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[57] ABSTRACT

Information storage medium comprising a semiconduc-
tor doped with first and second impurities or dopants.
Preferably, one of the impurities is introduced by ion
implantation. Conductive electrodes are photolitho-
graphically formed on the surface of the medium. Infor-
mation is recorded on the medium by selectively apply-
ing a focused laser beam to discrete regions of the me-
dium surface so as to anneal discrete regions of the
medium containing lattice defects introduced by the
ion-implanted impurity. Information is retrieved from
the storage medium by applying a focused laser beam to
annealed and non-annealed regions so as to produce a
photovoltaic signal at each region.
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3 Claims, 6 Drawing: Figures

ee



U.S. Patent Jun.3,198  Sheetlof3 4,593,306




U.S. Patent  Jun. 3, 1986

Sheet20f3 4,593,306

SOURCE OF
DIGITAL
INFORMATION

FIG 3

LASER
SOURCE

728

!

READ
CONTROL

oG
/4 4 .3
TN /22 / //

- / N A4 Vi - |
= S S TS S R O
< O -‘ .-\ . (/:.\,, - 1" - ‘,\ .

/ - ~ , - ‘. L
e . -,
R Tf 26"
A —— > ]

SOURCE OF /18
DIGITAL
INFORMATION
| I— 1
LASER
SOURCE N\
L ——3p
READ
CONTROL 30)
- ,
> |craree sensmve
. o4 AND DETECTOR
/14 22 14, -34 ‘36
N EAN ) ) A
%\ < ‘.‘ m\\ \H;—LI\LL _l'g_'_ .
/6___" ."‘ o \ N i ¢‘,\\ ;
T ———————
=" T 38



U.S. Patent  Jun. 3, 1986 Sheet3 of 3 - 4,593,306

arcon tov |1 caviry | _ N\ 19
LASER oumPER | |
P L2
- L
m2 i\é - \J -
5 U

LOW VOLTAGE
POWER SUPPLY

, CHARGE
/0 SENSITIVE = OSCILLOSCOPE

PREAMPLIFIER

)

LASER

FIGE i




4,593,306

1

INFORMATION STORAGE MEDIUM AND
METHOD OF RECORDING AND RETRIEVING
INFORMATION THEREON .

BACKGROUND OF THE INVENTION

The present invention is directed to an information
storage medium and the method for recording and re-
trieving information thereon.

Optical disk digital record/playback systems wherein
digital information is stored (recorded) and played back
(retrieved) from a disk shaped storage medium are
known in the art. Such systems are important in meeting
the need for a digital mass memory system that is capa-
ble of storing large numbers of bits of information, for
example 1013 bits, with very high data transfer rates
such as 400 megabits per second. Numerous attempts
have been made to produce a memory system having
such capacity and speed but without success. Generally,
the approaches to designing such systems have been
limited to inducing reflective or transmissive changes in
the optical recording medium. Laser beams are gener-
ally used for recording information on the disk, and
reflected laser light is generally used for retrieving the
information.

Various systems have been proposed for recording
information on photosensitive materials. For example,
U.S. Pat. No. 4,128,897 issued Dec. 5, 1978 to Norton et
al discloses a photosensitive storage medium compris-
ing a doped semiconductor p-type substrate covered by
an n-type semiconductor layer. The n-type semiconduc-
tor layer is in turn covered by a non-doped layer. The
doped and non-doped layers must be capable of eutectic
formation. The non-doped layer is biased with respect
to the substrate so as to produce a back-biased junction
between the p- and n-type semiconductor sandwich.
Information is recorded on the medium by a focused
beam, either laser or electron, which heats the non-
doped layer and the n-type semiconductor layer to form
a eutectic alloy between the two. Information is re-
trieved from the medium by applying a focused electron
beam so as to produce high current flow due to hole
migration at the unalloyed sites and low current flow at
the alloyed sites. )

U.S. Pat. No. 3,902,010 issued Aug. 26, 1975 to Go-
shima also discloses a photosensitive storage medium.
The medium comprises a glass substrate covered by a
highly photosensitive chalcogen glass. The highly pho-
tosensitive glass is in turn covered by a chalcogen glass
having a lesser photosensitivity. The chalcogen layers
are separated by a metal film. The high sensitivity chal-
cogen layer is separated from the substrate by another
metal film. Two laser beams, one steady and one modu-
lated are required. The modulated beam is flanked by
the steady beam. The modulated beam sensitizes the
highly photosensitive chalcogen glass but not the lower
sensitivity chalcogen glass. The steady beam sensitizes
both layers of chalcogen glass and produces two dif-
fused regions flanking the region irradiated by the mod-
ulated beam. Metal is diffused into the chalcogen glass
so as to form a region insensitive to alkali. Post-treat-
ment is required wherein the medium is treated with an
alkaline liquid so as to remove the unexposed portions
of the chalcogen glass. Alternatively, the exposed por-
tions of the chalcogen glass may be removed by post-
treatment methods.

