GEGVETRI CAL. CONTROL OF DEVI CE CORNER THRESHOLD a @e'

DESCRI PTI ON BACKGROUND OF THE |

Fi el d,of .the Invention The present inven IOﬂFﬂEﬁﬂ“@EDfSH

the manufacture of field effect transistors and| noge partic A

devel opnent of desired conductlon/cut off volta @/J cHPHON 1P 8#1 o%aged
effect transistors. g(c%:nm(ﬂ page """ to paged -

i d
] Drawing(s) : page - |
] Abstract ¢ paged ..o to page -

GEOMETRICAL CONTROL OF DEVICE CORNER THRESHOLD
DESCRIPTION
BACKGROUND OF THE INVENTION
Fiel@ of the Invention

The present-invention generally relateé to the
manufacture of field effect transistors and, more
' particuiarly, to the development of desired
conduction/cut-off voltage in sub-micron field
effect transistors.

Description of the Prior Art

Field effect transistors have become the active
electronic element of choice for the majority of
digital electronic circuits formed at small size and
high integration density. The basic principle of
operation of field effect transistors is to use a

- voltage'appiied to a gate electrode insulated from
the conduction channel of the device to develop an
electric field which controls the population of.
‘carriers in a body of semiconductor material which
forms the conduction channel of the device. The
simplicity of the structure forming a field effect
transistor leads to high manufacturing yields and
relatively lower process costs. Further, device
simplicity allows device fabrication at extremely
small sizes, allowing improvement in signal
propagation time, noise immunity, load capacitance
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Description of the Prior Art Field effect transi stors have becone
the active electronic elenment of choice for the mgjority of digital

el ectronic circuits fornmed at small size and high integration density. The
basic prihciple of operation of field effect transistors is to use a
voltage applied to a gate el ectrode insulated fromthe conducti on channel
of the device to develop an electric field which controls the popul ati on of
carriers in a body of sem conductor nmaterial which forns the conduction
channel of the device. The sinplicity of the structure formng a field
effect transistor |eads to high manufacturing yields and relatively |ower
process costs. Further, device sinplicity allows device fabrication at
extrenely small sizes, allow ng inprovenent in signal propagation tine,

noi se i munity, | oathd ajtiter a@ectrical parameters as well as

substantial flexibility in device and isolation
structure design and economy of fabrication since
more circuits may be formed on a single wafer or chip.

Additionally, the simplicity of field effect
transistor geometries allows the transistors to be
tailored to many specific purposes and applications.
For example, low thresholds and increased on-
currents can be developed by doping of the
conduction channel. Alternatively, thresholds may
be maintained at higher levels in, for example,
dynamic memory arrays. Short channel effects can be
largely avoided by so-called lightly doped drain
structures, and the like. _

However, the electrical field developed within
the conduction channel may not be uniform,
particularly at the lateral edges (generally
referred to as “corners") of the conduction channel
which generally coincides with the periphery of the
gate electrode. The conduction characteristics at
the corners of the channel (referred to hereinafter
as corner conduction) may therefore be quite
different from those of the central portion of the
channel (referred to hereinafter simply as channel
conduction). Therefore, a rigorous analysis of a-
field effect transistor would include an equivalent
circuit of two parallel-connected fieid effect
transistors having different conduction/cut—-off
thresholds. -

The planar or channel portion of the transistor
generally dominates the on-current characteristics
of the transistor and, in relatively larger (e.gq.



2; and other electrical paraneters as well as substantial flexibility in
devi ce and isolation structure design and econony of fabrication since nore-
circuits may be fornmed on a single wafer or chip. Additionally, the
sinplicity of field effect transistor geonetries allows the transistors to
be tailored to many specific purposes and applications. For exanple, |ow
threshol ds and increased on- currents can be devel oped by dopi ng of the
conduction channel. Alternatively, thresholds may be maintained at higher

| evel s in, for exanple, dynam c nenory arrays. Short channel effects can be
| argely avoided by so-called |lightly doped grain structures, and the |ike.
However, the electrical field devel oped within the conduction channel my
not be uniform particularly at the |lateral edges (generally referred to as
“corners”) of the vﬁmw%ﬁa}ménarawim,crtwrfﬁmﬂ yatoibec ictss idexred he

orners of the chdharetiehes i prifams drfaalibufl Tl a1

t herefore be qui tezlfhﬁﬁetenthnanuénﬁar,ofdmecmctﬁ(mﬁWS)f sygh

channel (referred 4 SR drEf ot 1BY S thresh¥IEvt, of particular

' interest in digital circuits, are highly
' predictable. However, so-called off-current occurs

principally in the corners of the conduction
channel, even in wide devices, and, in practical
effect (particularly for digital devices) appears as
a different conduction/cut-off threshold voltage.
Conduction in the corners of the channel may also
contribute significantly to the on-current of the .
transistor, as is exploxted in so-called multl-mesa"
transistor designs.

