
PATENT SPECIFICATION  (11)  1457780 (21) Application No. 9256174   (22)
Filed 1 March 1974   (19) (31) Convention Application Nos. 336 916  (32)
Filed 1 March 1973 413 865          8 Nov. 1973 in (33) United States of
America (US) (44) Complete Specification published 8 Dec. 1976 (51) INT.
CL.[err] HOlL 29/78 (52) Index at acceptance HIK 11A3 1lD1 l1D 1lY lC7F1
lC7FY 1CX 2S20 4C14 4C3Y 4F15 4FI6 4F17 4F1C 4F20 4F21 4F22A 4F22D 4F25
4F27 4F7C 5B2 5BX 5C3A 5C3E 5C3G 5CY 5L 7B 7T 9C1 9C 9N2 9R DE (72)
Inventors DAVID McELROY BOULIN, DAWON KAHNG, JOSEPH RAYMOND LIGENZA and
WILLIAM JOSEPH SUNDBURG (54) IMPROVEMENTS IN OR RELATING TO SEMICONDUCTOR
MEMORY/ 4                                              DEVICES (71)   We,
WESTERN ELECTRIC  COM-  structure, and thus this structure affords a PANY,
INCORPORATED, of 195 Broadway, New  memory cell which can be read out
electric- York City, New York State, United States  ally by a simple
capacitance measurement. of America, a Corporation organised and  For
electrical erasing in this [err] struc- 45 5 existing under the laws of the
State of new  ture, a positive voltage is applied to the metal York, United
States of America, do hereby  electrode, so that the captured electrons (if
declare the invention, for which we pray that  any) are transported back to
the metal by a patent may be granted to us, and the  means of
Fowler-Nordheim tunnelling in the method by which it is to be performed, to
opposite direction from that during the write- 50 10 be particularly
described in and by the  in. In such a memory device, the presence or
following statement: -                  absence of captured electrons at
surface The invention relates to semiconductor  states at the [err]
interface of the insulator memory devices, and more particularly those
layers defines the memory state of the de- semiconductor memory devices in
which the  vice.                                 55 15 semiconductor is
contacted by a multilayer    Other types of [err]  structures in the
insulator.                              prior art rely upon the phenomenon
of tun- In computers and electronic communica-  nelling of charge carriers
between the [err], tion systems, there is a need for electronic  interface
and the semiconductor, rather than memory apparatus having device elements
the metal electrode. Again,, the presence or 60 20 which can store at least
a bit of binary in-  absence of captured electrons at the [err] put
information.  For example; in U.S. interface state defines the memory state
of Patent Specification No. 3,604,988, an [err]  the device. layered
structure memory device is disclosed.    The above-mentioned [err]
structures Here, "S" denotes a semiconductor layer,  can be incorporated in
integrated circuit 65 25  "I[err]" and "I[err]" denote first and second
insu-  arrays for mass memories, as known in the lator layers,
respectively, and "M" denotes a  art. In such arrays, instead of  measuring
metal electrode layer. In that  type of de-  the capacitance of a
two-terminal device as vice structure, the first insulator layer I[err] is
previously described, each of the [err] por- located in physical contact
with a major  tions of many such [err] structures is ad- 70 30 surface of
the semiconductor, and the second  vantageously fabricated as the gate of
an in- insulator layer I[err] is sandwiched between the  sulated gate field
effect transistor (IGFET) in first insulator layer [err] and the metal
elec-  which the gates are all. integrated on a single trode.  For
electrical write-in  of the de-  semiconductor substrate . As also known in
vice, negative voltage is applied to the metal  the art, these arrays can
be addressed for 75 35 electrode, so that electrons are transported
selective write-in, readout, and erase by by "Fowler-Nordheim" tunnelling
from the  various selective crosspoint electrical circuit metal to the
interface [err] between the in- techniques, such as described for example,
sulators, where these electrons- are cap-  in U.S. Patent Specification No.
3,665,423. tured. The presence of such captured elec-    However, the
interface states of prior art 80 40 trons at the interface thereby modifies
the  [err]- structures are "naturally occuring" electrical capacitance
across  the [err]  that is, they are not intentionally produced    



2                                         1,457,780
2 by any well-controlled process for introduc-  about 50 Angstroms) I[err]
insulator layer be- ing such states, but are formed  as by-pro-  tween the
semiconductor and the [err] insu- ducts during the fabrication process.
