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(57) Abstract

A method for making submicron dielectric windows (65) for electron tunneling between a floating gate (70) and substrate (15) in a
semiconductor EEPROM device. A mask edge (35) overlying an oxide layer (25) on a substrate (15) is undercut a small distance (40), the
area surrounding that small distance is built up with oxide (50), then a thin layer of oxide is formed in the undercut distance to serve as a
tunneling window (65).
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Description
Method for Forming Thin Tunneling Windows in EEPROMs

Technical Field

The preseﬁt invention relates generally to
methods of fabricating a semiconductor non-volatile
memory device and more particularly to fabricating thin
dielectric windows for electron tunneling in electrically

erasable programmable read only memory devices.

Background Art

In metal oxide semiconductor (MOS) electrically
erasable, programmable read only memory (EEPROM) transis-
tors, electrons tunnel through very thin silicon dioxide
(Si02, “oxide") layers to be stored on or removed from a
storage location, known as a floating gate. The electric
charge, or lack of electric charge, stored on the float-
ing gate in turn determines whether a transistor con-
trolled by the floating gate can be turned on or off,
thereby functioning as a programmable memory cell. More
precisely, charge on the floating gate shifts the thresh-
old voltage at which the traﬁsistor conducts. At a low
threshold voltage, representing an unprogrammed state,
designated a digital one, the transistor conducts when
selected by a reference voltage applied to a sense gate,
a gate above the floating gate. At a higher threshold
voltage, representing a programmed state, designated a
digital zero, the transistor does not conduct when se-
lected under the same conditions.

The area of the thin dielectric layer through
which electron tunneling occurs is limited to small
generally rectangular dimensions and the thinness of the
layer is carefully controlled. For this reason the
rectangular area is termed a "window." Oxide windows
having a thickness of between 70 angstroms to 200 ang-

stroms and an area of one half to several square
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microns are typical. U.S. Pat. No. 4,590,503 to Harari
describes formation of a thin tunnel oxide region.

A silicon substrate that has been doped with
ions is located below the: floating gate, separated by a
dielectric layer. The thin tunnel oxide window dielec-
tric separating the floating gate layer from the sub-
strate provides the region for electrons to tunnel be-
tween the substrate and the floating gate.

The area and the thickness of the tunnel oxide
window are two of the most important factors in the
performance of EEPROM memory cells. For any significant
tunneling to occur, the difference in voltage between the
floating gate and the substrate must exceed a threshold
voltage, the threshold voltage being generally related to
the both the area and thickness of the tunneling window.
The sense gate affects the floating gate through capaci-
tive coupling, and a similar capacitive coupling exists
between the floating gate and the substrate. Since the
voltage difference between the sense gate and the sub-
strate is the sum of the voltage difference between the
floating gate and the substrate and the voltage differ-
ence between the floating gate and the sense gate, a
lower threshold voltage allows a lower voltage to be
applied between the sense gate and the substrate for
charging and discharging. Alternatively, a lower thresh-
old voltage allows the memory cell to be charged or
discharged more quickly, entailing a higher tunneling
current.

A smaller tunneling window area is advantageous
in at least three ways. First, as explained above, a
smaller window allows the memory cell to be read or
written either with a lower applied voltage or more
quickly, or both. Each of these possibilities offers
user benefits, such as an increase in programming speed
or a reduction in energy consumption. Second, a smaller
window area allows the cell and the whole transistor
circuit to be made smaller, and the resultant scaling

down in size of large arrays of such circuits has the
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benefits of packing more information capabilities in a
smaller package. Thus a smaller tunneling window offers
the promise of better performance and more memory in a
smaller package. Third, a smaller window area allows the
possibility of lowering write and erase voltages.

The tunnel oxide window is typically produced
during the fabrication of the EEPROM by the deposition of
layers and etching by conventional photoresist tech-
niques. As the area of tunnel oxide windows approaches
and even becomes smaller than the resolution of the
photoresist patterning and etching, conventional photore-
sist techniques present a limit to the size that these
windows can be accurately made.

It is therefore an object of the present inven-
tion to provide a method for forming submicron area
tunnel oxide windows that are not restricted by the
limits inherent in conventional photoresist and etching
processes, or by the limits of lithography.

Disclosure of the Invention

In the present invention a submicron area
tunnel window is made in an EEPROM by forming a pattern
for the window to dimensions smaller than that permitted
by the limits of lithography. The window is formed by
undercutting a precise amount of an end of a nitride
layer that has been etched by conventional photoresist
techniques, and subsequently depositing and etching
layers to form that small undercut area into a dielectric
window.

