisks” is discussed in Section 5. Section 6 is 
devoted to questions of gap-width  (flying-height) control, 
which  is  much  more  demanding  than  in  SPM,  since  all  reading 
heads must be kept at operating distance simultaneously. 

currents [6], interaction forces (van der Waals, repulsive, 
magnetic, Coulomb) [2-51, capacity [8, 24, 251, or optical 
properties [7, 10, 11, 26-28]. It also might be possible to 
combine the magnetic interactions used so successfully 
in  DASD technology (induction, magnetoresistance) with 
PFA  techniques.  The  different  reading processes correspond 
directly to the respective  SPM  imaging  modes.  Performance 
estimates can therefore be made in a semiquantitative way 
(Section 7). Some proposals are made  regarding the 
selection of interaction/storage mechanisms and for the 
optimization of the operating characteristics. 

Reading may be based on the detection of tunnel 

3. Micromechanics:  Small is stable 

Micromechanical STM 
Mechanical stability enormously facilitates the operation of 
SPM-it was actually instrumental in the breakthrough of 
STM in the early ’80s-and  will be a must for nanoDASD 
as well. Reduction of size is the best way to achieve this 
goal [23]. The ultimate SPM  might therefore be a 
completely [12, 291 or at least partially [16, 30, 311 
micromechanical device. 

An early proposal for a micromechanical STM  is shown 
in Figure 1 [12]. The instrument utilizes a small cantilever 
with tip (similar to the ones now  common  in force 
microscopy), which allows gap-width regulation by 
bending. Elastic beams oriented normal to the chip surface 
allow lateral motion.  Deflection  might be achieved with 
electrostatic forces, but the recently developed thin-film 
piezoelectric bimorph technique [29] may be more  efficient. 

Micromechanical nanoDASD head 
For storage applications, both the deflection (scan) range 
and the speed of a flexural actuator should be as large as 
possible in order to maximize storage capacity and  bit rate, 
respectively. These are two contradictory conditions that 
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Proposed parallel operation of many SPM-like probes forming the 
array head (adapted from [13]). (a) Top view and (b) side view 
show individual probes (tips) T  at the ends of elastic cantilevers C 
residing at the surface of base W. The dashed circles MD in (a) 
symbolize four microdisks on the surface of the nanoCD. The side 
view (b) sketches both array head AH (bottom) and nanoCD nCD 
(top)  with  a  layer of bits  written  into  the  storage  medium SM. 
(c) The nanoCD may be mounted in juxtaposition to the array head 
on the end  face of a tube scanner TS.  The latter, combined with a 
means for orientational alignment (not shown), provides average 
distance control and lateral (circulatory) motion. The cantilevers 
allow individual distance control. 

cannot be  satisfied simultaneously with the available PFA 
technology. Parallel operation of  many SPM-type subunits 
is therefore a necessity, and can readily be implemented 
with  two-dimensional PFAs, which allow translation in 
both lateral directions (cf. the subsequent section on 
circulation with PFAs). 

Efficient use of the available storage area requires that 
the individual subunits be spaced at distances equal to the 
deflection  range. The nanoDASD  head  disk assembly 
(nanoHDA) consequently consists of an array recording 
head (array head) having the global shape of a flat disk 
(instead of the sharply pointed SPM “tip”) and  an 
appropriately patterned storage disk (nanoCD) [13] 
[Figure 2(a)]. The functional surfaces of array head  and 
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shift. (b) The voltage deflects the tube  such that each point  of the 
k 1 end piece  moves on a circular path. At resonance, sizable am- 
i plitudes can be maintained. The  ring-shaped  area MD symbolizes 

nanoCD  must be adjusted strictly parallel to each other, 
leaving a very small  gap  in between [Figures 2(b) and 2(c)]. 
This introduces a severe new  alignment requirement 
compared to SPM  tip-alignment control. The nanoCD, on 
the other hand, can be produced to a very high degree of 
flatness, which is not typically the case for SPM objects. 