Conse-  lator interface is used, in order to reduce the quently, these
interface states tend to be  required applied  voltages and hence the elec-
5  rather unpredictable in their capture and  trical fields in the
insulator layers. In turn, 70 discharge of electronic charge  t the inter-
however, such a very thin I[err] insulator layer face and hence erratic in
their e ects on de-  undesirably allows the captured electrons at vice
operation, as well as ineffi ient in the  the interface to tunnel directly
back to the capture of electrons travelling toward the  semiconductor, even
when no voltages are 10 interface during the memory write-in step.
applied, thereby limiting the electrical charge Therefore, these controlled
interface states  storage retention time of the memory device not only
cause erratic device behaviour but  typically to less  than the order of a
single also necessitate the use of rather long write-  day. in times (slow
write-in speed) in the memory    Another approach in the prior art of 15
device. In addition, many of these inter-  [err] memory devices involves
the use of 80 face states are further characteri ed by rela-  avalanche
injection for electrical write-in, tively large energy barrier depths
within  ratherr than electrical field-assisted ("Fowler- which the
electronic charge carri rs are cap-  Nordheim") or other tunnelling
processes as tured, necessitating the use of rather long  in the devices
discussed above. For example, 20  times and high voltages to emp  the
inter-  floating gate transistors as described in U.S. 85 face states
during the erase step. Thus, un-  Patent Specification No. 3,660,819
attempt desirably large voltages and long periods  to circumvent the
above-mentioned problems of time are required for mem ry write-in  by
utilizing the phenomenon of avalanche in- 25  as well as erase steps,
thereby limiting the  jection of charges between the floating gate
electrical programming and reprogramming  and the semiconductor substrate.
However, 90 speeds.                                    such devices cannot
be electrically erased, Another problem  with prior  art [err]  but are
limited to thermally or optically in- memory devices arrises in conj  ction
with  duced discharge  for erase of the memory the use of very thin I[err]
layers (about 30  state. Moreover, such devices suffer from 30  Angstroms
or less), which are sometimes  degradation of the oxide insulator due to
95 used in order to keep the app ed electric  avalanching, and therefore
those devices are fields, required for write-in or e ase opera-  not well
suited for repeated write-ins (re- tion, at a sufficiently low value to
prevent  programs). It would therefore be desirable breakdown of the
insulator(s).  However,  to have a semiconductor memory element 35  those
very thin I[er] layer devices operate by  which mitigates the above
shortcomings of 100 the phenomenon of direct tunnel  g of elec-  the prior
art. tronic charge between the [err] in erface and    The invention,
provides a semiconductor the semiconductor, rather than  y Fowler-  device
comprising a first insulator in contact Nordheim tunnelling; therefore,
those devices  with a surface of the semiconductor, a 40  tend to have only
limited stora  times, of  second               insulator coupled to form an
inter- 105 the order of less than about a single year.  face region with
the first insulator, a metallic Increasing the thickness of the I[err]
while  layer on a surface of the second insulator, improving the storage
time, was possible  wherein an impurity is atomically or mole- only at the
sacrifice of increased write-in  cularly dispersed within the interface re-
45  and erase speeds, of the order of about one  gion in a surface
concentration of between 110 millisecond or more.
substantially I x10[err] and 2 x 10[err]  atoms per On the other hand, the
use in semiconduc-  square centimeter so as to supply states for tor memory
devices of small meta1 particles  the capture of charges in the interface
re- (or discontinuous metal layers)  the inter-  gion. 50  face of two
insulator layers in an [err]      The insulator interface ([err]) region,
con- 115 device, such as described in Applied Physics  taining the boundary
between the insulator Letters, 18 (7) pp. 267-269, (1 April 1971)  layers,
is rich in atomic or molecular impur- tends to reduce the above-mentioned
prob-  ity. For ease of fabrication, the impurity lem of large energy
barrier whi h captures  is a metal selected such that it increases the 55
the charges. This improvement comes about  cauture (trapping) efficiency of
electronic 120 by reason of the fact that the small metal  charge carriers
(electrons or holes), particu- particles tend to reduce the energy barriers
larly those charge carriers which can be of interface states.  However,
these small  transported  from  the  semiconductor (or metal particles in
such devices also present  metal) to the [err] interface by the pheno- 60
the added problem  of producing relatively  menon of Fowler-Nordheim
tunnelling. The 125 



high electrical fields in the insulator(s) in  electric field for inducing
this tunnelling is the immediate neighbourhood of the metal  provided
simply by means of a voltage ap- particles. These fields tend to cause
undesir-  nlied across the entire [err] structure. For able breakdown of
the insulator(s) at oper-  operation with somewhat smaller voltages 65
ating voltages unless a very thin (less than  for the write-in, readout and
erase proce- 130    3                                        1,457,780
3 dures, but at some sacrifice of memory stor-  corporated in an IGFET
circuit, in which age time of trapped electronic charge car-  readout is
accomplished by monitoring the riers at the [err] interface region,
somewhat value of source-drain current as affected by thinner I[err] layers
can be used whereby the  the presence of the channel inversion layer 5
charge carriers are transported from  the  under the influence of the
captured charge  70 semiconductor to the [err] interface by the  carriers
(at the [err], interface) in the presence phenomenon of direct tunnelling
rather than  of suitable applied gate voltages. by Fowler-Nordheim
tunnelling.              In a specific embodiment of the invention, In
order to realize the full advantages of  an [err] layered structure
contains metallic the invention, it is preferable that the im-  tungsten
impurity atoms at the [err] interface. 75 purity at the [err] interface is
further charac-  Advantageously, these atoms are introduced terised by a
relatively low diffusion coeffi-  into the [err] structure during
fabrication cient so that most of the impurity remains  by the deposition
of tungsten onto the ex- concentrated at the [err] boundary; for it is
posed surface of the [err] layer just prior to 15 desirable that the
impurity profile in the  the subsequent deposition of the L layer and  80
final device be sufficiently concentrated in  the M  layer. Specifically,
the semiconduc- the vicinity of the [err] interface so that the  tor (S) is
silicon, the I[err] layer is silicon di- electrical conductance from  the
interface  oxide (silica), and the I[err] layer is aluminium to either the
semiconductor or the metal  oxide (alumina). In this way, the [err] inter-
20  electrode is not increased, otherwise undesir-  face region in the
completed [err] struc- 85 able leakage current would be produced in  ture
is rich in tungsten as an impurity which the [err]  memory device.