This is achieved by depositing a thin oxide
layer, approximately 500 angstroms in thickness, on top
of a silicon substrate which has been or can be implanted
with ions in spots to form regions of enhanced charge for
forming source and drain electrodes, and which also has
been grown with field oxide boundaries separating en-
hanced charge regions. The field oxide forms borders
between memory cells. The fbllowing discussion thus

focuses on the area between the field boundaries.
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A thin silicon nitride, i.e. SijzN,, "nitride",
layer approximately 1000 angstroms in thickness is depos-
ited on the oxide layer. The nitride layer is then
masked and etched so that, for each pair of memory cells
to be formed, only a plateau shaped nitride layer re-
mains, two opposite ends of the plateau located approxi-
mately above the eventual location of two tunnel oxide
windows.

If a self aligned, to the tunnel, buried N+
region is desired, it may be added at this point by ion
implantation bombardment near the ends of the nitride
plateau.

The oxide layer is then wet etched with buff-
ered hydrofluoric acid or any other oxide etch that does
not damage the silicon substrate, removing not only the
oxide that is not covered by the plateau, but also etch-
ing slightly under the ends of the plateau a precise
amount which may be a thousand to several thousand ang-
stroms, exposing the substrate where the oxide has been
etched away. The amount of this undercut will determine
the size of the tunnel oxide window.

Next, an oxide layer much thinner than the
original oxide layer, approximately 100 angstroms, is
grown on the substrate, including the area of the sub-
strate lying under the ends of the nitride plateau. A
layer of nitride, approximately 400 angstroms thick, is
then deposited using low pressure chemical vapor deposi-
tion techniques, causing the space beneath the nitride
ends and above the oxide layer to be filled in with
nitride. Then a blanket nitride etch that removes about
500 angstroms is applied. This will leave intact most of
the nitride filling in the space beneath the nitride ends
and above the oxide layer, as it is protected from etch-
ing by the approximately 400 Angstrom layer of nitride.
A layer of oxide is then grown on the approximately 100
angstrom thick layer of oxide not covered by the nitride,
forming a single layer of oxide approximately 700 ang-

stroms in thickness.
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The nitride is then stripped off, leaving only
the substrate blanketed by three layers of oxide: the
approximately 500 angstrom thick layer that was not
covered by nitride, the approximately 500 angstrom thick
layer that has been under the nitride plateau and has
never been etched, and between those layers the approxi-
mately 100 angstrom thick layer that was under the ends
of the nitride plateau. A buffered wet oxide etch is
applied that removes approximately 120 angstroms of
oxide, including all of the approximately 100 angstrom
thick layer that was under the ends of the nitride pla-
teau. An approximately 80 angstrom thick layer of oxide
is then grown. This thin layer, where it is grown on the
small area of exposed substrate that formerly was under
the ends of the nitride plateau, is to become the tunnel-
ing window.

A conventional EEPROM fabrication process is
then followed, beginning with the deposit of a polycrys-
talline silicon layer that is to become the floating
gate. A bottom surface of a gate made of this layer can
be seen to be separated from the substrate by several
hundred angstroms of oxide, except for the small tunnel-
ing window area, which is separated from the substrate by
only approximately 80 angstroms of oxide. The field
oxide rows provide borders to the tunnel oxide window
that may be a thousand to ten thousand angstroms apart.
The nitride undercut technique described above has pro-
duced a window in a direction perpendicular to that which
is of a size one thousand to several thousand angstroms.
Thus the tunnel window produced by the present invention
may be much less than one square micron in area, by less

than one hundred angstroms in thickness.

Brief Description of the Drawings

Fig. 1 is a cross-sectional elevation view of a
portion of a semiconductor substrate having doped regions
under layers of oxide and nitride above the substrate.
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Fig. 2 is a cross-sectional elevation view of
the elements of Fig. 1 after the layers have been masked
and etched.

Fig. 3 is a cross-sectional elevation view of
the elements of Fig. 2 after a layer of oxide has been
grown and a layer of nitride has been deposited.

Fig. 4 is a cross-sectional elevation view of
the elements of Fig. 3 after a layer of the nitride has
been etched away.

Fig. 5 is a cross-sectional elevation view of
the elements of Fig. 4 after a layer of oxide has been
grown.

Fig. 6 is a cross-sectional elevation view of
the elements of Fig. 5 after the nitride has been
stripped away, a layer of oxide has been etched and
another layer of oxide has been grown.