U.S. Pat. No. 3,865,975 issued Feb. 11, 1975 to
Fletcher et al discloses a photosensitive storage medium
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comprising a photoconductive semi-conductor film
with high concentrations of hole and electron traps,
both of which are deep traps. The photoconductive
semiconductor film is sandwiched between transparent
conductive plates which are electrically biased. To
record information, energy is applied in excess of the
energy gap between the conductive and valence bands.
To retrieve information, energy is applied at a level
below the band gap but in excess of the energy band of
the trapped electrons and/or the trapped holes so as to
de-trap the electrons and holes and excite the electrons
and holes into the conduction band and valence band.

A system for recording information on a storage
medium by means of radiation damage has also been
proposed by Munakata and Miyazaki, Japanese Journal
of Applied Physics, Vol. 20, No. 4, April, 1981, pp.
L.293-L.295. In this system, the storage medium com-
prises a doped p-type Si wafer having a SiO; film cover.
The medium does not employ a p-n junction. An elec-
tron beam produces radiation damage in the p-type
layer. Other particle beams, such as a X-ray beam, are
also proposed for introducing the radiation damage.
The irradiated areas of the medium are less conductive
than the non-irradiated areas. Information is retrieved
by applying a chopped photon beam to the medium and -
detecting differences in the surface photovoltage. Infor-
mation may be erased from the medium by heating the
medium so as to remove the radiation damage.

To my knowledge, no one has heretofore proposed
the use of a non-annealed semiconductor doped with a
first impurity and ion implanted with a second impurity
for the recordal and retrieval of digital information. In
particular, it has not been proposed to record informa-
tion on such a medium by selectively annealing discrete,
localized regions of the medium. By annealing is meant
the application of energy to re-order displaced atoms m
the medium. Such atom displacement or lattice defects
are known to occur as a result of ion implantation.

SUMMARY OF THE INVENTION

Briefly, the invention includes the recording of infor-
mation on a non-annealed storage medium comprising a
doped semiconductor having a portion containing first
and second impurities by selectively annealing discrete,
localized regions of the portion of the medium contain-
ing the impurities. During recordal, a radiation beam is
directed to each discrete region to be annealed, and the
recording process is immediately checked for errors by
sensing an electrical parameter of the discrete region as
it is subjected to the radiation beam. The retrieval of
information recorded on the medium is accomplished
by scanning the annealed and non-annealed regions of
the medium with a radiation beam and sensing an elec-
trical parameter of each region.

An advantage of the invention is that the storage
medium is inexpensive to produce.

Another advantage of the invention is that reflected
laser light is not required, so that associated optics and
detection circuitry are greatly simplified.

Another advantage of the invention is that informa-
tion recorded on the storage medium has an expected
lifetime in excess of 20 years.

Another advantage of the invention is that informa-
tion is stored in discrete, localized regions of extremely
small size, so that the storage capacity of the medium is
extremely large.
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A further advantage of the invention is that the time
intervals required to anneal a discrete region of the
medium and to sense an electrical parameter of the
annealed and non-annealed regions are extremely small,
so that transfer of information to and from the medium
occurs at a very high rate.

A still further advantage of the invention is that error
checking is immediate, taking place during recordal.

Other advantages and objects of the invention appear
hereinafter.

For the purpose of illustrating the invention, there is
shown in the drawings a form which is presently pre-
ferred; it being understood, however, that this invention
is not limited to the precise arrangements and instru-
mentalities shown.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a plan view of the storage medium of the
present invention employing circular electrodes on the
medium surface.

FIG. 2 is a cross-section of the storage medium taken
along 2—2 in FIG. 1.

FIG. 3 is a diagram of the storage medium and laser
source for recording of information on the medium.

FIG. 4 is a diagram of the storage medium and sens-
ing apparatus for retrieving information from the me-
dium.