Moreover, the  induces associated energy states in the in- surface
concentration of this metallic impur-  sulator energy band structure at the
I, ity at the [err] interface is in the range of  interface, and thus this
[err] structure can 25  about 10[err] to 2 x 1015 atoms per square centi-
function as a useful memory device when in- 90 meter, which is equivalent
to about 0.2 to  corporated with suitable electrical circuitry. 4.0
Angstroms thickness  of pure metal as  Write-in and erase times of as low
as about deposited on the I[err] layer (prior to the for-  0.1 microsecond
have been achieved with mation of the I[err] layer). By reason of this
such an [err] structure with applied volt- 30 extremely small quantity of
impurity used,  ages of as low as about 30 volts or less for 95 the
metallic impurity in the completed  both the write-in and the erase steps.
[err]  structure advantageously is not by    Two specific embodiments of
the invention itself characterised by its own Fermi level:  will now be
described by way of example but instead, this small quantity of impurity
and with reference to the accompanying 35 is dispersed in the insulator(s)
and thereby  drawing, in which: -                 100 induces suitable
associated energy states in    Fig. 1 is a diagram, partly in cross section
the band structure of the insulator(s) at the  of a semiconductor memory
apparatus ac- [err] interface.                            cording to a
specific two-terminal device em- Although it should be understood that the
bodiment of the invention; and 40 scientific theory of the invention is not
essen-    Fig. 2 is a diagram, partly in cross section, 105 tial to the
successful operation thereof, it is  of a semiconductor apparatus according
to believed that the resulting [err] interface im-  a specific
three-terminal device embodiment purity region, which is rich in impurities
con-  of the invention. centrated at the [err] interface, gives rise to a
As shown in Fig. 1, a semiconductor mem- 45 clearly defined energy barrier
characterised  ory device structure 10 includes an N-type 110 by a
potential minimum ("well") with asso-  monocrystalline  semiconductor body
11, ciated "interface states" which are suitable  typically
silicon-oriented (1,1,1) or (1,0,0) for the capture of charge carriers.
Moreover,  and having a bulk resistivity of about one the charge carriers
captured in this potential  to ten ohm cm, about 5 ohm cm for example. 50
"well" subsequently can be reversibly forced  An insulator ([err]) layer
12, typically silicon 115 out of these [err] interface states back to the
dioxide, is located on a major surface of the semiconductor (or metal)
again by the pheno-  semiconductor body 11, forming an insulator- 



menon of Fowler-Nordheim tunnelling, but  semiconductor interface 11.5
therebetween. in the reverse direction (from  which the  A second insulator
([err]) layer 13, typically 55 charge carriers originally tunnelled to fill
the  aluminium oxide, is located on a major sur- 120 interface states).
face of the insulator layer 12, forming an Since the presence or absence of
captured  insulator[err]-insulator[err]  ([err]) interface  12.5 charge
carriers at [err] interface results in dif-  which is rich in an impurity,
typically metal- ferent values of capacitance of the SI,IM  lic tungsten,
as more fully explained below. 60  structure of this invention, this
structure thus  A metal electrode 14 is situated in physical 125 provides
an  electrically  reprogramnable  contact with the exposed top surface 13.5
of memory element which can be nondestruc-  the I[err] layer 13, and an
electrode 15 makes tively read out by means of a single capaci-  physical
contact with the semiconductor body tance  measurement.  Alternatively,
the  11; thus completing the [err]  capacitor 65  [err] structure of this
invention can be in-  structure 10 serving as a memory device in 130    4
1,457,780                                         4 the circuit shown in
Fig. 1.  Advantage- interface brings the structure 10 into the  65 ously,
the [err] layer 13 is thick r than the I[err]  "erase" state.] layer 12,
and the dielectric   nstant of the    Continuous readout of the state of
cap- [err] layer is greater than that f the [err] layer  tured electrode
charge at the [err] interface 5  12; so that the electric field is greater
in the  12.5 is provided by means of a conventional [err] layer than in the
[err] layer  while the tun-  capacitance detection monitoring circuit, in-
70 nelling of charge carriers to (and from) the  cluding the signal current
detector 22, the [err] interface 12.5 takes place substantially  signal
source 23, the field bias battery 24 exclusively from (and to) the
semiconductor  (optional), and the switch 25, all connected 10  body 11
(and not the electrode  14), by reason  in series across the common
terminal 17.5 of of the phenomenon of Fowler-Nordheim tun-  the switch 17
and the common terminal 19 nelling induced by voltages applied across the
During readout, the switch 17 is set in the electrodes 14 and 15.
open position  while the switch 25 is closed. To complete the circuit (Fig.
