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METHOD OF STORING ADATA BIT INA 
PHASE CHANGE ALLOY MATERAL WITH 

AN ELECTRON BEAM 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This is a Continuation Application of Ser. No. 
11/192.468, filed on Jul. 29, 2005, which is presently pend 
ing, and which is a Continuation Application of Ser. No. 
10/331,700, filed on Dec. 28, 2002, therein. 

BACKGROUND OF THE INVENTION 

0002 The predominant mass storage device in conven 
tional computing devices is the hard disk drive. Hard disk 
drives are relatively large, electromechanical devices that can 
store a relatively large amount of data. The stored data is 
accessed through a read/write head that rides on a cushion of 
air above the rapidly rotating disk. The read/write head moves 
radially to access data in different tracks of the rotating disk. 
Data transfer is limited by the speed at which the disc rotates 
and the speed with which the read/write head is positioned 
over the required track. Even with the fastest devices, access 
times are on the order of thousands of microseconds, due to 
the relatively large mechanical motions and inertia involved. 
This time scale is at least seven orders of magnitude slower 
than the Sub-nanosecond time scales at which processors 
operate. The discrepancy may leave the processor starved for 
data. Compact Disc and DVD storage systems, also limited 
by the speed at which a disc rotates and the speed with which 
a read/write head is positioned over a required track, are 
associated with similar discrepancies. 
0003. During the time the processor is starved for data, 
either valuable computing time is lost or the processor must 
perform another task, which also may lead to data starvation. 
Such data starved conditions are referred to in the art as being 
input/output (I/O) bound or bottlenecked. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0004. The present invention is illustrated by way of 
example and is not limited in the figures of the accompanying 
drawings, in which like references indicate similar elements. 
Features shown in the drawings are not intended to be drawn 
to Scale, nor are they intended to be shown in precise posi 
tional relationship. 
0005 FIG. 1 illustrates an alloy memory element. 
0006 FIG. 2 illustrates an alloy/LED configuration. 
0007 FIG. 3 illustrates an alloy/LED memory device. 
0008 FIG. 4 illustrates an alternative embodiment of an 
alloy/LED memory device. 

DETAILED DESCRIPTION 

0009. In the following detailed description of embodi 
ments of the invention, reference is made to the accompany 
ing drawings in which like references indicate similar ele 
ments, and in which is shown by way of illustration, specific 
embodiments in which the invention may be practiced. These 
embodiments are described in sufficient detail to enable those 
skilled in the art to practice the invention. The following 
detailed description is, therefore, not to be taken in a limiting 
sense, and the scope of the invention is defined only by the 
appended claims. 
0010 Devices and methods are disclosed to store data 
using a memory without moving parts. In one embodiment of 
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the present invention, an electron beam (e-beam) is used to 
irradiate a volume or layer of an alloy material which corre 
sponds to an encoded data bit location. Exposure of the alloy 
material to a modulated high-energy e-beam changes the 
conductivity of the alloy material, creating at least two dif 
ferent states of conductivity, which may be associated with 
the binary data bit memory states of, e.g., “0” and “1”, or any 
multilevel value between the two terminal states. Reading the 
stored data is accomplished with a lower energy e-beam that 
does not alter the state of conductivity created by the high 
energy e-beam during data writing. The lower energy e-beam 
may be used according to various embodiments of the inven 
tion to read the conductivity of the alloy material, which 
corresponds to the data stored therein. The invention is not 
limited to storing and reading binary data. The invention is 
applicable to n-ary data, however to simplify the description, 
the example of binary data will be followed. Mass-related 
issues with moving parts, such as inertia, have previously 
limited the data seek time in conventional devices, which is 
associated with rotational latency and mechanical steering of 
a read/write head. 