Fig. 7 is a cross-sectional elevation view of
an EEPROM device constructed in accordance with this
invention.

Fig. 8 is a cross-sectional elevation view of a
conventional EEPROM device.

Fig. 9 is a perpendicular cross-sectional
elevation view of an EEPROM device constructed in accord-
ance with this invention.

Best Mode for Carrying Out the Invention

Referring now to Fig. 1, a silicon substrate 15
having three buried N+ regions 20 is shown. The N+
regions 20 are formed by conventional methods, such as
ion implantation of an N type dopant. Subsurface doped
regions are typically used as source and drain electrodes
of an MOS transistor. On top of the substrate 15 is a
first oxide layer 25 which is approximately 500 angstroms
in thickness. Deposited on top of the oxide layer 25 is
a first nitride layer 30 which is approximately 1000
angstroms in thickness.

Fig. 2 shows the substrate 15, and the oxide
layer 25 and nitride layer 30 after etching. The nitride
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layer 30 has been masked and etched by conventional
methods to leave a plateau 32 located above one of the
buried N+ regions 20 having ends 35 located above the
other two buried N+ regions 20. If a self-aligned (to
the tunnel) buried N+ region is desired, it may be formed
at this point in this embodiment. For this case there
would be no buried N+ regions 20 present in Fig. 1.
Before removing the photoresist from the nitride feature
32, an N type dopant is implanted by ion bombardment.-
This will form the left and right buried regions 20 shown
in Fig. 2. The center buried N+ region in Fig. 2 would
not be present. A wet oxide etch of hydrofluoric acid or
any other chemical known to etch oxide without damaging
the silicon substrate has been applied that not only
removes all of the oxide layer 25 that not covered by the
plateau 32, but also etches undercuts 40 in the oxide
layer 25 slightly under the ends 35 of the plateau 32.
The amount of these slight undercuts 40 can be accurately
controlled by known etching techniques and may be a
thousand to several thousand angstroms under the ends 35.

Referring now to Fig. 3, a thin second layer 45
of oxide is grown next. This oxide layer 45 may be about
100 angstroms in thickness and is formed along the ex-
posed silicon substrate 15 including the undercuts 40,
leaving spaces 47 between the ends 35 and the undercuts
40. The oxide layer 45 does not grow on the nitride
plateau 32. A blanket second layer 50 of nitride is then
deposited that covers the plateau 32, the oxide layer 45
and the undercuts 40, and fills the spaces 47. The
nitride layer 50 may be deposited by low pressure chemi-
cal vapor deposition and may be approximately 400 ang-
stroms in thickness.

Referring now to Fig. 4, a blanket nitride etch
is next applied that removes approximately 500 angstroms
of nitride, removing substantially all of the nitride
layer 50 except that which filled in the spaces 47, which
is protected by other parts of layer 50 which are exposed
to the etch first.
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Referring now to Fig. 5, a third layer 55 of
oxide is grown on all of the oxide that is not covered by
nitride. This oxide layer 55 combines with the second
layer 45 of oxide that is not located below a nitride
layer and also diffuses into a thin surface layer of the
substrate below. The third layer 55 of oxide may be
about 700 angstroms in thickness. A top oxide etch is
then applied to remove any oxide grown on the nitride
features 32 and 47. Next, a nitride strip is applied
that removes all of the remaining nitride. Thus, small
lengths of the thin second oxide layer 45 from the under-
cuts 40 are left between the first oxide layer 25 and the
third oxide layer 55, both of which are approximately 500
angstroms thick.

Referring now to Fig. 6, a buffered oxide etch
which . may utilize hydrofluoric acid is applied to remove
approximately 120 angstroms of oxide. This removes all
of the second oxide layer 45 from the undercut, exposing
but not damaging a small area of the substrate 15 between
the layers 25 and 55 of oxide. A thin fourth layer 60 of
oxide is then grown or deposited on the small exposed
area of the substrate 15 and the layers 25 and 55. This
layer 60 of oxide may be approximately 80 angstroms in
thickness, and becomes a tunnel oxide window 65 where it
covers the small area of substrate 15 that had previously
been etched of all oxide. At this point, a standard
EEPROM process flow would be followed, beginning with the
deposition of a first polycrystalline silicon layer to
form a floating gate.

Referring now to Fig. 7, an EEPROM cell having
tunnel oxide windows 65 formed with the process of the
present invention is shown. This EEPROM cell can be seen
to have polycrystalline silicon floating gates 70, and
sense gates 75 and control gates 80 formed from another
polycrystalline silicon deposit. A pair of cells is
symmetrical about mirror line 85, and the distance 88
between those lines represents the length of one cell.