FIG. 5 is a detailed schematic of apparatus used to
-record information on the medium.

FIG. 6 is a detailed schematic of apparatus used to
retrieve information from the medium.

DETAILED DESCRIPTION OF THE
INVENTION

Referring to the drawings wherein like numerals
indicate like elements, there is shown in FIG. 1 an infor-
smation storage medium 10 in accordance with the pres-
ent invention. The medium 10 is preferably formed in

-the shape of a disk having a central opening 12 to facili-
‘tate mounting of the disk on a device which rotates the
disk.-Such devices are well-known in the optical disk
information storage field and need not be described
therein. Conductive electrodes 14 arranged in a spaced
concentric pattern are formed on the top surface of the
medium 10. The conductive electrodes 14 are applied to
the top surface of the medium by photolithographic
techniques well-known in the semi-conductor field.

As shown in FIG. 2, the storage medium 10 com-
prises a semi-conductor wafer 16, preferably Si or other
Group IV element, and a thin electrically conductive
film 18 applied io the bottom surface of the wafer. The
conductive electrodes 14, as well as the conductive film
18, may be made of Al or other suitable electric conduc-
tor. The Si wafer is preferably doped with an impurity,
for example a Group III impurity such as B, and is
subjected to an ion beam, for example a Group V impu-
rity such as As, which introduces additional impurity
ions and lattice defects in a portion 20 of the wafer near
the wafer top surface. The p-n junction formed by dop-
ing and ion implanting the wafer is represented sche-
matically by dashed lines in FIG. 2.

Ion implantation is a well-known technique for dop-
ing semiconductors and is described in detail in the
literature. For example, see Carter and Grant, “Ion
Implantation Of Semi-Conductors” (John Wiley &
Sons, Inc. 1976). Details of such techniques are well-
known and need not be described herein.
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Ion implantation offers a simple, more accurate con-

trol of dopant concentration and p-n junction.depth . -

than doping by thermal diffusion. The junction depth
can be effectively controlled by controlling a single
variable, the energy of the ion beam. Ion implantation,
however, produces lattice defects which affect the con-
ductivity of the medium. Normally, an ion implanted
semiconductor is annealed to remove lattice: defects
introduced by the ion implantation. For this purpose,
the semiconductor is subjected to a temperature which
anneals the entire ion implanted portion of the semicon-
ductor. In the present invention, however, the semicon-
ductor wafer is not annealed and the lattice defects are
preserved until information is recorded on the medium
as described more fully below.

The doped, ion implanted portion 20 of wafer 16
defines a disk-shaped volume in which the impurities
and lattice defects are distributed. These defects can be
selectively removed by annealing discrete, localized
regions of wafer portion 20. An annealed region pos-
sesses a reduced resistivity. In the present invention, the
localized change in resistivity introduced at an annealed
region is used as the vehicle for recording and retriev-
ing information. As described more fully hereinafter,
the exposed areas 22 of the wafer top surface between
adjacent electrodes 14 serve as information recording
tracks. To record information, certain discrete regions
of the recording tracks are selectively annealed while
other discrete regions are left non-annealed.

As shown in FIG. 3, a radiation beam 24, preferably
a focused laser beam, scans each recording track 22 io
record information on the medium as the medium is
rotated. The laser beam 24 steps from one recording
track to another under control of a suitable device, such
as a computer-controlled drive mechanism well known
in the optical disk information storage field. The beam
24 is a relatively high powered beam having sufficient
energy to anneal a discrete, localized region 26 of the
doped ion implanted wafer portion 20 along a recording
track. Preferably, the beam has sufficient energy to
anneal the wafer to a depth slightly greater than the
depth of the p-n junction.

Discrete, localized regions 26 within a recording
track are sequentially annealed or left non-annealed by
the laser beam 24 by modulating the beam, ie. bv
switching the beam to an energy level capable of an-
nealing a discrete region when it is desired to store
information such as a binary “1” and by switching the
beam to an energy level incapable of annealing a dis-
crete region when it is desired to store information such
as a binary “0”. Annealed regions along a recording
track are shown in solid lines in FIG. 1. Non-annealed
regions are shown in phantom. Beam modulation can be
accomplished by switching the laser on and off in re-
sponse to a control signal 28 representative of the digital
information desired to be stored on the medium at each
discrete region. Apparatus for generating the control
signal and for modulating the laser accordingly is well-
known in the optical disk information storage field and
need not be described further herein.