The individual probe "tips"  may be integrated into the 
array head, which would make them quite insensitive to 
wear, or they may be attached either directly (see, for 
instance, Figure 5 [17], shown later) or indirectly via 
arrays of elastic cantilevers [Figures 2(a) and 2(c)]. The 
latter, more complex structure would  allow  individual 
gap-width regulation, at least to some degree. Parallel 
operation (without feedback) of up to five cantilevers in 
contact-AFM mode was demonstrated recently by Minne 
et al. [33]. Pairs of cantilevers were used for writing 
structures  onto amorphous silicon  while scan images were 
created with five cantilevers simultaneously, increasing the 
inspection rate by this amount. 

The diameter of the complete nanoHDA may be 10 to 
60  mm (see the section on megarray organization), i.e., not 
microscopically small. Conventional "macromechanical'' 
piezoelectric actuators may therefore be sufficient for the 

704 production of their relative lateral motion, at least in the 
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early phases of exploration. At a later stage, more elegant 
but also more elaborate micromechanical actuators [29,  341 
might be given preference. 

4. Circulation:  Opportunity  for  fast  and 
massively  parallel  operation 

Definition 
Line scanning, the standard SPM  mode of operation, 
would be of little use for recording purposes. The required 
constant high-speed data flow can be achieved with two- 
dimensional  flexural actuators, however, with  an  oscillating 
driving force that is 90" out of phase for the two directions 
[Figure 3(a)]. All points of the actuator head then describe 
ellipses of the same shape and size, their centers being at 
the position of the points at rest. Proper adjustment of the 
excitation amplitudes provides circular motion at a given 
radius r ,  as sketched in Figure 3(b). For a given  driving 
force the amplitude of circulation is largest when the 
actuator is excited at its (lateral) resonance frequency. 
This turns out to be the optimum condition of operation. 
The base onto which the piezotube is mounted must be 
carefully designed  in this case because the resonance 
properties are influenced by the entire tubebase assembly. 
It should emphasized that circulation is not a rotation but 
a translation  on  a circularpath: All points have equal 
characteristics of motion. 

Circulation  with PFAs, particularly tube scanners 
Tube scanners with quadrant electrodes are three- 
dimensional PFAs that allow lateral translation in the 
x- and y-directions by bending  and  axial ( z )  motion by 
elongation [35]. The two bending modes, cf.  Figure  3, are 
actuated by applying voltage of opposite sign to opposite 
quadrants. The tube scanner responds like a bimorph, 
i.e., by a quadratic length dependence of the deflection 
amplitude. Another effective implementation utilizing this 
principle is a scanner consisting of four flat bimorph-piezo- 
elements arranged in a square [36]; compared to the tube 
scanner, the "square" scanner is flatter but laterally more 
extended. 

The circulation of PFAs is subject to hysteresis and drift 
as the velocity vector changes continuously. Owing to the 
rotational symmetry, however, the only effect is a constant 
phase lag  and some energy dissipation as long as the PFA 
circulates at fixed amplitude. Changes of amplitude cause 
hysteretic and drift effects similar to those in SPM-type 
line scanning that must be compensated by means of 
independent sensing and control mechanisms. (For the 
following discussion, the tube scanner is taken as an 
example because it is used almost exclusively in present- 
day SPMs.) 

present considerations are, besides the geometrical 
The most relevant tube scanner parameters for the 
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dimensions (length I ,  radius r ,  and  wall thickness a ) ,  the 
material constants (piezoelectric strain coefficient d,, , 
velocity of longitudinal sound c, ,  quality factor Q of the 
lowest-order bending resonance), and the maximum 
permissible values for the mechanical strain urr '  (fracture 
limit) and the electric field E (or voltage U ) ,  for which the 
coercive field Ec (depolarization limit)  is a characteristic 
quantity. Typical values for these quantities [37-421 used 
in the numerical estimates in the next section are listed in 
Table 1. 