1) the elec-  Since the capacitance of the structure 10 15  trode 14 of the
structure 10   connected by  (under a given voltage bias of the battery 24)
an electrically conductive wire lead 16 to  depends upon the state of
captured elec-  80 the common terminal 17.5 of  a single-pole  tronic
charges at the [err] interface, the signal double-throw electrical switch
17 having first  current sensed by the detector 22 likewise and second
contact terminals 20.5 and 21.5.  depends upon the state of captured
charges 20  The other electrode 15 of the structure 10 is  at this [err]
interface. Advantageously, the connected by an electrically conductive wire
peak voltage of the signal source 23 as well 85 lead 18 to a different comm
n terminal 19;  as the voltage of the optional field bias bat- to which
common terminal a e also electric-  tery 24 are kept sufficiently low, so
that the ally connected the negative terminal of a  detection process
itself should not cause any 25  (write-in) battery 20, the positive
terminal  further tunnelling of charges in the structure of an (erase)
battery 21, as w 11 as a terminal  10 (which would otherwise cause spurious
90 of a current detector 22. T e first terminal  "write-in" or "erase").
Thereby, the detec- 20.5 of the double-throw s tch 17 is elec-  tor 22
furnishes continuous nondestructive trically connected to the positive
terminal of  readout of the memory state, as defined by 30  the battery 20,
and the seco  terminal 21.5  the the amount of charge which is trapped at
of this switch 17 is electric  y connected to  the [err] interface 12.5 of
the structure 10.  95 the negative terminal of the  attery 21. Fin-
Thus, the apparatus shown in Fig. 1, in- ally, an ac signal source 23 for
capacitance  cluding the  structure 10, provides an elec- readout) is
connected in ser   with the de-  trically reprogrammable memory with con-
35  tector 22, a field bias battery (optional) 24,  tinuous and
nondestructive readout, in which and an electrical switch 25, o complete
the  the battery 20 supplies the required write-in 100 circuit shown in
Fig. 1.                   voltage and the battery  21 supplies the re- In
operation for write-in of the memory  quired erase voltage. Typically, the
write- In operation for write-in the  memory  in voltage of the battery 20
can be as low device structure 10, when   e switch 17 is 40  thrown  into
contact with the first terminal as about 30  volts in a pulse as low as 0.1
20.5 (the switch 25 being opens), the electric  microsecond in' pulse width
(i e., closing of 105 field in the [err] layer (produced by the battery
switch 17 to contact 20.5 for a duration of 0.1 microsecond), in
conjunction with an 



conductor body 11 throught this [err]   layer to  erase voltage (battery
21) of about 30 volts 45  the[err] interface likewise, as a pulse of 0.1
microsecond. It should  be understood; of course, that 110 thereby
captured at  this [err]  interface and    It should be understood, of
course, that 110 therby  captured at this [err] interface, and  this
detection circuit as shown in Fig. 1 is the structure 10 is  thus brought
into the  con.- "write-in" state. This state persists so long ventional
capacitance detection circuits can 'as the electric field in the device 10
is not ex-  alternatively be used. 50  ternally reversed above the
threshold of re-    In order to fabricate the structure 10, in 115 verse
transport of capture electrons back an illustrative example, advantageously
the to the semiconductor 11.                   major surface 11.5 of the
silicon body 11 is For erase operation, the switch  17 is  initially
carefully pre-cleaned as by an oxide thrown into                second
terminal  depositor-removal  procedure "oxide strip 55  21.5, thereby
connecting thbattery 21 into  ping"). Then the silicon dioxide insulator
120 circuit with the device 10 (the switch 25 being  layer 12 is grown,
typically by dry thermal again open). Thereby, th  electric field is
oxidation, on  the major surface 11.5 of the reversed in the [err] layer 12
above threshold  silicon body 11 to a thickness of between for reverse
transport: and  therefore the pre-  60 and 200) Angstroms, typically about
100 60  viously captured electrons at the [err] inter-  Angstroms,
Alternatively, either dry or wet 125 face 12.5 are induced to tunnel back
to  anadization  techniquescan be used togrow the semiconductor body 1l,
thus discharg-  this insular layer 12 on the semiconductor ing the [err]
interface of the previously cap-  body -11. Next, the exposed: surface 12.5
of tured electrons. This discharging of the [err]  the insulator layer 12
is subjected  to  an eva-    5                       1,457,780
5 poration thereon of metallic tungsten, to the  minium thereon to a
thickness of 0.2 microns. extent of a surface deposition of between
Metallic impurities other than tungsten can about 1 x 10[err] and 2 x
10[err] atoms of tungsten  be used at the I[err] interface 12.5, such as
per square centimeter, which is equivalent to  iridium  (1 x 10[err] to
advantageously only 5 a thickness of between about 0.2 and 4.0  about 1 x
10[err] per cm'), platinum, tantalum, 70 Angstroms of pure tungsten.