As field effect transistors are made smaller,
the conduction effects at the corners of the
conduction channel become relatively more
significant and, in fact, may become dominant at
sub-micron channel widths. The practical effect of
corner conduction as it becomes comparable to
channel conduction is to relatively increase the

off-current of the transistor while providing some
.increase in on-current or to "soften" the conduction

characteristic near the cut-off voltage. If corner
conduction is dominant, the effect is an increased
conduction/cut-off threshold, V.. _ '

Additionally, increased variance of
conduction/cut-off threshold has been observed as
device size decreases in the sub-micron regime where
very small differences in channel dimensions may
greatly affect the relative contributions of corner
and channel conduction of transistors. While



conduction). Therefore, a rigorous analysis of a field effect transistor
woul d include an equivalent circuit of tw parallel-connected field effect
transi stors having different conduction/cut-off thresholds. The pl anar
or channel portion of the transistor generally dom nates the on-current
characferistics of the transistor and, in relatively larger (e.g.

3 w der channel) devices, the field can be considered as relatively

uni form t hroughout the conduction channel. Consequently, device
characteristics, such as conduction/cut-off threshold Vt, of particular
interest in digital circuits, are highly pregictable. However, so-called

of f-current occurs

threshold voltages will generally be quite uniform
across a wafer or chip for transistors of a similar
size (although more critical at smaller sizes) it is
common for complementary transistors (e.g. CMOS) to
be fabricated at different sizes to increase
symmetry of conduction currents and different
thresholds developed from differences in transistor
size may severely compromise the intended switching
symmetry in a manner which is somewhat unpredictable
not readily correctable in device design or
fabrication. _

Particularly for application to digital
circuits and low powér CMOS logic, it is desirabie-{‘
to minimize off-current while maximizing'on-current,
As the off-current effects increase with increasing'
corner conduction contribution, the ratio of on-
current to off-current is reduced. Further,
differing thresholds between interconnected chips
may effectively decrease operating margins.
"softening" of the cut-off characteristic near the
threshold voltage, V,, and/or increase of the

'threshold voltage is also particularly undesirable
in digital circuiés.

Since the corner conduction results from non-
uniformity of the electric field within the channel,
it may be possible to adjust the electric field by
performing an angled impurity implantation in the
conduction channel region. However, implantation
causes crystal lattice defects in the semiconductor
material which cannot be fully repaired by annealing
consistent with the adjustment of electrical field
which would be necessary. Normal channel conduction



principally in the corners of the conduction channel, even in w de devi ces,
and, in practical effect (particularly for digital devices) appears as a

di fferent conduction/cut-off threshold voltage. Conduction in the corners
of tthe channel may al so contribute significantly to the on-current of the
transistor, as is exploited in so-called nulti-nesa transistor designs.

As fiéld effect transistors are nmade smaller, the conduction effects at the
corners of the conduction channel becone relatively nore significant and,
in fact, may beconme dom nant at sub-m cron channel w dths. The practi cal
effect of corner conduction as it beconmes cgnparable to channel conduction
istorelatively increase the off-current of the transistor while provi di ng
some increase in on-current or to "soften” the conduction characteristic
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corner and channelSWh &R o nonTSImityhetween devices, even

as formed on the same wafer. For these and a
variety of related reasons, manufacturing yield is
relatively reduced when angled implantation is
employed. In any event, it is not clear that angled
implantation would provide a suitable adjustment of
electric field within the conduction channel,
particularly as channel width is reduced.




4; threshold voltages will generally be quite uniformacross a wafer or
chip for transistors of a simlar size (although nore critical at smaller
sizes) it is common for conplenentary transistors (e.g. CMOS) to be
fabricated at different sizes to increase symmetry of conduction currents
and different thresholds devel oped fromdifferences in transistor size may
severely conpronise the intended switching symretry in a manner which is
somewhat unpredictable not readily correctable in device design or
fabrication. Particularly for application to digital circuits and | ow
power CMOS logic, it is desirable to mnimze off-current_while maxim zing
on-current. As the off-current effects incrase with | ncreasi ng corner
conduction contribution, the ratio of on- current to off-current is

reduced. Further, differing thgﬁﬁﬁﬁhgp<ﬁﬁgmﬁgqnb%h@&5&nnected chi ps

It is therefore an object of the present
invention to provide a technique of adjustment of
corner conduction in a field effect transistor which
is independent of the channel conduction.