0011. The association of the binary values for data bit 
memory states, e.g., “0” or “1”, is completely arbitrary with 
respect to the state of conductivity within the alloy; the inven 
tion is not limited by the association made. An extension to 
n-ary data may beachieved by creating more than two distinct 
conductivity states within phase change material. For 
example, three distinct conductivity states could be associ 
ated with trinary data. 
0012. With reference to FIG. 1, device 100 includes a 
volume of alloy 110 coupled with a conductor 112 and a 
conductor 114. A variable-energy e-beam 120 operating at a 
high-energy level, incident upon the alloy 110, is used to 
deliver an electron current and thereby heat to the alloy 110. 
Use of the term “high-energy' is application-dependent and 
will depend upon several device design parameters. A non 
exclusive list of device design parameters influencing the 
term “high-energy' includes the alloy material, the degree of 
conductivity change desired, the e-beam exposure time (cor 
responding to the time allotted to change the conductivity of 
the alloy), and the volume of the data cell within the alloy. A 
typical range of “high-energy' is 400-10,000 electron volts 
(eV) with an electron-beam current in the range of 10-3,000 
nano-amps. 

0013 The alloy 110, shown in FIG. 1, may correspond to 
a data cell within an array of data cells. The term “alloy' 
generally refers to a mixture of at least two metals. Similar 
binary or n-ary resistance behaviors may be created in organic 
or organo-metallic materials and these materials may be 
applied in the same way at different power levels and cycle 
times for data storage. It is well known that through thermal 
treatment, the microstructures of certain alloys may be 
manipulated to produce stable physical states with physical, 
chemical, and electrical properties that vary from other stable 
physical States of the same alloy that have been through 
different thermal treatment. Particularly relevant to this 
invention are the significant difference in electrical conduc 
tivity which exists between alloy states, and the thermal treat 
ment requirements to change an alloy from one state to 
another. Chalcogenide alloys, preferred in this invention, are 
known to have stable crystalline and amorphous states with 
significantly different electrical conductivities and adequate 
phase-reversal cycling capabilities. 
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0014) A volume of chalcogenide alloy may be heated 
above its melting temperature and then cooled past its recrys 
tallization temperature either to a primarily amorphous state 
('amorphous state' or “amorphous phase'), or to a state 
having more crystallinity (“crystalline state' or “crystalline 
phase'), depending upon the cooling time during which the 
alloy remains above the recrystallization temperature (the 
“cooling profile' of temperature versus time). To keep the 
material from recrystallizing during cooling and resulting in 
a crystalline phase structure, the cooling rate must be faster 
than the crystal nucleation and growth rate for the particular 
material. Relatively fast cooling profiles, therefore, are more 
likely to result in amorphous state structures, and relatively 
slow cooling profiles are more likely to result in crystalline 
state structures. Controlling the cooling profile, therefore, is a 
key variable for determining which logic state is written. 
0015. As with other alloys, the electrical conductivity of 
crystalline phase chalcogenide alloy is significantly higher 
than that of amorphous phase chalcogenide alloy due to the 
differences in physical order of the alloy material at the 
microstructural level and the fact that electrons travel more 
efficiently through ordered, or crystalline, microstructures. In 
terms of data bit memory state logic, the melting may be used 
to “reset a data bit, and the cooling profile selected to either 
result in a crystalline phase solid (either a “0” or a “1” in a 
binary example) or an amorphous phase Solid (the binary 
complement of the crystalline phase logical representation). 
While multiple chalcogenide alloys with two or more stored 
phases accessible via e-beam irradiation are known, those 
comprising Germanium, Antimony, and Tellurium are pre 
ferred, such as the alloy having the formula "GeSbTes. 
with a melting temperature of 616 degrees Celsius and a 
recrystallization temperature of 142 degrees Celsius. With 
this preferred alloy, an amorphous phase may be reached 
along a relatively fast cooling profile by cooling past the 
recystallization temperature within about two nanoseconds, 
while a crystalline phase may be reached by a relatively slow 
cooling to the recrystallization temperature in a minimum of 
about two nanoseconds. Also preferred are alloys Such as 
those used in high-speed optical storage devices for “fast 
writing. Such as those comprising combinations of Germa 
nium, Antimony, and Tellurium, and combinations of Silver, 
Indium, Antimony, and Tellurium, wherein a crystalline 
phase of relatively high conductivity may be reached as a 
result of heating the fast-write material to about 85% of the 
melting temperature for the composition, followed by rela 
tively slow cooling to enable heated material to nucleate 
relatively large, contiguous crystals based upon adjacent 
crystallites of the same material positioned around the bound 
ary of the heated region. Such fast-write alloys enable a faster 
change from amorphous phase to crystalline phase, since the 
material need not be taken to the melting temperature before 
crystal nucleation. To reach an amorphous phase of relatively 
low conductivity with a fast-write material, heating to about 
110% of the melting temperature for the material is followed 
by cooling along a relatively fast cooling profile, wherein the 
cooling rate is faster than the crystal nucleation and growth 
rate for the particular material to avoid the formation of a 
highly-ordered crystalline structure. Therefore, as opposed to 
melting the alloy for a “reset' type operation, and cooling at 
various rates to proceed to either a crystalline phase, or an 
amorphous phase, as with conventional chalcogenide alloys, 
fast-write alloys need not be melted unless an amorphous 
phase result is desired—since a crystalline phase may be 