However, it or niobium, or mixtures thereof in any pro- should be
understood that the tungsten need  portion(s). Whatever such metal impurity
not persist in the finished device 10 as pure  (or combination thereof) is
selected, advan- tungsten as such, particularly in view of the  tageously
it should be selected in such a way fact that less than about a
monomolecular  that this metal impurity should not evapor- 75 equivalent
thickness of metallic tungsten is  ate at the elevated temperature at which
involved in the deposition thereof, and hence  the L[err] layer is
subsequently deposited. It there is insufficient thickness in any dimen-
is also important that the diffusion coefficient sion (with no clumping)
for the tungsten to  for the metal be sufficiently low, so that the 15
define its own (metallic) Fermi level at the  deposited atoms of this metal
should not 80 I[err] interface 12.5 in the finished device. The  diffuse
away from the [err] interface, either tungsten is thus atomically or
molecularly  through the [err] layer to the semiconductor dispersed as an
impurity in the insulator  body 11 or through the entire thickness of layer
at the interface 12.5, i.e., not as bulk  the final [err] layer, at said
elevated temper- 20 metal defining a Fermi level therein.    ature of
I[err] deposition. Thus, in genera, it 85 In view of the extremely small
and the  is desirable that the final impurity profile in rather
well-controlled amount of tungsten  the insulator layers be limited such
that the to be deposited, advantageously the deposi- impurity concentration
away from the [err] tion of the tungsten onto the exposed surface
interface falls below significant values before 25  12.5 is carried out
with this surface located  it reaches the SI[err] and IM interfaces.  90 at
a much larger distance from  an eva-   It should be mentioned also that,
instead of poration source of the tungsten that a con-  aluminium oxide,
other insulator materials trol sample surface at which a tungsten de-  with
relatively high dielectric constants (com- position is simultaneously
carried out. The  pared to the I[err] layer) such as silicon nitride, 30
inverse square law is then used to calculate  typically also from 300 to
700 Angstroms 95 and monitor the amount of tungsten being  thick, can
likewise be used for the [err] layer deposited on the surface 12.5, on the
basis  in the structure 10. Of course, if the pheno- of the much greater
thickness of tungsten  menon of Fowler-Nordheim tunnelling be- then being
deposited upon the control sample  tween the metal electrode 14 and the
[err] 



35 surface located much closer to the evapora-  interface is to be utilized
in the structure 10 100 tion source. Alternatively, the tungsten can
(instead of between the semiconductor body be introduced at the exposed
surface 12.5  11 and the [err] interface), then the [err] layer by mixing
some tungsten halide with alumin-  (rather than the [err] layer) should be
selected ium halide (being used for vapour deposi-  to be the thinner layer
of lower dielectric 40 tion of the I[err] layer 13) advantageously dur-
constant; for example, zinc sulphide as the 105 ing only the initial phase
of an aluminium  I[err] layer in combination with silicon dioxide oxide
deposition of the I[err] layer 13. In this as the [err] layer on silicon
semiconductor. way, the tungsten impurities are concentrated    The
diffusion constant of platinum in sili- at the [err] interface; thereby
otherwise en-  con dioxide at an elevated temperature of 45 hanced
electrical conductance by reason of  900 degrees C is believed to be of the
order 110 impurities all the way from the metal elec-  of l0-[err]
cm[err]/sec or less. This diffusion con- trode to the [err] interface in
the final S[err]M  stant corresponds to a diffusion length of structure 10
is avoided, which would cause  about 40 to 50 Angstroms or less for a dif-
undesired leakage current and hence re-  fusion time of approximately
one-half hour, 50 duced charge storage lifetime.            which is a
typical time required for the for- 115 After the tungsten impuritiy has
been thus  mation of the insulator, layer at that elevated introduced, the
I[err] layer 13 is formed by de- temperature in the state-of the art
chemical positing aluminium oxide to a typical thick-  vapour deposition
techniques. It is believed ness of between 300 and 700 Angstroms, for  that
the diffusion constants of such metallic 55 example about 500 Angstroms,
typically by  impurities as tungsten, iridium, tantalum 120 conventional
aluminium halide vapour de-  and niobium are likewise of the same order
position at an elevated temperature of about  of magnitude as that of
platinum. There- 900 degrees C                            fore, it is
believed that the majority of those The thickness of the aluminium  oxide
impurities which are situated in the I[err] layer 60 layer 13 is not
critical, but should be suffici- in the final device are confined within at
125 ently thick to prevent pinholes from shorting  most 40 or 50 Angstroms
from the L[err] inter- the electrode 14 to the [err] interface 12.5.  face.