It is another object of the invention to
provide a field effect transistor and a high-yield
method for its manufacture in which the conduction
threshold and off-current may be adjusted to desired
values. . |

It is a further object of the invention to
provide a field effect transistor and method of

i manufacture which allows the conduction/cut-off
voltage to be adjusted at will.

It is yet another object of the invention to
provide a transistor structure which is scalable to
sub-micron sizes while maintaining a well~-defined
conduction/cut-off threshold voltage and conduction
characteristic. _

In order to accomplish these and other objects
of the invention, a field effect transistor and
integrated circuit including the same are provided
having a conduction channel formed in an active area
bounded by trench structures, a gate oxide and a
gate electrode formed on the conduction channel, and
a portion of the gate oxide and gate electrode
extending along a portion of a side of the
conduction channel at an interface of the conduction
channel and the trench structures.

In accordance with another aspect of the
invention, a method of manufacturing a semiconductor

; This Sheet Has Been Reﬂlaced




may effectively decrease operating margins. "Softening” of the cut-off
characteristic near the threshold voltage, V[err], and/or increase of the
threshold voltage is also particularly undesirable in digital circuits.
Since the corner conduction results fromnon- uniformty of the electric
field within the channel, it may be possible to adjust the electric field
by performing an angled inpurity inplantation in the conduction channel
regi on. However, inplantation causes crystal lattice defects in the

sem conductor material which cannot be fully repaired by annealing

consi stent wi-t h the adjustnent of electrlcal field which woul d be
necessary Nor mal channel conduction

device including a field effect transistor is
provided comprising the steps of forming a
sacrificial oxide at a surface of an active area of
a substrate and at an interface between the active
area and a trench structure, removing the
sacrificial oxide to form a recess in the substrate;
and forming a gate oxide and a gate electrode. over
the active area and in the recess. '

This Sheet Has Been Reilaced




characteristics may also be altered by inpurity inplantation. Angled

I nplantation is also a conplex and difficult process which is likely to
result in sonme degree of non-uniformty between devices, even as forned on
t he ‘'sane:wafer. For these and a variety of related reasons, manufacturing
yield is relatively reduced when angled inplantation is enployed. In any
event, it is not clear that angled inplantation would provide a suitable
adj ustment of electric field within the conduction channel, particularly as
channel width is reduced. SUMVARY OF THE | NVENTI ON It is
t herefore an object of the present invention to provide a technique of

adj ust nent of corner conduction in a field Bffect transistor which is

i ndependent of the channel conductions. It is another object of the

invention to provide a fiel gpekkehlsbhiBP6H OoF e DRARNGS

The foregoing and other objects, aspects and
advantages will be better understood from the '
following detailed description of a preferred
embodiment of the invention with reference to the
drawings, in which:

' Figures la and 1b are cross—-sectional views of
a field effect transistors showing electric field
profiles leading to corner conduction,

Figures 2, 3, 4, 5, 6, 7 and 8 are cross-
sectional views of stages of fabrication of a field -
effect transistor in accordance with the invention; .

Figure 9 shows a cross-sectional view of a
completed transistor in accordance with the
invention,

Figure 10 graphically depicts the relationship
of threshold and gate electrode wrap-around in
accordance with the invention,

Figures 11, 12 and 13 are cross-—sectional views
illustrating a generalization of the preferred
process illustrated in Figqures 2 - 9 in accordance
with the invention,

Figure 14 illustrates a detail of the process
described in conjunction with Figures 5 and 6 or
Figure 11, and .

'Figure 15 graphically depicts the relationship
between threshold voltage and corner rounding
profiles (in terms of etch time of a pad oxide
layer) in accordance with the invention.