Mar. 5, 2009 

reached by heating to about 85% of the melting temperature, 
followed by cooling along a relatively slow cooling profile. 
For example, a fast-write alloy associated with cooling pro 
files similar to those described above in reference to the 
preferred Germanium, Antimony, and Tellurium alloy, may 
be heated to about 85% of melting temperature and cooled to 
the recystallization temperature of the fast write alloy in a 
minimum of about two nanoseconds to provide a highly con 
ductive crystalline structure, while the same fast write mate 
rial may be heated to about 110% of melting temperature and 
cooled past its recrystallization temperature within about two 
nanoseconds to provide a less conductive amorphous struc 
ture. 

0016 E-beam irradiation is used both as a means for heat 
ing the alloy 110 to melting temperature, and also as a means 
for controlling the cooling profile oftemperature versus time 
as the alloy is cooled Subsequent to melting. In one embodi 
ment, for example, a reset and Subsequent amorphous stored 
phase is achieved by e-beam irradiation to melting followed 
by cooling without further e-beam irradiation, while a reset 
and Subsequent crystalline stored phase is achieved by 
e-beam irradiation to melting followed by a decrease in 
e-beam irradiation along a slower cooling profile. In other 
words, a crystalline Stored phase is reached via a cooling 
profile wherein cooling is slowed by continued irradiation at 
a decreased rate. In one embodiment, a decrease in irradiation 
to slow cooling is achieved using power tapering, wherein the 
Voltage and/or current to the e-beam source is decreased. In 
another embodiment, intermittent exposure, or exposure 
tapering, is used to decrease irradiation during cooling. In 
another embodiment, a slower cooling profile is achieved by 
creating thermal mass in an adjacent structure during cooling. 
Such thermal mass may be achieved using e-beam exposure. 
Hybrids of the aforementioned cooling profile control tech 
niques may also be utilized. For example, the cooling at a data 
cell location may be controllably slowed by irradiating struc 
tures immediately Surrounding the location to create thermal 
mass around the location, while the location itself also may be 
irradiated to a degree sufficient to contribute to slow cooling 
of the location. Many variations of exposure patterns may be 
employed in Such hybrid embodiments, including but not 
limited to spiral patterns, wherein a portion of the data cell 
location at the center of the spiral receives more focused 
irradiation than other portions, due to the focusing nature of a 
repeated spiral pattern and/or decreased radial spacing 
between spirals as they get closer to the portion of the data cell 
location at the center of the spiral; stepped concentric circles 
used in a similar fashion as described for spirals, with the 
exception that the e-beam is pausedai each of a set of circular 
radii, the radii being equally spaced or concentrated toward 
the center of curvature; and rectilinear Scanning or rastering 
combined with focused irradiation exposure to a targeted 
location. Similarly, hybrid exposure patterning could be used 
to emphasize exposure more upon the adjacent structures as 
opposed to the data cell location itself. Exposure patterning 
may be combined with power tapering and/or exposure taper 
ing to provide further cooling profile control. Cooling profiles 
for chalcogenide alloys Such as GeSbTes are known in the 
art and used in devices such as CD-RW, which use laser light 
irradiation rather than e-beam irradiation to control cooling. 
0017 Referring back to FIG. 1, in a data write phase, 
electron e-beam 120 (at high-energy) creates a change in 
conductivity within the volume or layer of alloy 110. Reading 
the data is accomplished by introducing current into the alloy 
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110 via a low-energy e-beam, from either the write e-beam 
Source modulated to a lower energy or from an alternate 
e-beam at a lower energy, than the energy level of the "high 
energy’ e-beam used for writing the data. This low-energy 
e-beam used for reading may be less than approximately 100 
electron volts (eV), and shall be of a sufficiently small diam 
eter so that it will not degrade the data bit memory state of the 
alloy at the data bit location or any adjacent data bit locations. 
In other words, the low-energy e-beam irradiation for reading 
data causes an excitation of the alloy 110 insufficient to heat 
the alloy 110 above its recrystallization temperature. 
0018. The low-energy e-beam introduces an electron cur 
rent into a data bit location corresponding with device 100 in 
FIG.1. The conductor 112 and reference conductor 114 pro 
vide a differential conducting path, which will conduct a 
majority of the current indicated by 122 (the "bleed off cur 
rent’) when the alloy 110 is highly conductive. Alternatively, 
when the alloy 110 is highly resistive an increase will occur in 
the number of the electrons that will propagate down through 
