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ABSTRACT 

 
Nanochip developed a conceptual prototype of a probe 

storage device (nanochip). The device employs a ferro-
electric non-volatile memory, which permits robust write, 
non-destructive read and simple data overwriting operations.  
Read-write operations require low power and can be per-
formed very fast. The device contains an electromagnetic 
X-Y micro-mover and an array of cantilevers with vertical 
and lateral electrostatic actuators and with AFM-type sharp 
tips (read-write heads) built on top of CMOS circuitry using 
a low-temperature process. Digital electronics are located on 
a separate controller chip. This work shows that significant 
drawbacks of the earlier probe storage concepts can be 
overcome and brings this type of memory devices much 
closer to commercialization. Markets for probe storage 
technology and their advantages in competition with both 
flash memory devices and HDD are discussed. 
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1.  A NEW DEVICE IN STORE FOR STORAGE 

 
Higher capacity data storage is in persistent demand in 

many fields including internet data centers, personal 
computing, cell phones and other consumer electronics.  At 
the same time the rate at which information can be stored or 
retrieved is increasingly important for many applications. 
Magnetic (HDD), transistor-based (flash memory) and 
optical storage devices (CD, DVD) currently dominate the 
market. The demands for higher capacity and performance 
have pushed conventional storage devices to technological 
limits and attracted efforts to technologies that can provide 
even higher data density, capacity and performance while 
maintaining high reliability and low power consumption. 
MEMS-based probe storage technology combines advantages 
of very high data density of 2-4 Tb/in2, high capacity, and 
high data rate sufficient for many applications.  Therefore, 
probe storage devices are promising candidates for use in 
different applications. 

Initially probe storage devices can occupy an inter-
mediate position between the flash memory and hard discs.  
Competing against flash memory, probe storage devices can 
offer higher capacity, lower cost per GB, better retention and 
much lower cost associated with increasing data density 
while providing data rate, power consumption and form factor 
sufficient for many applications. At the same time probe 
storage devices can offer lower power consumption, ability 
to handle many more input/output operations per second, 

faster response, better reliability and lower floor cost per 
unit than HDDs while providing required capacity.  As a 
result, probe storage technology can successfully compete for 
market share in applications that require the best possible 
cost per unit of capacity and cost per unit of performance.  

Figure 1 illustrates this potential in which a storage 
device based on an array of probe storage units is compared 
to incumbent technology devices. The capacity-performance 
space used in the graph reflects cost of two important 
parameters of the storage devices: capacity and number of 
input output operations per second (IOPS) [1]. The cost 
numbers include both the purchase price and cost of energy 
consumed by the storage device in five years. The graph 
shows place of different storage devices in capacity-
performance space. The square markers are for two different 
3.5” form-factor HDDs optimized for maximum capacity. 
The SATA HDD having lower capacity is chosen as a 
benchmark. The two axes crossing at this square marker 
split the graph into four quadrants. Devices located inside 
the top-right quadrant have both larger cost per GB and 
larger cost per IOPS.  Any devices that will appear in the 
bottom-left quadrant will have both better performance and 
lower cost than the benchmark device and, most likely, will 
become market winners.  Devices located in the remaining 
two quadrants have one of the parameters better than the 
benchmark device and therefore can compete for some 
market niches. 

The triangular markers are two different ‘enterprise 
class’ HDDs in the 2.5” form-factor. The rhombus markers 
are for two different classes of Flash based SSD storage 
devices in a 2.5” form-factor. The LP SSD is a low 
performance version whereas the Log SSD has resources to 
manage a log structured file system for much higher 
performance but at higher cost.  The circular marker is for a 
hypothetical array of ten MEMS based probe storage units 
in a form-factor equivalent to 2.5” HDD storage device, 
which can offer 160-600 GB capacity, data rate of 20 MB/s 
and 1500 IOPS.  The red lines denote market prices for 
DRAM, SLC & MLC NAND flash memory components.  
Street or market prices at the end of 2008 are used as the 
basis. 

For applications requiring the largest possible capacity 
and best possible performance for a dollar, MEMS-based 
probe storage technology offers compelling potential value. 
Applications such as enterprise servers, solid state disk 
drives, storage devices for laptop computers and USB drives 
can be served. Coupled with efficient MEMS-based manu-
facturing costs the technology can eventually deliver a family 
of dominant mass storage products. 
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Fig. 1.  Comparison of costs for storage device technologies in capacity-performance space.  

 
2. DESCRIPTION OF TECHNOLOGY 

 
Development of a probe storage device includes a wide 

spectrum of technical tasks, which should be solved to 
demonstrate viability of the technology. Memory material, 
read-write methods, fabrication of MEMS micro-mover and 
read-write heads are among the main development areas. 