yield method for its manufacture in which the conduction threshold and
off-current may be adjusted to desired val ues. It is a furter object
of the invention to provide a field effect transistor and nethod of

manuf acture which allows the conduction/cut-off voltage to be adjusted at

wll. It is yet another object of the invention to provide a
transi'stor structure which is scalable to conduction/cut-off threshold
vol tage and conduction characteristic. Accordi ng to one aspect of

the present invention there is provided a nmethod of manufacturing a

sem conductor device including a field effect transistor, said nethod
conprising the steps of: formng a satificial oxide at a surface of
an active area of a substrate and at an interface between said active area
and a trench isolation str é %@VWC&I %ﬁ therein and a
substantial pl anar surface,ulg t{]&gl' t¢ i%g% ER | y a

conducti on channel ; EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more
particularly to Figure la, there is shown, in cross-
section, a schematic representation of a field
effect transistor including equipotential electric
field lines within the conduction channel at a gate
voltage near the conduction/cut-off threshold of the
transistor. The transistor depicted in Figuré la
has a conduction channel 10/ of relatively large
width in substrate 10 between, for example, shallow
trench isolation structures 12 and below gate oxide
14 and gate electrode 15. If a gate electrode
voltage V, yum, Sufficient to turn-off of main channel
conduction, is applied to gate electrode 16, the
electric field within the conduction channel 10°
will be substantially uniform as depicted by
equipotential lines 18. It should be noted,
however, that some non-uniformity of electric field
is present at the corners of the conduction channel,
indicated by reference numeral 15. Thus at a gate
electrode voltage of V,(uugy, the electric field will
continue to allow some conduction in the corners of
the channel but which may be an insignificént
contribution to conduction of the transistor.

However, in a narrow (e.g. sub-micron) width
channel, as depicted in Figure 1b (particularly by
the depiction of the gate oxide 14/, gate 16’ and
shallow trench isolation 12 being of the same,
presumably minimum feature sized area), it can be
seen that the field lines 18’/ allow corner
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-7-, over-etching said sacrificial oxide to forma depression in said
insulating material of said isolation structure at a corner of said trench
i solation structure; and form ng a gate oxide and a gate el ectrode
over sai-d conduction channel and in said depression, sai d depression,
said gate oxide and said gate el ectrode providing controlled threshold
conduction characteristics in said conduction channel.

10

conduction in a proportionally larger fraction of
the cross-section of the conduction channel.
Therefore, the corner conduction presents a
proportionally larger contribution to transistor
conduction or, conversely, a largerﬁm'yould be
required to adequately turn off the transistor.
This effect is proportionally increased as the
channel width is decreased.

It should also be appreciated from Figures la
and 1b that adjustment of the location of the .
equipotential .lines to be more exactly horizontal by
altering. dopant concentration profile would requiré~-
angled implantation from both sides of the channel
as well as an altered (e.g. non-linear) dopant
concentration across the channel width. The non-
linear profile is difficult to obtain and/or
regulate and the implantation from both sides
requires plural process steps. Further, such angled:
implantation would probably require additional
process steps for growth or deposition of oxide and
annealing prior to completion of the isolation
structures 12. In any event, the process is
necessarily complex, difficult to requlate and
maintain uniformity between wafers or on a single
wafer and of less than optimal manufacturing yield.

Referfing now to Figures 2 - 9 the structure
and fabrication of a preferred form of the field
effect transistor in accordance with the invention

- will now be explained. Specifically, Figure 2

depicts an early stage of fabrication of a
transistor and isolation structure in accordance
with a preferred embodiment of the invention. It



BRIEF DESCRI PTI ON OF THE DRAW NGS The foregoing and ot her objects,-
aspects and advantages will be better understood fromthe follow ng
detail ed description of a preferred enbodi ment of the invention with
reference to the draw ngs, in which: Figures la and I b are
cross-sectional views of a field effect transistors showing electric field
profilés | eading to corner conduction, Figures 2, 3, 4, 5, 6, 7 and 8
are cross- sectional views of stages of fabrication of a field effect
transi stor in accordance with the invention, Figure 9 shows a
cross-sectional view of a conpleted transistor in accordance with the

I nvention, - Figure 10 graphically depicts the relationship of
threshol d and gate el ectrode wap-around in accordance with the invention,

Figures 11, 12 and 13 are cross-secfional vie |IIustrat|nSé§
general i zation of t?kP?%%f%ﬁr%RPEﬁ?ﬁ%ﬁ%ﬁ|?QQE;&hﬁ(&?|Q? taon, 2 - 9in
accordance with theparybeilanly applﬁwetmuﬁdnsﬁismestmﬁﬂnmds of the
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and cornerroundi ng jm dfurms g1lpw dmmxaafstan&\ttq e plagedadrnoxlgse
proximity. Therefore, it is to be understood that
while Figures 2 - 9 show the formation of a single
transistor, the invention is particularly applicable
to formation of arrays of large numbers of
transistors at high integration density, as is a
preferred and particularly advantageous application
of the invention. :