It is also believed that the diffusion The metal electrodes 14 and 15 are
subse-  constants in silicon dioxide of tungsten and quently deposited onto
the [err] layer, typic- the other emtallic impurities mentioned 65 ally by
evaporating a layer of metallic alu-  above are approximately equal to, or
less 130    6                             1,457,780
6 than, the corresponding diffusion constants  N-type monocrystalline
semiconductor wafer for these impurities in aluminium oxide.  substrate 31,
typically semiconductive sili- Therefore, it is also believed that the
major-  con having a resistivity in the range of about ity of those
impurities in the final device  1 to 10 ohm centimeter, about 5 ohm centi-
5  which are situated in the [err] layer are also  meter for example. The
substrate 31 is sub- 70 confined within at most 40 or 50    troms
stantially identical to the previously described from the [err] interface.
Moreover, the va-  semiconductor-body 11 except that the sub- pour
pressures of tungsten, platinum, iridi-  strate 31 also includes a
field-effect transistor um, tantalum and niobium at 900 degrees C
"source" region 43 and "drain" region 44. 10  are all believed to be lower
than 10[err] torr  These "source" and "drain" regions 43 and (millimeters
of mercury).  Ther fore, it is  44 are both strongly P-type (P+)
conductivity also believed desirable that the vapour pres-  semiconductor,
formed typically by the dif- sures of the impurities to be deposited at the
fusion of acceptor impurities into the original I[err] interface at 900-
degrees C should be  substrate 31, as :known in the art of field- 15
either lower or not very much higher than  effect transistors. A major
surface 31,5 of 80 10-[err] torr, so that these impurities should  the
semiconductor substrate 31 is in contact not evaporate away from the device
during  with a first insulator layer 32, typically fabrication of the [err]
layer at the elevated  silicon dioxide, upon which is located a
temperatures required (if any) f r [err] layer  second insulator layer 33,
typically alumin- 20 formation.  However, if elevates tempera-  ium  oxide,
forming an 1[err] insulator inter-  85 tures are not required for
fabricating the [err]  face 32.5 therebetween. The insulator layers layer,
or for any subsequent steps in fabri-  32 and 33 are substantially
identical to the cating the device, then the above  consider-  insulator
layers 12 and 13, previously des- ations for diffusion constants and vapour
cribed in connection with Fig. 1. An ohmic 25  pressures of the impurities
are o  iously not  electrode contact 35 to the substrate 31, and  90
applicable (except at the lower te peratures  a gate electrode 34 on the
insulator layer 33, 



involved). In the present state   art, how-  complete the IGFET structure
30. ever, such elevated temperatures are in-    As further illustrated in
Fig. 2, a signal deed required for fabricating d    quality  source 37 of
information to be stored in the 30 insulator[err] layers.
device 30, is connected across the gate elec- 95 Based upon experience at
higher tem-  trode 34 and the substrate 31 through the peratures (250
degrees C to 350 degrees C) a  ohmic electrode 35. The information sig-
device 10 fabricated in accordant with the  nal source 37 advantageously
provides both above techniques is, reasonably expected to  positive
(write-in) and negative (erase) pulses 35  furnish significant memory
storage at tem-  of information to be stored, typically in the 100
peratures as high as 1900 degrees C for over  range of about 30 to 60
volts, the pulse twenty years. This expectation is based (at  widths being
typically of the order of ten least in part) upon the following considera-
microseconds each pulse. However, pulses tions. It is believed that the sto
ge time of  as low as 0.1 microsecond in width can also 40 charge carriers
at the [err] interface is limited be used. These information pulse signals
are 105 by reason of leakage of these carriers through  applied by the
information source 37 to the the [err] layer. In experiments conducted with
gate electrode 34 in order to write in or a specific example of the device
10 under  erase, respectively, electronic charges at the an applied voltage
bias of 10 volts at 250  insulator interface 32.5. 45 degrees C
thereacross, of a volt ge polarity    In  addition, a means to provide
electrical 110 which encouraged leakage through the I[err]  connection
from  the information  signal layer (leakage through the I[err] ayer being
source 37 to the IGFET source region 43 negligible), the storage time o
electronic  through a switch 36 is provided in order to charge carriers in
the device was  measured as  afford further control over the erase opera-
50  approximately one week. Based  pon known  tion. In particular, the
closure of the switch 115 theoretical models of electric-field enhanced  36
during the application to the gate elec- conduction through the I[err]
layer, it is expected  trode 34 of negative (erase) pulses by the that the
storage time under zero  oltage bias  signal source 37 induces an
electrically con- will be at least about ten years at 250 de-  ductive
channel inversion layer in the surface 55  grees C and at least twenty year
at 100 de-  region of the semiconductor  substrate 31 be- 120 grees C.