For comparison, a prior art EEPROM cell is shown in Fig.
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8. The prior art cell, a pair of which is symmetrical
about mirror lines 90 and 92, has tunnel oxide windows 95
that are substantially larger than the tunnel oxide
windows 65 of the present invention. The prior art cell
also has a floating gate 98, sense gate 100 and control
gate 105 that are larger than the floating gate 70, sense
gate 75 and control gates 80 of the present invention.

Thus the present invention allows not only
smaller EEPROM tunnel oxide windows than the prior art,
with the improvements in performance previously de-
scribed, but also allows the whole EEPROM cell to be
scaled to a smaller size which allows more EEPROM cells
to be packed together.

In Fig. 9 field oxide regions 110 separating
each cell 112 were grown by conventional techniques onto
and into the substrate 15 before the growth or deposit of
first oxide layer 25. The distance 115 between those
field oxide regions 110 determines one dimension of the
tunnel window 65, and may be a thousand to ten thousand
angstroms. The floating gates 70 can be seen to contour
upward away from the tunnel window 65 to fit on top of
the field oxide regions 110, and the sense gates 75 are
similarly contoured. The sense gates 75 wrap around ends
of the floating gates 70, in order to increase the capac-
itive coupling between these gates.

Thus, the tunnel oxide windows 65 may be less
than one hundred angstroms in thickness, and may be as
small as one thousand angstroms in each dimension of
area, a substantial decrease in size compared to the
prior art.

In the present invention, the dimensions of the
thin oxide tunneling window have been characterized as
being smaller than dimensions resolvable by photolitho-
graphy. The photolithography which is referred to is
carried out at optical wavelengths using diffraction
limited optics. No reference is intended to x-ray li-
thography which can resolve distances much smaller than
the distance resolved by conventional photolithography.
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Such reference or comparison is not intended because the
thin oxide windows of the present invention have not been

measured relative to such distances.
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Claims

1. A method for forming a dielectric tunneling window in
an EEPROM device comprising:

patterning an oxide layer over a substrate by
photolithography, edges of the thin oxide layer defining
the sides of an EEPROM tunneling window,

masking said window with an etchable mask,

etching under the mask a distance so that at
least two sides of said window are spaced apart by a
distance less than that resolvable with photolithography,

building up an oxide layer surrounding the
tunneling window,

removing said mask material,

thinning all remaining oxide, including the
window oxide, to the extent that the window oxide is
removed, and

growing a thin layer of oxide over the sub-
strate.

2. The method of claim 1 wherein said patterning step
comprises forming some sides of the window on a silicon
substrate, said masking step comprises depositing a first
nitride layer on top of said first oxide layer, and said
etching step comprises etching away portions of said

first nitride layer.

3. The method of claim 2 wherein etching away portions
of said first nitride layer includes etching away areas
of said first oxide layer not protected by said first
nitride layer and also etching said first oxide layer
under portions of said first nitride layer.
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4. The method of claim 3 wherein said building up of an
oxide layer surrounding the tunneling window comprises:

growing on said substrate a second oxide layer
that is thinner than said first oxide layer, said second
oxide layer extending under said portions of the nitride
layer to cover said substrate where said first oxide
layer has been etched away, leaving a space between said
portions and said second oxide layer,

depositing on said first nitride layer and said
second oxide layer a second nitride layer that fills in
said space between said ends and said second oxide layef,

etching away substantially all of said second
nitride layer except said second nitride layer filling
said space between said ends and said second oxide layer,
which is protected from etching by outer areas of said
second nitride layer, |

growing a third oxide layer on said second
oxide layer that is not covered by nitride,

stripping away all nitride,

applying an oxide etch that removes part of said
first oxide layer, all of said second oxide layer and part
of said third oxide layer, the substrate being exposed
where said second oxide layer is completely removed, and

forming a fourth oxide layer, resulting in an
oxide layer where the substrate had been exposed and a
thicker oxide layer elsewhere.

5. The method of claim 4 wherein field oxide regions are
grown on said substrate prior to forming a first oxide
layer on the substrate, whereby said field oxide regions
form borders of a device containing said window.
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6. A method for forming a dielectric tunneling window in
an EEPROM device comprising:

depositing a first mask layer having a pattern
in an oxide layer covered by the mask layer establishing
at least two sides of a four sided oxide window,

undercutting the mask while etching away the
first oxide layer to the substrate, the undercut defining
at least one further side of the oxide window,

depositing over the substrate a second oxide
layer substantially thinner than the first oxide layer,
including the undercut region,

masking the undercut region with a blanket
second mask layer etched away except in the undercut
region,

thickening the second oxide layer to a thickness
at least as thick as the first oxide layer,

removing all mask layers,

etching the oxide layers, including the
previously masked four sided oxide window until the oxide
of the window is completely removed, and

growing over the substrate a third oxide layer
including the window region so that only the third oxide
layer resides in the window.