It should also be understood that the structure .
formed in such a trench need not be an isolation
structure. For example, the invention is equally
applicable to formation of transistor arrays in
combination with trench storage capacitor structures
as are commonly employed in dynamic memory chips.
Accordingly, while the invention will be described
below in terms of the formation of a transistor in
.combination with an isolation structure including a
trench for simplicity, other trench structures may
be employed. _

As shown in Figure 2, a layer of pad oxide 12
and a layer of pad nitride 14 are sequentially
formed by any known method on substrate 10. A
trench mask is then formed by applying a layer of
suitable resist and patterning the resist
lithographically as depicted at 18. Then, using the
patterned resist as a mask, the pad nitride and pad
oxide layers are similarly patterned by any suitable
known etching method and etchant.



l,ayer) in accordance with the invention.
DETAI LED DESCRI PTI ON OF A PREFERRED EMBODI MENT OF

THE | NVENTI ON Referring now to the drawi ngs, and nore particularly
to Figure la, there is shown, in cross- section, a schematic representation
of a field effect transistor including equipotential electric field lines
wi t hin" the conduction channel at a gate voltage near the conduction/cut - of f
threshold of the transistor. The transistor depicted in Figure |la has a
conduction channel 10" of relatively large width in substrate 10 between,

for exanple, shallow 12

Then, as shown in Figure 3, a trench is etched
in the silicon substrate 10 using the patterned pad
nitride layer as a mask. It should be understood in
this regard that while a silicon-based metallurgy is
preferred for.pfactice of the invention and the
invention will be described in connection therewith,
use of other materials in accordance with the
principles of the invention will be evident to those
skilled in the art in view of this description of
the invention. Further, it should be understood
that the depth of the trench is not at all critical
to the practice of the principles of the invention @
but trench depth should be designed in accordance
with the type of isolation structure to be formed
and the desired properties thereof, in which trench
depth may, indeed, be critical. However, such
design considerations will be evident to those
skilled in the art and need not be discussed further
to enable practice of the invention.

Referring now to Figure 4, a sacrificial oxide
layer 22 (which will be referred to hereinafter as a
trench sacrificial, oxide) is formed on the silicon
surface exposed on the interior of the trench in
substrate 10. This layer is preferably grown by,
for example, thermal oxidation in order to 1imit
oxide layer formation to the exposed silicon in the
trench to simplify the following etching process
illustrated in Figure 5.

Specifically, the trench sacrificial oxide is
subjected to an isotropic etch process such as wet
etching using dilute (e.g. 40:1) buffered
hydrofluoric acid (HF) or any other suitable process



lrench isolation structures 12 and bel ow gate oxide 14 and gate el ectrode
16. If a gate electrode voltage V[err] sufficient to turn-off of main
channel conduction, is applied to gate electrode 16, the electric field

wi t hin t-he conduction channel 10° wi Il be substantially uniform as depicted

by equi potential lines 18. It should be noted, however, that sone
non-uhi formty of electric field is present at the corners of the
conduction channel, indicated by reference nuneral 15. Thus at a gate

el ectrode voltage of V[err], the electric field will continue to allow sone
conduction in the corners of the channel but which may be an insignificant
contribution to conduction of the transistot3 However, in a narrow
(e.g. sub-mcron) width channel, as depicted in Figure Ib (particularly by

12" bei ng of the saeieln, £ Ptk Pibsvaiae ey Fhd Feleeif i

seen that the fielhbtween dfﬁdeuamdvtharanbstrate material (and,
preferably, the pad nitride layer 14). Thus, as the
trench sacrificial oxide 22 is etched, the pad oxide
layer 12 will also be etched to undercut the pad
nitride layer. (In theory, if the etch is
sufficiently selective, the trench sacrificial oxide
could be omitted and the pad oxide etched directly.
However, the use of a trench sacrificial oxide is
preferred to protect the silicon under a wider
variety of etch processes, removal of residual
surface contaminants from the ttenéh, particularly . .
when a storage capacitor or other structure is to be
formed therein rather than the simple trench h
isolation depicted, and, possibly, to allow
monitoring of the progress of the etching process to
improve accuracy of the extent of the undercut.) It
should be appreciated that the isotropic etching of
the pad oxide layer exposes the corner of the active
area in which the transistor is to be formed and the
extent of the undercut of the pad nitride layer 14
is important to the development of particular corner
rounding geometry as will be described below with
reference to Figure 8 and the generalized embodiment

of Figures 11 - 13. )
Referring now to Figure 6, the trenches 20 are
filled with suitable insulating material 26 such as
an oxide, composite or layered structure, as may be
desired or required by the overall device design
(but of no importance to the practice of the
principles of the invention) by any suitable
deposition or growth process or combination thereof