tween the source region 43 and the drain re- Fig. 2 shows apparatus
including a struc-  gion 44.  Thus, the entire negative pulse ture 30 which
is similar to the structure 10 voltage of the information source 37 appears
previously described; except that  e structure  as a voltage drop across
the insulator layers 60  30 is incorporated in an integr ed type of  32 and
33, and the portion of this voltage  125 circuit arrangement. This
structure   30 there-  drop across layer 32 inducers the tunnelling by
forms an IGFET (insulate-gate field-  of electronic charges through this
insulator effect transistor) portion of the circuit serv-  layer 32.  On
the other  hand if and when ing  as a continuous readout add memory  the
switch 36 is open during the erase oper- 65  storage device. The structure
30 includes an  ation  while the source region 43 and drain 130    7
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negatively biased (not  1[err] interface). Thus, for readout operation,
shown) with respect to the semiconductor  the switch 39 is closed to apply
the above substrate 31, this channel inversion layer  suitable voltage bias
to the gate electrode 34, does not form; but instead a depletion layer
while the source-drain current is measured 5 is formed in the surface
region of the sub-  by the current detector 42 upon closing the  70 strate
31 between source 43 and drain 44,  switch 51.5. A relatively high current
in the which causes a voltage division of the nega-  detector 42 is
indicative of an immediately tive (erase) voltage pulse across both the
preceding  positive  (write-in) information insulator layers 32 and 33 as
well as across  pulse applied by the information source 37, this depletion
layer. Thereby, in particular,  whereas a relative low such current is
indica- 75 the electric field responsible for tunnelling  tive of a
negative (erase) preceding informa- through the insulator layer 32 is
reduced by  tion pulse. Thereby, non-destructive and re- this voltage
division. Thus, the opening of  peatable readout of the state of stored
elec- the switch 36 during the erase operation,  tronic charge at the [err]
interface, and hence 15  with a suitable negative pulse height sup-  of the
polarity of the preceding information  80 plied by the information source
37, reduces  pulse, is afforded by the apparatus shown in the tunnelling of
electronic charges through  Fig. 2. the insulator layer 32 and hence
inhibits the    It should be obvious to the worker in the 



erase effect of the negative pulses of the sig-  art that, with a reversal
of polarity in the bat- 20  nal information source 37. This erase-inhi-
teries 38 and 51, the conductivity type of 85 biting effect
("inhibit-erase") is particularly  the substrate 31 can be P type in
combina- useful in the case of selective erase of  tion with N+-type source
and drain regions memory elements in memory arrays formed  43 and 44 in the
device 30. In such a device, of many IGFET structures 30 functioning
"inhibit-write-in"  (rather  than  "inhibit- 25  as memory elements.
erase") is obtainable by means of a positive  90 For readout of the memory
state of the  voltage bias applied to the source and drain structure 30, a
battery 51 and an electrical  with respect to the substrate. In an actually
switch 51.5 are electrically connected in series  constructed device of
such a type, the insu- with a current detector 42 across the IGFET  lator
layer 32 was a layer of silicon dioxide 30  source region 43 and the drain
region 44 of  about 70 Angstroms in thickness, and the  95 the device 30.
In operation, the closing of  insulator[err] layer 33 was a layer of
aluminium the switch 51.5 enables continuous and non-  oxide about 520
Angstroms in thickness with destructive readout, by the current detector
about 1.5 x 10[err] tungsten impurity atoms per 42, of the state of
captured electronic charge  cm2 at the insulator interface. For that de- 35
at the interface 32.5 which is produced in  vice, the initial (erase state)
threshold volt- 100 response to the information pulse signal 37.  age of
about one volt (for the formation of Depending upon the polarity of the
immedi-  a channel inversion layer) was increased to ately preceding
information signal applied by  about 6 volts by means of a write-in pulse
the source 37 to the gate electrode 34, the  height of about 25 volts for
about 100. 40  interface 32.5 will be rich in, or devoid of,  microsecond,
or by a pulse of about 30 volts 105 captured electronic charges which have
tun-  in height for about 1.0 microsecond. In the nelled between the
semiconductor substrate  absence of the tungsten impurities, a simi- 31 and
the [err] interface 32.5. In the surface  larly constructed device required
a write-in region of the semiconductor 31 between the  pulse width of at
least about 5 x 10[err] micro- 45  source 43 and the drain 44, a relatively
seconds with a 30 volt pulse height for the 110 highly electrically
conducting channel in-  same change in threshold. version layer can form,
as known in the art,   It should be understood that various other in
response to the application of suitable gate  selections of the insulator
materials and the voltage supplied by a battery 38 upon clos-
semiconductor used for the structure shown 50  ing an electrical switch 39.