 
2.1 Memory and Read-Write Technique 

 
The memory device developed at Nanochip employs a 

ferroelectric non-volatile memory as compared to the 
polymer-based storage medium used in Millipede – a probe 
storage device developed by IBM [2]. The ferroelectric 
memory permits robust write, non-destructive read and simple 
data overwriting operations. Nanochip achieved the fast 
scanning probe tip writing and reading of ferroelectric bit 
polarizations in an epitaxial PZT film-based recording media. 
The scanning probe charge reading technique (SPCRT) [3] 
recently introduced by Nanochip can detect electrical charges 
of written polarizations with enhanced speeds (mm/s to 
cm/s). A variant mode of SPCRT implemented with lock-in 
technique has also been developed to read bit charge signal 
on PZT with nanometer scale spatial resolution [4]. The 
electrical signature of the written bits is sensed electrically by 
the conductive tip connected in series with a charge amplifier 
device and a band pass filter [3] or a lock-in amplifier [4]. 

Media. The memory stack used by Nanochip consists of 
three layers: a dielectric material (STO), a conductive bottom 
electrode (SRO) and a ferroelectric material (PZT). An 
epitaxial PZT/SRO/STO stack is grown by CVD on a Si 
substrate. X-ray diffraction analysis shows the PZT film can 
be coherently grown with the underlying electrode SRO 
and/or the STO buffer layer. As grown, PZT film typically 
has an upward polarization background. The PZT surface is 
atomically smooth. Its RMS roughness over a 5 um2 area 
can be on the 0.1-0.3 nm range.  Polarization vs. voltage 
hysteresis curves of the as-grown PZT films are typically 

off-centered with voltage offset in the direction consistent 
with the upward polarization background. The offset was 
found to be a characteristic of deposited films. 

Writing. Fig. 2 shows an array of ferroelectric domains 
of alternating polarity (bits) written in the epitaxial PZT 
film with a conductive probe tip biased with respect to the 
electrode beneath the PZT film.  A train of voltage pulses 
are applied to the tip.  The tip is moving at the velocity 
synchronized with the pulse train frequency to write an 
array of alternating domains of desired pattern wavelength.  
Well-defined and uniform inverted down polarization 
domains can be easily written in the natural up polarized 
background.  The domain array shown in Fig. 2 is formed 
of down bits as small as 19 nm in diameter and spaced by 
19 nm (38 nm wavelength along horizontal axis in Fig. 2). 
The array was written using probe tip scanning at 1.37 mm/s 
and biased with 1 µs voltage pulse trains. Such patterns can 
be routinely formed in the PZT media using a voltage-
biased probe tip scanning with speeds of a few mm/s. The 
inverted down bits writing can be performed comfortably 
using probe tips sliding at even higher speeds on a few cm/s. 

Reading. In SPCRT [3], probe tip is switched to be 
electrically connected to the charge amplifier to enable the 
bit charge reading. This tip scans along the bit arrays with 
high scanning speeds of cm/s to generate the data rate of a 
few hundred kbps to Mbps range. The alternating polarity of 
the written domains generates a periodic potential / charge 
distribution on the PZT surface.  The written bit domains 
maintain their stability over the numerous read cycles and 
the extended time period that the bits tracked. This observation 
infers that the electric fields are quite completely compensated 
by charges with polarity opposite to those of the written 
domains.  The tip moving laterally along the bit domain 
array picks up the surface charge and the charge signal is 
detected through the charge amplifier. Unless the tip is well 
guarded from stray electromagnetic signals, the detected 
voltage signal is noisy and needs to be filtered. Nanochip 
resorts to a band pass filter to do this job.  The band pass 
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Fig. 2.  38nm wavelength bits array.  

Piezoresponse force microscopy phase and amplitude  
signal images of the bits are shown. 

 
Fig. 3. Schematic cross-section view of nanochip: 

1 – moveable plate (micro-mover), 2 – media stack, 3 – coil; 
4 – position sensors; 5 – array of cantilevers; 6 – suspension; 
7 – bonding layer between CMOS and Mover wafer; 8 – 
bonding layer between Mover and Cap wafers; 9 – inter-
wafer electrical connections; 10 – magnets; 11 – bond pads. 

 
Fig. 4. Overview of a part of cantilever array. 

 
Fig. 5. Schematic cross-section of cantilever structure: 

1 – oxide; 2 – Top CMOS metal; 3 – SiC; 4 – SiGe; 5 – Pt. 

filtering is the preferred method because the filter can be 
integrated in a CMOS device. The filtering effect gets better 
as the tip moves faster and/or the data bit density becomes 
higher i.e. by the fact that the background noise gets smaller 
as bandwidth increases by the effect 1/f. The detected bit 
signals are displayed on the oscilloscope. 
 
2.2 Memory Chip 

 
Nanochip developed a conceptual prototype of a probe 

storage device (nanochip). Nanochip has three main layers 
formed by bonding of three wafers (Fig. 3). The bottom 
CMOS wafer has an array of cantilevers with tips formed 
on top of CMOS electronics. The Mover wafer contains an 
X-Y micro-mover. Finally, the Cap wafer protects the micro-
mover and provides required mechanical strength to the die. 