the alloy 110 and reference conductor 116 to the conductor 
114. The conductor 114 and the reference conductor 116 
provide a second differential conducting path for the current 
indicated by 124 (the “transmitted current'). Either one or 
both of the bleed-off and transmitted currents may be used to 
associate the state of conductivity within the alloy 110 with 
the memory state of data stored in a bit. The e-beam 120 
depicted represents either the high-energy e-beam used to 
write the data or the low energy e-beam used to read the data. 
0019. Once the current has been steered, according to the 
state of the alloy 110, many embodiments of the present 
invention may be used to sense, i.e. read the current. In one 
embodiment of the present invention, a fixed impedance ref 
erence layer (typically with an impedance much greater than 
the low impedance memory state of the alloy storage layer) is 
attached to the alloy on the side opposite to the electron 
beam. The electron-beam's current distribution is then mea 
sured differentially between the conductor 112 and the con 
ductor 114 using a current detector (not shown). The current 
will distribute differently based upon the conductivity of the 
alloy storage layer. 
0020. In another embodiment, the reference layer is 
replaced by using a relatively thick layer of the alloy where 
only the portion of this layer closest to the electron-beam 120 
is thermally modified to represent the memory state, while the 
remaining alloy material remains unchanged from the initial 
condition, thus acting as the reference layer cited in the pre 
viously-described embodiment. 
0021. In another embodiment of the present invention, the 
device 100 (FIG. 1) may be coupled with a light-emitting 
semiconductor P-N junction as shown in FIG. 2 to achieve a 
differential light emission device 200 corresponding to the 
state of conductivity within the alloy 110. FIG. 2 illustrates an 
alloy/LED configuration. With reference to FIG. 2, a P-N 
junction 211 is placed beneath phase change material 110. 
The P-N junction 211 may be created from a direct band 
semiconductor Such as those commonly made from III-V 
elements, e.g., GaAs, or other electron excited light emitting 
structures. In one embodiment, doping is arranged so that the 
N-type 210 layer of the P-N junction 211 is coupled with the 
alloy 110 allows for easy transport of the filtered electrons 
into the P-N junction 211. A very thin, conductive interlayer 
may be used to backward bias the P-N junction from a high 
impedance source or to provide lattice matching between the 
P-N junction and the alloy 110. Below a P-type 212 layer of 
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the P-N junction, a conductor 214 is placed which may be a 
normal metal pad. The conductor 214 supplies holes to the 
P-N junction. The material used for the conductor 214 may be 
selected to optimize the reflection of the light generated in the 
P-N junction. An advantage of using a direct-band semicon 
ductor is that the recombination of electrons and holes may 
create photons without requiring phonon emission to con 
serve momentum. The thickness of the N-type 210 layer and 
the P-type 212 layer must be sufficient to support the full 
transition region and optimally couple to external electro 
magnetic modes. 
0022. In another embodiment of the present invention, 
differential light emission is achieved by the device 200 by 
varying the amplitude of the current passed by the varying 
conductivity of the alloy 110 between the cross-linked and 
damaged states. In one conductivity state 218, the alloy 110 
will conduct an increase in the number of electrons through its 
thickness to the P-N junction resulting in a maximum emis 
sion of light. The maximum emission of light may correspond 
to one memory state for the data stored therein. The emitted 
light may be sensed by photo-detector 224. In another con 
ductivity state 216, a minimum amount of current is con 
ducted through the alloy 110, instead the majority of the 
current is “bled off via conductor 112, as previously 
described resulting in a minimum emission of light from the 
P-N junction. The minimum emission of light may corre 
spond to a second memory state for the data stored therein. 
(0023 The alloy/P-N junction structure, shown at 200, 
need not be etched out from the surrounding material to allow 
photons to escape the P-N junction 211. The layer (conductor 
112) above the P-N junction may be made verythin. Photons 
can penetrate more than a micron of metal conductor thick 
ness and much further through other materials. Therefore, the 
conductor 112 may be on the order of a micron or less in 
thickness, thereby providing a sufficient electrically conduc 
tive path while allowing photons to pass through the conduc 
tor 112. The device 200 acts as a tiny dot illuminator when 
irradiated with the read e-beam, causing the P-N junction to 
emit light in one conductivity (memory) state while the P-N 
junction remains dark in another conductivity (memory) 
State. 