Bending amplitude, bending  resonance,  and speed of 
circulation 
The static bending amplitude Ax(') of a piezoelectric, thin- 
walled tube can be calculated from the requirement that 
the sum of forces and the sum of momenta be zero at any 
point on the tube. Under the assumption that the effects 
of the tube ends, the shear forces in the tube wall,  and 
the distortion of circular cross section are negligible, 
the condition of mechanical equilibrium provides the 
expression 

Axc0) = ( &/r)d31E(lz/r) 

= ( &/r)d3,U(lzlra) + (30 nm/V)U. (1) 

The numerical value which  follows the arrow is obtained 
from the data of Table 1, which are also the basis of  all 
subsequent estimates. Here d3,E represents the lateral 
strain induced in aplanar sheet of piezoelectric material. 
Interestingly, the maximum piezoelectric strain u 1  for 
which the coercive field Ec may be taken as a measure, 
i.e., d3,Ec, is roughly constant for many  common 
piezoelectric materials (see for instance [37,  41,  421): 

u(') = d E = 
max 31 c (2) 

The maximum electrostatically allowed  deflection  is 
hence 

At resonance the bending amplitude Ax") exceeds Ax") 
by the quality factor Q ,  which can be as large as 1000. 
(The slight difference in the bending  profiles for static and 
dynamic excitation is  ignored.) This would  allow very large 
amplitudes even with the more moderate Q value chosen 
in Table 1, but the fracture limit restricts the maximum 
strain to and lo-' for tensile and compressive stress, 
respectively [37]. Because the tube can be preloaded, we 
allow  an intermediate value 

pet) = 
max 2.5 X (4) 
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Table 1 Characteristic  data of typical piezoelectric 
ceramic  tube  scanner. 

Geomety Material Limits 

I 25.0 mm d,, 2 X 10"' m/V uzz '  2.5 X lo-' 

r 3.13 mm '' 3000 m/s E~ 5 x io5 V/m 

a 0.6 mm Q 100 vm, 10 m/s 

fmm 0.7 

which results in 

= O.5u?("')l2/r + 250 pm. 
max (5) 

This value is achieved in our example  with  an  applied  field 
of Emax = 2 X lo5 Vlm = EJ4 or Umax = 90 V. 

The bending resonance frequency can be determined 
from the elementary cantilever equations [43],  using the 
moment of inertia of the ring-shaped tube cross section. 
For the sake of brevity, the bending resonance frequency 
o(') is derived for the unloaded tube only. Attachment of 
the array head or nanoCD to the tube end reduces o'') 
roughly in proportion to the ratio of array head and tube 
masses. The effect of the load is accounted for by a factor 
of fLom heuristically assumed to be  0.7: 

o ('I = ( 1.875 2/&)fLomcl  r/l 

=. (7500 m/s) f m d / 1 2  -+ 2 ~ ( 4  kHz). (6)  

Note that both Ax(') and w ( ~ )  vary with 12/r, but in inverse 
ways. Their product is hence independent of tube shape; 
it represents the speed of circulation: 

, , ( d  = ~ ~ ( 4 ~ ( r )  = (1.875'I~)fmmcl Qd3,E = fmmc, Qd& 
(7) 

The maximum speed of circulation of an  unloaded tube 
is a constant for a given  field and cannot be increased by 
changing the tube dimensions [23]: 

J') = c .(met) cz 10 m/s. 
max 1 max (8) 

The size of v:; is similar to that of rotational disk drives: 

vrot = 10 to 30 m/s. (9) 

At maximum speed, the individual probes of the array 
head  may have to read data at a rate of at least lo8 bits/s. 