To retrieve information recorded on the storage me-
dium 10, the medium is rotated so that the laser beam 24
scans each recording track. The laser beam is stepped
from one recording track to another as in the recording
mode. During information retrieval, however, the fo-
cused laser beam 24 is altered so as to reduce the beam
energy at the top surface of the wafer to a level incapa-
ble of annealing a discrete region but capable of exciting
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an annealed region so as to produce a photovoltaic
signal which can be conveniently detected by a sensing
device 30. For example, the beam energy may be re-
duced to approximately 10% of the energy level used to
anneal a discrete region of the medium during record-
ing. To initiate retrieval of information from medium
10, an operator-controlled device is activated to pro-
duce a control signal 32, which causes the laser source
to drop the beam energy to the desired level for retriev-
ing information.

As shown in FIGS. 1 and 4, the conductive rings 14
are electrically connected together by a radial conduc-
tive strip 34, for example Al, which contacts a conduc-
tive ring 14’ near the outer periphery of the medium.
The preferred sensing device 30 comprises a charge
sensitive preamplifier and detector. The preamplifier is
electrically coupled to the conductive ring 14’ and to
the conductive film 18 by sliding contacts 36, 38 respec-
tively. A charge sensitive preamplifier is preferred be-
cause it is capable of rapidly sensing the photovoltaic
signals produced by annealed and non-annealed regions
of the recording track as they are subjected to the re-
duced energy laser beam.

Each photovoltaic signal is generated at a conductive
ring 14 adjacent a discrete region which is subjected to
the reduced energy laser beam. The photovoltaic sig-
nals are sensed by device 30 since the conductive ring
14’ is electrically connected to each conductive ring 14
by the radial conductive strip 34. The device 30 gener-
ates a bi-level signal, the signal level being determined
by the strength of the photovoltaic signal generated at
the discrete region. The strength of the photovoltaic
signal is determined by the resistivity of the region. The
resistivity of an annealed region is significantly less than
that of a non-annealed region. The device 30 determines
whether the photovoltaic signal falls within a prese-
lected range, i.e. greater than some threshold level,
which is indicative of an annealed region. The signal
generated by device 30, then, represents a binary “1” or
“0” depending on whether the discrete region is an-
nealed or non-annealed.

- Error checking is conveniently and rapidly accom-
plished by the sensing device 30 during recoeding of
information. During annealing, a region produces an
enhanced photovoltaic signal. The signal may be com-
pared by the detector portion of device 30 to a thresh-
old so as to generate a bi-level signal. For example, the
device may generate a binary “1” when the threshold is
exceeded and a different signal, for example a binary
“0”, when the threshold is not exceeded. The output of
the sensing device 30 can be compared to a signal de-
rived from control signal 28 which indicates the digital
information which should be stored at each region if the
recording process were error-free. A signal comparison
circuit (not shown) can be employed for this purpose,
the output of the comparison circuit indicating an error
if the output of the sensing device does not match or
coincide with the state of control signal 28.

EXAMPLE 1

A Si semiconductor wafer was uniformly doped with
B, the doping level being approximately 2.0 1015 cm3,
to form a p-type wafer having a surface resistivity of
5-9 ohms-cm. The wafer was ion implanted with As
using an ion beam of 7.0 1015 ions/cm? at 100 Kev.
The peak concentration of As was 1.39 X 102! jons/cm3
located at a depth of 0.07 micrometers from the wafer
surface. The depth of the p-n junction, where the con-
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6
centration of implanted As ions equaled the concentra-
tion of the uniformly dispersed B ions, was 0.22 mi-
crometers. The junction depth is essentially the maxi-
mum depth that the implanted As ions contribute to the
photovoltaic response. The doped ion implanted wafer
was not annealed.

Information was recorded on the wafer by selectively
annealing discrete, localized regions of the wafer. An-
nealing was accomplished by directing a ruby laser
having a pulse width of 1.06 milliseconds with 3-7
Jjoules per pulse and a wave length of 694.3 nanometers
to the region on the wafer top surface. The laser was
focused on an area of the wafer top surface having a
diameter of 150 micrometers. The energy deposition at
the surface region was approximately 170 microjoules/-
micrometers2.