An array of cantilevers is formed on CMOS wafer. Each 
cantilever carries a sharp tip used as a read-write head. 
Cantilevers are built on top of CMOS read channel circuitry 
to minimize noise associated with parasitic capacitance of 
conductors connecting tips with read channel electronics. 
The array of cantilevers (Fig. 4) is fabricated using a low-
temperature post-CMOS. Poly-SiGe cantilevers have a see-
saw microstructure with torsional suspension and electro-
static actuation on the wing side opposite to the tip (Fig. 5-6). 

Some electronics, including read channel electronics 
and analog circuits for actuation control, is built on CMOS 
wafer using 0.18 µm 32 V process. Digital electronics is 
located on a separate controller chip. 

The micro-mover (Fig. 6) has a 400 µm thick moveable 
plate. Area of the plate is chosen based on the required 
capacity of the memory device. One side of the plate carries 
a memory stack and the other side is occupied by coils, 
which are part of an actuator, and by position sensors. 
Blade-type suspension beams allow bi-directional (X-Y) in-
plane motion of the plate with a very low X-Y cross-talk and 
constraints its out-of-plane (Z) motion. Suspension also has 
special “routing” beams carrying conductors for providing 
electrical connections to both coils and position sensors. 
Bending of the plate due to all factors is below 0.25 µm. 

The micro-mover is actuated by an electromagnetic (EM) 
actuator. The EM actuator includes four coils positioned on 
the moveable plate and permanent magnets located in the 
pockets formed in the Cap wafer. Interaction of the magnetic 
field with electrical current in the coils creates force causing 
lateral motion of the plate. EM actuator combines advantages 
of low actuation voltage (3-5 V) and large actuation force (5-
10 mN), which, in turn, allows for a single moving stage with 
a large range of motion (±120 µm) and leads to the best chip 
area utilization reported so far. 

Position of the plate is determined with help of capacitive 
position sensors. The position sensors have two sets of 
electrodes: one set located on the moveable plate and the 
other – on the stationary cap. A close-loop servo allows for 
positioning of the micro-mover with sub-nm accuracy. 

A developed wafer-level solder bonding process [5] 
provides both mechanical and electrical connections between 
the wafers and allows for very thin bonding layers with 
superb bond line control. Small gaps between the bonded 
wafers provide excellent shock protection. 
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Fig. 6. Close-up view of actuated cantilevers: 

1 – cantilever body; 2 – vertical actuator (wing); 3 – lateral 
actuator (nano-mover); 4 – tip; 5 – suspension; 6 – vias to 
CMOS. 

 
Fig. 7. Mover structure overview from media side. 

 
Fig. 8. Prototype of Nanochip memory 

device in a ceramic cavity package. 
 

After bonding of CMOS-Cantilever wafer to Cap-Mover 
wafer stack, the cantilevers are located in close proximity to 
the memory stack. Initial bending of cantilevers after 
release is small and, without actuation, tips do not contact 
the memory stack. Each cantilever can be actuated in both 
vertical direction toward the micro-mover and laterally. 
Vertical actuation brings a pre-selected set of tips in contact 
with the memory stack and allows some control of the force 
applied at the tip-memory stack interface. Each cantilever 

also has an electrostatic lateral actuator (nano-mover) that 
allows for compensation of relative displacement of each tip 
with respect to other tips and to the micro-mover due to 
temperature change. This permits device operation over a 
wide temperature range without the need for temperature 
stabilization. Nano-mover allows for about 100 nm lateral 
motion of the cantilever structure. 

The memory device requires a custom package for both 
integration of magnetic circuit and for providing a required 
mechanical protection of the die. A 120-pin 20-mm QFP-
style package developed for prototyping of the Nanochip 
memory devices is compliant with JEDEC guidelines. 
Overall thickness of the packaged device is below 3.0 mm.  
Design of the package allows using standard test equipment 
in high-volume manufacturing. 

Fabricated prototypes (Fig. 8) have die size of 15.0 mm x 
13.7 mm with about 100 mm2 dedicated to the area covered 
by the memory stack. An array of 512 cantilevers and some 
single test cantilevers were built on CMOS wafers using a 
low-temperature post-CMOS process [6]. Only limited 
number of cantilevers was used for read/write operations in 
testing of the prototypes. Writing and reading was done at 
scanning speeds of 10…20 mm/s.  Currently Nanochip is 
working on design of a functional memory device with target 
user capacity of 32 GB.  It will have about 5000 cantilevers 
and 272 read-write channels providing data rate 20 MB/s. 
Power consumption is expected to be in the range of 
500…750 mW dominated by electronics. MEMS actuators 
are expected to consume 3-5% of the power. 

The results achieved by Nanochip show that major draw-
backs of the earlier probe storage concepts can be overcome 
and bring this type of memory devices much closer to 
commercialization.  Ultrahigh data densities in the range of 
2-4 Tb/in2 can be achieved using the memory material and 
the recording technique developed by Nanochip. All major 
components and a conceptual prototype demonstrating basic 
functions of a memory device have been built and tested.  
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