The high speed at resonance implies a correspondingly 
large acceleration ( a ) .  As a consequence, sizable inertial 
forces ( F )  act on the PFA during operation. Maximum 
values are 

a!i = v;ho(r) + 2.5 X 10' ds2. (10) 

The resulting force produces the strain u r z )  introduced at 
the beginning of these considerations. With an effective 
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mass of about 1 gram (the total mass of the piezoelectric 
tube is 2.3 g in our example), the maximum force reaches 
almost 60 newtons, corresponding to the weight of a 6-kg 
mass. The mounting of the piezoelectric tube hence 
requires careful design. Tube and mount  in fact must be 
considered as an entity the elastic properties of which 
must be optimized. The motion of the tube or, generally 
speaking, of the PFA can be decoupled from the mount to 
a large extent if higher-order bending modes are excited 
and the tube is supported at the oscillation nodes. To 
arrive at the performance assumed in our example, the 
tube has to be considerably longer  in this case. 

An essential difference between a PFA and a 
conventional disk drive is the angular speed: In our 
example, the resonance occurs  at 4 kHz, which 
corresponds to 240000  rpm and a latency of  250 ps. The 
fastest rotational disk drives, on the other hand, operate at 
about 10000  rpm. The price for the dramatic increase is a 
similarly dramatic reduction in  disk radius, i.e.,  from a few 
inches in diameter of standard magnetic disks to 250 pm in 
our case. It is possible, of course, to make other trade-offs 
between radius and angular velocity. 

Track changes, i.e., changes in the circulation amplitude 
Ax, can be provoked fastest by increasing the driving 
voltage amplitude to the maximum level allowed, 
UpUlse = aEc, with the appropriate phase. The growth of the 
PFA circulation amplitude follows the laws governing the 
buildup of a resonant oscillation. Since Emax = Ec/4 only, it 
is justified to linearize the principally exponential curve of 
amplitude growth (decrease), which results in 

Hence, the maximum possible amplitude change, start-up 
from zero to Ax?:), takes 2 ms; switching between 
adjacent tracks can be maintained within less than one 
period of circulation. Even faster track changes could 
in principle be achieved using variable compliance 
arrangements not considered here. As mentioned in the 
section on circulation with PFAs, hysteresis and creep 
may play a disturbing role during track change, requiring 
independent radial position control for accurate track 
addressing. 

5. Ideas  on  microdisk  and  megarray 
organization 

Microdisk 
It is immediately obvious from the above data that the 
operating characteristics of nanoDASDs would  differ 
greatly from those of conventional DASD devices. This 
will require new architectures but may also open new 

706 opportunities. The small amplitudes of circulation demand 

massively parallel operation, as mentioned before, in order 
to provide sufficient storage capacity. The large  angular 
speed, on the other hand, opens the opportunity for 
extremely short on- and off-track search times. 

With a circulated array head, each individual  head can 
interrogate a circular ring-shaped area [“microdisk,” 
Figures 2(a) and 3(b)] whose outer radius must  not exceed 
the maximum amplitude Ax- of the actuator. The 
individual microdisks may be organized similarly to 
established rotating disk  technology.  In particular, a 
minimum radius Axmin is to be introduced which  will 
limit the usable storage area to some (large) fraction of 
the microdisk area. The value of Axmin depends on 
architectural and engineering considerations in the first 
place. Assuming, for example, Axmin = O S A X , ~ ,  the 
maximum  disk area is 

Amax = (3/4)rAxiax ”+ 0.15  mm’.  (12) 

With a bit size of  30  nm and a track distance of  100  nm, 
the microdisk can accommodate 1250 tracks with  an 
average of about 40000 bits per track, corresponding to a 
storage capacity of 5 MB. The small  number of tracks is 
advantageous for track alignment, but the storage capacity 
of the individual microdisk is clearly too small to be 
considered for practical applications. 

Megarray olganization 
The total storage capacity of a nanoCD,  in order to be of 
interest for practical application, should be of the order 
of, say, 5-50 GB; this requires arrays of size 32 X 32 to 
128 X 128. The total storage area will hence cover an area 
of  16  mm X 16  mm  (64  mm X 64 mm) for the assumed 
bit size of  30  nm X 100  nm. The size of such arrays is 
convenient for addressing 32-,  64-, or 128-bit buses 
directly. For this purpose it is necessary to integrate head 
multiplexers which interleave the data from the individual 
columns of the array for each line. For large arrays, the 
implementation of multiplexing electronics into an array 
head is by no means trivial. 