10. conduction in a proportionally larger fraction of the cross-section of
the conduction channel. Therefore, the corner conduction presents a
proportionally larger contribution to transistor conduction or, conversely,
a larger.V[err] would be required to adequately turn off the transistor.
This effect is proportionally increased as the channel width is decreased.
It should al so be appreciated fromFigures la and | b that adjustnent of the
| ocation of the equipotential lines to be nore exactly horizontal by
altering dopant concentration profile would require angled inplantation
fromboth sides of the channel as well as an altered (e.g. non-linear)
dopant concentration across the channel w dt¥ The non- |inear profile is
difficult to obtain and/or regulate and the inplantation fromboth sides

requi res plural process steps. Further, ,such angled I npl antati on woul d
probably require adfiinsrihe eg Qitrigde dAYREN18r ageBo¥REKon of oxi de

and anneal i ng pri o;gter @M bOtHd ¢renches ¢b ebmpleteethe?. | n any

event, the process i'ssolr}&ci%sns asrI l'ct%%@,e)é’tog'g;fei Egbkcﬁeoﬁg%aftﬁea“d
like, the pad nitride layer may be removed.

It is preferred that the process. for rémoval of
the nitride pad layer-14 allows the remainder of the
pad oxide layer 12, after the undercut is '
accomplished, to remain in place. This reﬁaihing
pad oxide allows control of rounding of the corners
of the active areas in which the transistors will be
fabricated. The achievement of the rounding of the
corners of the active area in connection with the
preferred embodiment of the invention will be
‘discussed in greater detail below with reference to
Figure 14. However, it is to be understood that
control of V, in accordance with the invention can be
achieved without rounding of the corners of the
active areas by forming depressions in the isolation
structures adjacent the active areas and, for
clarity of explanation of the formation of such
depressions, the remainder of pad oxide layer 12 is
not shown in Figure 6. Nevertheless, it is
preferred that the invention be practiced using a
combination of the formation of depressions and
rounding of the corners of the active areas although
the invention may be practiced by either rounding of
the corners of the active area or the formation of
depressions in the isolation structure to the
exclusion of the other or in combination in any
relative degree. '

Referring now to Figure 7, a further
sacrificial oxide (referred to hereinafter as a



mai ntain.uniformty between wafers or on a single wafer and of |ess than
~optimal manufacturing yield. Referring now to Figures 2 - 9 the
structure and fabrication of a preferred formof the field effect

trahsi st-or in accordance with the invention will now be expl ai ned.
Specifically, Figure 2 depicts an early stage of fabrication of a
transi'stor and isolation structure in accordance with a preferred

enbodi nent of the invention. It 11
shoul d be appreciated that the invention is particularly applicable to
transi stor structures which are separated by isolation structures which, in
turn, allow transistors to be placed in clo3@ proxinmity. Therefore, it i's

to be understood that

surface sacrificial oxide) 28 is deposited as a
blanket layer or grown by, for example, thermal
oxidation.. In the latter case, the grown oxide will
be principally formed on the active areas in a
manner advantageous to developing desired corner.
geometry of the gate oxide and electrode as will be
discussed below with reference to Figure 14.
(Again, oxide is strongly preferred for process

- convenience and minimization of process steps but
other materials could be used.) A combination of
oxide growth followed by blanket oxide layer
deposition may also develop selected differences in
thickness of oxide layer 28 in much the profile
illustrated in order to exercise even more control
over the corner geometry.

As shown in Figure 8, the surface sacrificial

oxide can now be etched by any process which is

. largely selective between the surface sacrificial
layer 28 material and the substrate 10 material.
The etch process serves to poth provide for the
removal of surface contaminants and to develop
control or gate electrode geometry in accordance
with the invention. The etch process is preferabiy
continued somewhat beyond the point at which the
surface of the silicon in the active areas is
exposed to develop depressions 30 at the edges of
the isolation trenches. The formation of these
depressions 30 may be facilitated by the production
of internal stresses in grown oxide at the interface
between the active area portion of the substrate and
the trench material since the grown oxide is of
greater volume than the silicon prior to oxidation.



mhjlp‘Figures 2 - 9 show the formation of a single transistor, the
I'nvention is particularly applicable to formation of arrays of |arge
nunbers of transistors at high integration density, as is a preferred and
particul arly advant ageous application of the invention. It should al so
be understood that the structure fornmed in such a trench need not be an