This gate volt-  in Fig. 2 can be utilized in this invention 115 age has a
threshold value for the formation  similarly to the various selections of
materials of such an inversion layer, which depends  for the corresponding
elements 12, 13 and 11 upon the state of the stored electronic charge  in
the structure 10 shown in Fig. 1. at the [err] interface 32.g. Thus, for
read-    Devices in accordance with this invention 55  out purposes, the
battery 38 is adjusted to  may also be designed involving the tunnelling
120 supply a voltage bias which is sufficient to  of positively charged
"holes" instead of, or in induce such a channel inversion layer in the
addition to, negatively charged electrons. In case where the immediately
preceding infor-  addition, it should also be obvious to the mation pulse
supplied to the gate electrode 34  worker in the semiconductor art that
many 60 by the source 37 was positive (write-in), but  memory elements,
each of the type described 125 which is not sufficient to produce such an
in-  above, can be combined in a single memory version layer in the case of
a negative (erase)  storage and readout array on a single semi- preceding
information pulse (the battery 38  conductor substrate in accordance with
in- itself is not sufficient in any event to change  tegrated circuit
techniques, as described in 65  the amount of stored electronic charge at
the  the aforementioned U.S. Patent Specifica- 130    8
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Selective  crosspoint    5. A device as claimed in any one of the write-in
and readout are then  easily and con-  preceding claims, wherein the
impurity is 30 veniently performed as set forth.         dispersed in a
region which extends into WHAT WE CLAIM IS:-                       the
first and second insulators for a distance 5    1. A semiconductor device
comprising a  less than 50 Angstroms from the interface first insulator in
contact with a seurface of  of the insulators. the  semiconductor,  a
second insulator    6. A device as claimed in any one of the  35 coupled to
form an interface  gion with the  preceding claims, wherein the impurity is
a first insulator, a metallic laye on a surface  metal which comprises
atoms of a material 10  of the second insulator, whe    an impurity
selected from the group consisting of tung- 



is atomically or molecularly   persed within  sten, tantalum, platinum,
niobium, iridium, the interface region in a surfce concentra-  or a mixture
thereof.                   40 tion of between substantiall  1 x 10[err] and
7. A  device as claimed in any one of 2X 10[err] atoms per square
centimeter so as  the preceding claims, wherein the device is 15  to supply
states for the capture of charges  incorporated within an insulated gate
field in the interface region.                   effect transistor circuit.
2. A  device as claimed in claim  1,    8. A semiconductor device
substantially  45 wherein the first insulator comprises silicon  as
hereinbefore described with reference to dioxide being from  60 to
Angstroms  and illustrated in either Fig. 1 or Fig. 2 of 20  thick and the
second insulator  mprises alu-  the accompanying drawings. minium oxide or
silicon nitrie being from   9. A circuit containing a semiconductor 300 and
700 Angstroms thic                 device according to any one of claims
1-8. 50 3. A  device as claimed in claim  1, wherein the first insulator co
prises silicon           P. S. BROWN, 25  dioxide being from 15 to 50
Angstroms thick.       Chartered Patent Agent, 4. A device as claimed in
any one of the           5 Mornington Road, preceding claims, wherein the
semiconduc-           Woodford Green, Essex. tor is silicon.
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8 tion  No. 3,665,423. Selective  crosspoint    5. A device as claimed in
any one of the write-in and readout are then easily and con-  preceding
claims, wherein the impurity is 30 veniently performed as set forth.
dispersed in a region which extends into WHAT WE CLAIM IS: -
the first and second insulators for a distance 5    1. A semiconductor
device comprising a  less than 50 Angstroms from the interface first
insulator in contact with a seurface of  of the insulators. the
semiconductor,  a  second  insulator    6. A device as claimed in any one
of the  35 coupled to form an interface region with the  preceding claims,
wherein the impurity is a first insulator, a metallic layer on a surface
metal which comprises atoms of a material 10  of the second insulator,
wherein an impurity  selected from the group consisting of tung- is
atomically or molecularly dispersed within  sten, tantalum, platinum,
niobium, iridium, the interface region in a surface concentra-  or a
mixture thereof.                   40 tion of between substantially 1 x
10[err] and    7. A  device as claimed in any one of 2x 10[err] atoms per
square centimeter so as  the preceding claims, wherein the device is 15  to
supply states for the capture of charges  incorporated within an insulated
gate field in the interface region.                    effect transistor
circuit. 2. A  device as claimed in claim  1,    8. A semiconductor device
substantially  45 wherein the first insulator comprises silicon  as
hereinbefore described with reference to dioxide being from  60 to 200
Angstroms  and illustrated in either Fig. 1 or Fig. 2 of 20  thick and the
second insulator comprises alu-  the accompanying drawings. minium oxide or
silicon nitride being from    9. A circuit containing a semiconductor 300
and 700 Angstroms thick.               device according to any one of
claims 1-8. 50 3. A device as claimed in claim 1, wherein the first
insulator comprises silicon            P. S. BROWN, 25  dioxide being from
15 to 50 Angstroms thick.         Chartered Patent Agent, 4. A device as
claimed in any one of the            5 Mornington Road, preceding claims,
wherein the semiconduc-           Woodford Green, Essex. tor is silicon.
Agent for the Applicants. Printed for Her Majesty's Stationery Office by
Burgess & Son (Abingdon), Ltd.-1976) Published at The Patent Office. 25
Southampton Buildings, London, WC2A 1AY from which copies may be obtained.