6. Regulation of gap  width  (flying  height) 
The nanoHDA with array architecture requires more 
sophisticated gap-width  regulation than an  SPM because 
all elements must be maintained  at interaction distance. 
The operating gap width should be less than the bit size to 
avoid crosstalk, and sufficiently  small to ensure detectable 
interaction between the probes (heads) and the storage 
medium. For the 30-nm bit diameter envisaged in our 
example, the gap hence should not exceed 10-20  nm, 
which would  allow for tolerances of 3-6  nm, or “A/200 
to A/lOO” in the language of opticians. 
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Parallel plateslglobal regulation 
Flatness of up to AI200 is in fact commercially available, 
for instance for high-quality interferometric mirrors over 
areas  as large as 100  mm  in diameter [44]; even lower is 
the surface roughness of standard optical elements [45]. 
Array heads and nanoCDs with such a flatness in principle 
allow for a rigid parallel-plate setup. Three distance 
sensors and three actuators are sufficient, in principle, to 
control the gap width (flying  height)  in  an active way. 
Alternatively, passive techniques similar to those used in 
conventional rotating disk  DASDs  might be employed. The 
stiff parallel-plate arrangement is  limited to long-range 
interactions such as near-field optical interactions, 
Coulomb or magnetic forces, or capacitive sensing, but it 
has the advantage of being relatively simple once the 
tolerance problem has been mastered. At the required high 
degree of flatness, precautions against adhesive sticking 
will have to be taken. Appropriate surface passivation, for 
instance with hydrophobic thin  films,  may help stabilize 
the gap width at the desired distance. 

Cantilever arrayslindividual  regulation 
Tunneling and “atomic” force interactions require 
operating distances in the subnanometer regime, which can 
be maintained only by individual  gap-width  regulation. In 
this case, the recording elements can be mounted on 
miniaturized elastic deflectors which can be actuated by 
appropriate  application of voltage  [Figure  2(b)  and Figure 41. 
Control circuitry can be installed for each head if 
micromechanical and microelectronic techniques are 
combined in the probe head. 

reduced if the concept of perfect closed-loop feedback 
regulation generally used in SPM is forsaken in favor of 
open-loop “feed-forward’’ circuitry which compensates 
distance variations incompletely. Figure 4(b), as an 
example, shows an arrangement consisting of one resistor, 
one capacitor, and one FET in the path of a tunnel current 
[15]. Combined  with electrostatic or piezoelectric 
cantilever deflection, the scheme can reduce gap-width 
variations from 1:l in unregulated operation to about 1:30. 
Similar schemes may be conceived for other types of 
interaction such as forces, charges, or optical near fields. 

The complexity of the necessaly control circuits can be 

7. Interaction  mechanisms 
The different  known SPM interactions can now be 
examined in the light  of the (electro-) mechanical 
properties of the nanoDASD discussed in the preceding 
sections. A certain selection may be made on the basis of 
data rate, gap width, and complexity requirements. 

Tunneling 
The first of all SPM techniques would clearly excel in 
terms of bit size, but requires extremely careful distance 

IBM .I. RES. DEVELOP. VOL. 39 NO. 6 NOVEMBER 1995 

nCD 

Surface height Zs 

/ Proposed “feed-forward” distance control for tunnel junctions 
f (adapted from [15]). (a) Distance between the individual probes of 

the array head AH ut rest and the surface of the storage medium f undergoes variations Zs during circulation due to finite roughness. 
1 (b) The  circuit consisting of one FET, one capacitor (C,) and one 
i resistor (RL), in series with tunnel resistance (RT), compensates I variations of Zs by a corresponding deflection of cantilever C. For 
i this purpose, U,, and Ut are connected to electrodes EB and  ET, 
i respectively, while the storage medium is at bias level. C is 1 deflected in proportion to the counteracting electrostatic forces 
1 generated by (U,, - U t )  and Ut. Upon approach, the decreasing 1 tunnel resistance in combination with the flat I/V characteristic of 

the FET causes a strong decrease of Ut, resulting in retraction of 
the cantilever until the system is in balance again. A tunnel signal 