0024. An embodiment of the present invention is shown in 
FIG. 3 illustrating an alloy/P-N junction memory device. 
With reference to FIG. 3, one or more alloy data elements are 
indicated at an alloy/LED 324 array. A vacuum shroud or 
enclosure 326 and an end cap 312 form a closed container (a 
high vacuum environment) in which electron beam source 
314 emits e-beam 120, incident upon the alloy/LED 324 
planar array. Control electronics 310 may be used in conjunc 
tion with the electron beam source 314 as needed to control 
the e-beam source. The e-beam 120 may be steered by means 
of electron lens 316 and deflection electrodes 318. 

(0025. The e-beam 120 may be used to write data to the 
alloy/LED 324 planar array, as previously described, as well 
as to read data written therein. Accordingly, the level of light 
generated by the alloy/P-N junction of the data bit is mea 
sured by a sensitive photo-detector 320, by methods well 
known in the art. The vacuum shroud 326 may be made 
reflective on the inside, thereby acting as an integrating 
sphere for the emitted photons, which increases the signal 
to-noise ratio for the measurement made by the photo-detec 
tor 320. The output of the photo-detector 320 may be ampli 
fied as required by photo amp 322. The e-beam 120 is steered 
across the phase change material/LED 324 array to read data 
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stored in the data bit locations corresponding to dots on the 
surface of alloy/LED 324. Thus, writing and reading data is 
accomplished without the mechanically articulated parts 
required by the hard disk drive, CD-ROM and the DVD. 
Using the teachings of the present invention, the seek time to 
reach any block of data is on the order is tens of microseconds. 
0026. A read-after-write capability is provided during data 
bitwriting by the conductivity state switching within the alloy 
110. During data writing with the high-energy e-beam, the 
impedance of the alloy 110 will change—due to the induced 
state change, resulting in a Sudden pulse of light as electron 
current is passed or removed from the P-N junction. Sensing 
the pulse of light during the thermal decrease cycle will 
provide a read-after-write capability similar to that provided 
by the second head in a tape drive or similar polarization shift 
effect in a magneto-optic disc drive. 
0027. In an alternative embodiment, the substrate (con 
ductor 214 in FIG. 2) may be made sufficiently thin or trans 
parent to allow photons to be emitted from the opposite side 
that e-beam 120 is incident upon phase change material 110. 
This opposite side is indicated as 220 in FIG. 2 and FIG. 3. 
The emitted light may be sensed from the lower side of the 
structure as shown in FIG. 2 at photo-detector 224a and in 
FIG.3 at photo-detector 320a. The photo-detector 320a may 
be configured with photo-amp 322a. This arrangement has 
the feature of removing the electron optics from the photo 
detector's field of view. One way to provide a high vacuum 
environment to the lower side of vacuum shroud 326 is to 
couple fixture 326a with vacuum shroud 326 by mating as 
indicated at 330a and 330b. 
0028. The e-beam 120 may be on the order of 20 nanom 
eters in diameter. It is possible to steer the e-beam 120 through 
an angle of approximately 20 degrees, as will be explained in 
conjunction with FIG. 4. Very small e-beam sources may be 
manufactured, made using silicon processes. An example of 
Such a device is the electron micro-column made by the 
Sensors Actuators and Microsystems Laboratory (SAM 
LAB), which is part of the Institute of Microtechnology, 
University of Neuchatel, located in Switzerland. These very 
Small e-beam sources (micro-column e-beam sources) may 
be produced in a form factor measuring approximately three 
millimeters wide and approximately one millimeter high. In 
one embodiment, using these parameters, a data storage 
device may be built to store approximately a terabyte of data 
on a polymer/LED area of several square centimeters. 
0029. The present invention may be incorporated into 
various memory devices. FIG. 4 shows an alternative embodi 
ment of a memory device 400. With reference to FIG. 4, a 
cylindrical container 412 is shown having a phase change 
material/LED layer 324 and an electron beam source 314. 
The e-beam source 314 may be steered through an angle 410 
as shown. Thus, data may be written to an array having 
approximately 200 gigabytes of data in a device occupying a 
Volume of approximately several cubic inches. These data 
storage devices may be configured in an array to achieve 
terabyte data storage capacities. 
0030. It is expected that many other shapes and configu 
rations of data storage devices are possible within the teach 
ings of the present invention. For example, a cube may be 
configured (not shown) with phase change material arrays 
lining the interior surfaces thereof. One or more electron 
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beam sources may be configured within the cube, each facing 
an interior Surface of the cube and being capable of writing 
and reading data stored in each phase change material array. 
0031. Thus, a novel solution to electron beam recording 
and sensing of data bits is disclosed. Although the invention is 
described herein with reference to specific preferred embodi 
ments, many modifications therein will readily occur to those 
of ordinary skill in the art. Accordingly, all such variations 
and modifications are included within the intended scope of 
the invention as defined by the following claims. 