I sol atton structure. For exanple, the invention is equally applicable to
formation of transistor arrays in conbination with trench storage capacitor
structures as are conmonly enployed in dynam c nenory chips. Accordingly,
while the invention will be described belowin terns of the formation of a
transistor in conbination with an isolationlétructure including a trench
for sinplicity, other trench structures may be enpl oyed. As shown in
Figure 2, a layer of pad oxide 12 and a |ayer of _pad nitrjide 14 are
sequentially forne@hﬁye§h9nkn9ﬁnth€tﬂﬁﬂrﬁﬁsk?mﬁt?éh@?ﬁme¥P?$eﬁ%ﬁ mask is
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any suitabl e knowntet béi wgryephediathabty cheterminative of threshold
voltage of the transistor in accordance with the
invention as will be discussed more fully below in
connection with Figure 10.

The transistor may then be completed as shown
in Figure 9 by implantation 32, formation of a thin
gate insulator (e.g. oxide, nitride, composite or
layered structure) 34 and the deposition and
patterning of gate electrode 36.of either metal or
polysilicon. Again,-particularly if the gate oxide
is formed by thermal oxidaﬁion, the oxide will form
principally on the exposed silicon and will not
affect the geometry of depressions 30. Even if
deposited, the thin gate insulator layer 34 will be
highly conformal and will substantially preserve the
geometry of depressions 30. However, in the latter
case, deposition by a method of known character as
to relative degree of isotropy and anisotropy can be
used, if desired, to subtly tailor the wrap-around

~geometry as may be found advantageous. However, as
will now be explained, the dimension, F, bears the
most important effect on transistor threshold.

Specifically, as shown in Figure 10, the
conduction/cut-off threshold V, of the resulting
transistor is plotted (in millivolts) as a function
of the control gate wrap around distance F (in
nanometers). As can be seen, the threshold V, is
reduced in a substantialiy linear fashion as
dimension F increases. It appears that this



12¢ \ . Then, as shown in Figure 3, a trench is etched in the silicon
substrate 10 using the patterned pad nitride layer as a mask. It should be
understood in this regard that while a silicon-based netallurgy is
preferred for practice of the invention and the invention wll be
described in connection therewith, use of other materials in accordance
wrth the principles of the invention will be evident to those skilled in
the art in view of this description of the invention. Further, it should
be understood that the depth of the trench is not at all critical to the
practice of the principles of the invention,_but trench depth should be
designed in accordance wth the type of isol’ation structure to be forned
and the desired properties thereof, in which trench depth may, indeed, be

critical. However, ;aieidiRnign caANpkIBkeLhABTath! cBegELLEEP! 1O those

skilled in the art and need n | scusse
dimensions of control gate wrap-around than is

represented in Figure 10 although it is to be
expected that a limit on threshold reduction will
exist due to other properties of the design of a
particular transistor and, in any event, reduction
of threshold beyond about 0.4 volts would be of
limited, if any, utility in a logic circuit:

While a preferred form of the manufacturing
process for the transistor in accordance with the
invention has been prov;ded above, an alternative
process may be used as will now be discussed in o
connection with Figures 11 - 13 and which will serve.
as a generalization of variations of the process in
accordance with the invention which may be exploited
to advantage in achieving the above-noted objects
thereof. Specifically, Figure 11 shows, in cross-
section, an early stage in fabrication of the
transistor in which active areas A have been defined
by the formation of isolation structures 112 which
separate them. As is well-understood in the art,
such isolation_strgctures may take many forms (e.g.
shallow trench, deep trench, recessed oxide and the
like as well as other structures employing a trench,

such as storage capacitors) and are generally
composed of oxide and employed where particularly
high integration density is desired. ther
insulating materials may be employed but oxide is
preferred for the practice of the invention,
particularly where the substrate 10 is silicon.
However, other substrate materials such as
germanium, and other insulating materials may be



to- enabl e practice of the invention. Referring now to Figure 4, a

sacrificial oxide layer 22 (which will be referred to hereinafter as a

trench sacrificialoxide) is formed on the silicon surface exposed on the

interior .of the trench in substrate 10. This layer is preferably grown by,

for exanple, thermal oxidation in order to limt oxide layer formation to

t he exposed silicon in the trench to sinplify the follow ng etching process

illustrated in Figure 5. - Specifically, the trench sacrificial oxide is

subj ected to an isotropic etch process such as wet etching using dilute

(e g. 40:1) buffered hydrofluoric acid (HF) or any other suitable process
18 '

employed such as nitride or oxide and nitride may be
employed, as desired, within the principles of the |
invention. .