$ ; USIG, assumed to be rapidly varying, can be measured across R,. 
1 (c)  With  proper  layout,  the ZG/Zs characteristic has a  plateau  that 
1 allows  for  sizable  manufacturing  tolerances.  The  numbers 
1 20 nm/0.3 nm refer to an exam  le  ex lained in 15 . 

control. The principal problem  with  tunneling, however, 
is the speed of detection, which  is  limited by the large 
impedance of the tunnel junction and its capacitance. The 
minimum practicable response time  may be of the order 
of 1 ps ,  but even this value has not yet, to the author’s 
knowledge, been verified experimentally. 

Forces 
The detection process is based on mechanical deformation 
of an elastic element, in general a small cantilever. #en 
operated in the attractive, noncontact mode, the deflection 
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requires a minimum  time span of several periods of 
oscillation at the relevant resonance frequency. The 
response time St is considerably reduced in the contact 
mode by application of a loading force F, [46], 

where meff and h are the effective mass of the cantilever 
and the depth of a pit representing one bit. Equation (13) 
holds under the assumption that the deflection of the 
free cantilever under the influence of F, would be large 
compared to h.  In order to arrive at a fast response, the 
cantilever should be as small as possible and the load as 
large as possible; the latter, however, has to be kept quite 
small  in order to avoid problems of wear. Indeed, by 
reducing the dimensions of their cantilevers, Mamin et al. 
[46] were recently able to demonstrate data rates in excess 
of 1 Mb/s  with a contact-mode AFM scheme. Electric or 
magnetic interaction forces, on the other hand, are 
detected in noncontact mode and hence require more time 
for signal acquisition. 

Capacitance 
Capacitance measurements can be made sensitively and at 
high speed by means of high-frequency electronic circuitry. 
The capacitance sensor of  RCA [47], for instance, 
operates near 1 GHz, allowing response times well in the 
submicrosecond regime. The ability of such sensors to 
detect and scan-image trapped charges in a Si,N,  film via 
a shift in the depletion voltage of Si was demonstrated by 
Iwamura et al. [48] and more recently by Barrett and 
Quate [8, 241, as well as by Terris and Barrett [25]. The 
operating distance should be kept as small as possible, 
since the capacitance differences measured between 
depletion and accumulation states are reduced dramatically 
with increasing gap  width. The smallest bit size was 75 nm 
[8]. A problem  might exist in the necessary sophisticated 
detection circuitry; a considerable effort  would be required 
to implement (32 X 32) or more such circuits into an array 
head. 

Light 
Scanning  near-field optical microscopy (SNOM) has a 
demonstrated resolution capability of about 30 nm 
[lo, 26-28, 491. Gap widths of the order of 10 nm are 
convenient. The detection response time can be extremely 
fast, being  limited only by the number of photons available 
per bit. With present SNOM techniques, about of the 
incident light power is coupled through a 50-nm aperture, 
and the input  light flux is  limited to =10 mW, owing to 
heating effects. Novotny et al. recently showed that the 
transmission can be improved by several orders of 
magnitude if the cone angle of the light  guide  is increased 
sufficiently [SO]. Moreover, the thermal stability can be 

raised by at least one order of magnitude. Hence, it 
appears that near-field optical (NFO) signal levels of more 
than lo5 photons/ps (currently  about 100) can  be  achieved in 
the future, which  would  allow a reading speed of about 
107-108 bit/s. 