1. A method of storing a data bit comprising: 
exposing a Volume of fast-write alloy to an electron beam 

to heat the volume of fast-write alloy to a temperature 
equivalent to about 110% of the melting temperature for 
the fast-write alloy; 

cooling the Volume of fast-write alloy along a cooling 
profile associated with an amorphous phase and a stored 
data bit memory state. 

2. The method of claim 1 wherein cooling the volume of 
fast-write alloy along a cooling profile comprises cooling past 
the recrystallization temperature for the volume of fast-write 
alloy within 2 nanoseconds. 

3. The method of claim 1 wherein cooling the volume of 
fast-write alloy comprises a cooling rate that is faster than a 
crystal nucleation and growth rate to avoid a formation of a 
highly-ordered crystalline structure. 

4. The method of claim 1 wherein the fast-write alloy is 
used in high-speed optical storage devices. 

5. The method of claim 1 wherein the fast-write alloy 
comprises combinations of Germanium, Antimony, and Tel 
lurium. 

6. The method of claim 1 wherein the fast-write alloys 
comprises combinations of Silver, Indium, Antimony, and 
Tellurium. 

7. The method of claim 1 wherein the amorphous phase has 
relatively low electrical conductivity. 

8. The method of claim 1 wherein a relatively fast cooling 
is achieved by avoiding further e-beam irradiation. 

9. The method of claim 8 wherein the relatively fast cooling 
prevents the heated material from nucleating relatively large, 
contiguous crystals based upon adjacent crystallites of a same 
material positioned around a boundary of a heated region. 

10. The method of claim 5 wherein the melting temperature 
is 616 degrees Celsius. 

11. The method of claim 5 wherein the recrystallization 
temperature is 142 degrees Celsius. 

12. The method of claim 1 wherein the fast-write alloy is 
melted since an amorphous phase result is desired. 

13. The method of claim 1 wherein a faster cooling profile 
is achieved by avoiding thermal mass in an adjacent structure 
during the cooling. 

14. The method of claim 1 wherein the cooling at a data cell 
location may be controllably speeded up by not irradiating 
structures immediately Surrounding the location to create 
thermal mass around the location. 

15. The method of claim 1 wherein the electron beam is 
modulated to a higher energy to write the data bit. 

16. The method of claim 1 wherein writing the data bit is 
accomplished at a higher energy than reading the data bit. 
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