7. The method of claim 6 wherein said fourth side is
formed at a distance relative to the other sides at a
distance less than any distance resolvable by
photolithography and oxide etching.

8. The method of claim 6 further defined by completing
an EEPROM transistor by depositing poly one and poly two
layers over the third oxide layer and forming spaced
apart doped regions in the substrate.
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9. A method of forming a small window for electron
tunneling in an EEPROM transistor comprising:

forming a first oxide layer on a silicon
substrate having subsurface regions defined for source
and drain electrodes,

depositing a first nitride layer on a top of
said first oxide layer,

etching away part of said first nitride layer,
leaving ends of said first nitride layer located above
said regions defined for source and drain electrodes,

etching away said first oxide layer which is not
covered by remaining said first nitride layer and also
etching said first oxide layer slightly under said ends of
said first nitride layer,

growing on said substrate a second oxide layer
that.is thinner than said first oxide layer, said second
oxide layer extending under said ends to cover said
substrate where said first oxide layer has been etched
away, leaving a space between said ends and said second
oxide layer,

depositing on said first nitride layer and said
second oxide layer a second nitride layer that fills in
said space between said ends and said second oxide layer,

etching away all of said second nitride layer
except said second nitride layer filling said space
between said ends and said second oxide layer, which is
protected from etching by outer areas of said second
nitride layer,

growing a third oxide layer on said second
oxide layer that is not covered by nitride,

stripping away all nitride,

applying an oxide etch that etches away part of
said first oxide layer, all of said second oxide layer
and part of said third oxide layer, the substrate being
exposed where said second oxide layer is completely re-

moved,
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forming a fourth oxide layer, resulting in only
the oxide layer where the substrate had been exposed and
a thicker oxide layer elsewhere, and

depositing a polycrystalline silicon gate layer
on said fourth oxide layer, whereby said polycrystalline
silicon gate is separated from said substrate by oxide,
said gate having a downward projection into said recess
that is separated from said substrate by said fourth
oxide layer, which becomes a window for electron
tunneling between said gate and one of the source and
drain electrodes in said substrate.

10. A method of forming a small window for electron
tunneling in an EEPROM comprising:

growing field oxide regions on a surface of a
silicon substrate that are separated by a strip of said
surface where field oxide is not grown, said strip having
subsurface source and drain regions,

forming a first oxide layer on said strip and
field oxide regions,

depositing a first nitride layer on a top of
said first oxide layer,

etching away some areas but not others of said
first nitride layer, defining ends of remaining said
first nitride layer that are located over said regions of
implanted ions,

etching away areas of said first oxide layer
not covered by remaining said first nitride layer and
also etching said first oxide layer under said ends of
said first nitride layer,

growing on said substrate a second oxide layer
that is thinner than said first oxide layer, said second
oxide layer extending under said ends to cover said
substrate where said first oxide layer has been etched
away, leaving a space between said ends and said second
oxide layer,
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depositind on said first nitride layer and said
second oxide layer a second nitride layer that fills in
said space between said ends and said second oxide layer,

etching away all of said second nitride layer
except said second nitride layer filling said space
between said ends and said second oxide layer, which is
protected from etching by outer areas of said second
nitride layer,

growing a third oxide layer on said second
oxide layer that is not covered by nitride,

stripping away all nitride,

applying an oxide etch that etches away part of
said first oxide layer, all of said second oxide layer
and part of said third oxide layer, the substrate being
exposed where said second oxide layer is completely re-
moved,

forming a fourth oxide layer, resulting in a
oxide layer where the substrate had been exposed and a
thicker oxide layer elsewhere, and

depositing a polycrystalline silicon first gate
layer on said fourth oxide layer, whereby said first gate
layer has a bottom surface with a downward projection
where the substrate had been exposed, said projection
separated from said substrate by only said fourth oxide
layer, which becomes a window for electron tunneling

between said gate and said substrate.

11. The method of claim 10 wherein said field oxide
regions are formed in generally parallel rows and said
ends of remaining said first nitride layer are generally
transverse to said rows of field oxide regions, whereby
an array of said EEPROMs is formed.
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