Read-out of bits from magneto-optic [28, 511 and phase 
change media [7] has already been demonstrated with a 
minimum  bit size of 70 nm. The optical effects associated 
with these phenomena are fairly weak, however, which 
seriously limits the reading speed. 

For read-only purposes (nanoCD), information could 
be stored in the form of little indentations or patches 
of a material different  from that of the substrate. Such 
structures can be generated with the replication techniques 
mentioned in Section 2. They cause light scattering, which 
can be used for reading [14, 51-53]. MetaVnonmetal 
combinations are particularly efficient because the large 
differences in dielectric constant result in strong light- 
scattering effects. A possible implementation of a near-field 
optical nanoCD  is shown in Figure 5 [17]. 

A major advantage of NFO is that the near-field 
interaction and the detection process can be separated 
physically and therefore optimized  individually. Moreover, 
the electronic circuitry required is fairly simple  and 
commercially available. It is possible, for instance, to 
project the light  emerging  from the individual probes of the 
array head onto the elements of a CCD array. The latter 
automatically provides sequential read-out. 

8. Summary 
The techniques developed for SPM  hold potential for 
extension to storage applications because 

1. The various interaction mechanisms, combined  with 
SPM-like probes, may  allow  reading and, to a restricted 
extent, writing/erasing of bits of very small physical 
size. 

2. The PFA instrumentation used in  SPM  may  allow very 
fast data access and, combined with arrays of recording 
heads, massively parallel operation. 

These two independent aspects make possible three 
different strategies for the development of SPM-derived 
storage devices: 

1. SPM-type recording + conventional disk drive 

2. Conventional recording + PFA disk drive (circulation). 
3. SPM-type recording + PFA disk drive (circulation). 

(rotation). 

The third possibility  offers the prospect of operating 
conditions that are qualitatively different  from the 
established ones. This was therefore made the main issue 
of the present paper. The discussion was restricted to 
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read-only, CD-ROM-type storage (nanoCD) because 
replication techniques might  well be extended into the 
sub-100-nm  regime. Furthermore, with this restriction, 
the entire issue of SPM-type storage can be presented 
in a more comprehensive way. 

characteristic parameters of PFAs led to the definition of 
optimum operating conditions (circulation) and to the 
requirement of parallel operation (array head). As a 
consequence, regulation of the “flying  height” becomes 
a major issue. It is necessary either 

1. to mount the heads on individually controllable 

The analysis and numerical estimation of the 

actuators and implement control electronics for each 
head, or 

2. to produce array heads and nanoCDs with such a 
degree of flatness and precision that all heads can be 
kept at operating distance by global  alignment. 

The first solution allows the very small gap-width 
operation necessary for tunneling/atomic forces. It 
promises an extremely small  bit size, but it requires the 
integration of complex mechanical and electrical circuitry 
in the array head. The second approach is feasible if the 
tolerances in head/disk distance are sufficiently large, i.e., 
for “long-range” (10-100-nm)  SPM interactions such as 
near-field optical effects, capacitance, magnetic and 
electric (Coulomb) forces. In both cases, massive usage of 
micromechanics and other microstructuring techniques will 
be required. 

‘‘Long-range’’  SPM interactions allow bit sizes of 
30-100  nm  in diameter, which is about ten times better 
than what can be achieved with present techniques, but 
worse than what can be achieved by exploiting  tunneling 
(STM) or contact forces (AFM). “Long-range” 
interactions still offer the attractive prospect of a 
1011-1012-bit/in.2 storage density. The number of SPM-type 
interactions suitable for storage applications is also 
restricted by the necessary data rates, well above lo6 bits/s 
per individual head, corresponding to a (maximum) 
response time of <1  ps .  This requirement can be satisfied 
by contact force, capacitance, and near-field optical 
recording. The “NFO” nanoCD  might be developed from 
existing CD technology. 

A good  deal of dedicated exploratory work as well as 
the development of new concepts is still needed to assess 
fully the potential of storage devices based on SPM 
techniques. 
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