Retrieval of information was accomplished by direct-
ing a 5 milliwatt laser focused on an area of the wafer
top surface having a diameter of 200 micrometers. The
photovoltaic signal produced by an annealed region
ranged from 0.34~3.54 millivolts compared to a photo-
voltaic signal of 0.1 millivolts for a non-annealed region.

During recordal of information, that is, during an-
nealing of a region, enhanced photovoltaic signals up to
50 millivolts were detected.

EXAMPLE 2

A doped, non-annealed, ion implanted Si wafer was
exposed to a laser beam focused on a circular area on
the wafer top surface having a diameter of 2-5 microm-
eters. The laser focusing system is shown in FIG. 5. The
system comprised a Spectra Physics Model 164-09
Argon laser and a Spectra Physics Model 3445 cavity
dumper, dielectric mirrors M1 and M2, a couble convex
focusing lens L1, a spatial filter F1 mounted on a Jodan
spatial filter manipulator, and a 10X microscope objec-
tive lens L.2. The medium 10 was mounted on a X-Y
translator stage. The Si wafer was doped with B and ion
implanted with As ions. The p-n junction depth was
approximately 0.21 micrometers below the wafer top
surface. The focus laser beam annealed the 2-5 microm-
eter diameter areas to a depth greater than the p-n junc-
tion. Each laser pulse was 14 nanoseconds long with
10—9-10—10 joules per pulse, so that several pulses were
required to effect the annealing of each region.

To retrieve information from the medium, the fo-
cused laser beam energy was reduced to approximately
10% of the energy used to anneal a region. The beam
scanned the annealed regions of the wafer. The result-
ing photovoltaic signal was amplified with a charge
sensitive pre-amplifier and displayed on the screen of an
oscilloscope. The electronics used to sense the photo-
voltaic signal are shown in FIG. 6.

Although the invention has been described in terms
of a Si semiconductor wafer doped with Group III
elements and ion implanted with Group V elements, it is
also possible to produce the wafer by doping with
Group V elements followed by ion implantation with
Group III elements.- Moreover, other Group IV ele-
ments than Si may be used as the semiconductor.

‘In addition, although it is preferred that the medium
10 be disc-shaped with circular recording tracks and
rotated with respect to the radiation beam source, the
invention is not so limited. Thus, the medium 10 need
not be disc-shaped, the recording tracks need not be
circular, and the radiation beam source may be moved
while the medium is held stationary to effect recordal
and retrieval of information.
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In the embodiment described herein and shown in
FIGS. 1 and 2, the conductive rings are preferably
spaced by 10-50 micrometers and the laser beam source
is focused to an area having a diameter of approximately
1 micrometer on the wafer surface. In addition, the laser
beam used during recordal of information should have
sufficient energy so as to heat a region to a temperature,
for example approximately 400°-600° C., which results
in annealing of the region. The energy of the laser beam
used to retrieve information from the medium may be as
low as 1-100th of the energy of the beam used to anneal
a region.

Further, to assist annealing during recording informa-
tion, the medium 10 may be pre-heated in an oven for

10

example to 100° C., thereby permitting the energy of the 15

laser beam to be reduced while ensuring annealing of
the desired region.

The present invention may be embodied in other
specific forms without departing from the spirit or es-
sential attributes thereof and, accordingly, reference
should be made to the appended claims, rather than to
the foregoing specification, as indicating the scope of
the invention.

I claim:

1. Information storage medium, comprising:

a silicon semiconductor having a doped portion con-

taining boron as a first impurity and arsenic as a
second impurity and having a p-n junction, said
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doped portion containing non-annealed lattice de-
fects, spaced conductive aluminum electrodes dis-
posed in a circular concentric pattern so as to
contact a surface of said doped portion on one side
of said p-n junction,

a conductive layer of material disposed so as to
contact a surface of the semiconductor or another
side of the said p-n junction.

2. Article for storing information in binary form,

comprising:

a semiconductor having a doped portion containing
first and second impurities and p-n junction, said
doped portion containing non-annealed lattice de-
fects,

spaced conductive electrodes disposed in a circular
concentric pattern so as to contact a surface of said
doped portion on one side of said p-n junction,

at least one discrete, localized annealed region in said
doped portion representative of one state of said
binary form, and

at least one discrete, non-annealed region in said
doped portion representative of the other state of
said binary form.

3. Article according to claim 2, wherein said semicon-

ductor is silicon and said first and second impurities are

boron and arsenic.
* * *® * *
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