The first sﬁep in the fabrication of the _
transistor in accordance with the invention from the
structure shown in Figure 11 is the growth of
thermal oxide as shown by dashed lines 120 or 120‘.
Various techniques of thermal oxide growth are well-
understood in the art and the particular technique
chosen is not critical to the practice of the
invention. It should also be understood’ that other
compounds (e.g. nitride) of the material of
substrate 10 could be used within the principles of
the invention and the use herein of the term “oxide"
is intended to indicate preference therefor while
being generic to other possible compounds or
matérials). However, it is important to an
understanding of the invention to note that the
thermal oxide grows substantially only on the active
areas and at the interface of an active area with an
isolation structure. Thus, the thermal oxide will
principally be formed at the corners of the active
area and, when the active area is very narrow, the
oxide interface with the surface of the active area
will assume a curved profile as indicated, for
example, by dashed lines 120 and produce curvatﬁre
of the corners or the entire active area when the
oxide is removed.

The thermally grown (or deposited) oxide is
referred to as a sacrificial oxide since it will be
removed in later procesé steps and its quality and
thickness are not particularly-important to the



which is both substantially isotropic and sel ective between oxi de and the
substrate material (and, preferably, the pad nitride |layer 14). Thus, as
the trench sacrificial oxide 22 is etched, the pad oxide layer 12 will also
be etched to undercut the pad nitride layer. .(In theory, if the etch is
sufficiently selective, the trench sacrificial oxide could be omtted and

t he pal oxide etched directly. However, the use of a trench sacrificial
oxide is preferred to protect the silicon under a wider variety of etch
processes, renoval of residual surface contam nants fromthe trench
particularly when a storage capacitor or other structure is to be forned
therein rather than the sinple trench isol at¥bn depi cted, and, possibly, to
all ow nmonitoring of the progress of the etching process to inprove -accuracy

of the extent of the gggfrcut.) It ,should be a%greciated that the isqtropic
etching of the pad RFAUeRE e Javention:or Howeyeryhd fathey oxdde, s,

V\/nijch t hedt riansi St @rdwn ! ccHee durrved p&mfiﬂ.heo[t'xmﬂ.ﬂeoh;:t kheUgdgher! mafy t he
pad nitride |ayer 1.5 4 L v rticeular,corner
roundi ng geonetry ajb;h vﬁsllqé%egf %g{;&ﬁlge&@ggﬂ %w%\?\ngp %grgrg}l Fe%gewbécbi We 8 and

the generalized enteatfideerits gromnyur Specifically, highefetempgratures Figure
6, the trenches 20 giiaridd 4 WilcFusiion?Blecokygehihtd PRECEIF i8R Such as
an oxide, conposite or |ayered structure, as hay be desired or required by

the overal | devi ce I Githexm the ﬁGmPﬁﬁbPFSné§g{8rtﬁBepiﬁeiﬁEéOBf t he

: oxide structures and will result in increased
i curvature of the oxide corner profile as depicted by
dashed lines 120’. Further, while the oxide is
present, it can be beneficially utilized to moderate
any implantation (depicted at 122) into the channel
region which may be desired or required by device -
design. The removal of the oxide also provides
; freedom from surface contamination of the underlying
silicon when the critical and extremely thin gate
oxide 140- (Figure 13) is grown.
Referring now to Figure 12, after processes
which can be facilitated by the sacrificial oxide
120 have been completed, the sacrificial oxide is
removed by any etching process which is reasonably
selective between the sacrificial (e.g. thermal)
‘oxide and the substrate material resulting in a
recess in the substrate having a curved profile 124
of exposed silicon at the corner of the active area.
Many such processes and etchants are well-known and
the choice of process and etchant are not critical
to the practice of the invention. The selective
removal of the oxide thus transfers the curved
profile of the oxide to the corner of the active
area.
It should be understood that the formation and
removal of the sacrificial oxide from the active



pr1nC|pIes of the invention) by any suitable dep05|t|on or growth process

or conbi nation t her eof 14 using the
patterned nitride |ayer 14 as a mask. After filling of the trenches to
conpl ete.the isolation structures, storage capacitors or the |like, the pad
nitride | ayer may be renoved. It is preferred that the process for

renovat of the nitride pad |ayer 14 allows the remai nder of the pad oxide

| ayer 12, after the undercut is acconplished, to remain in place. This
remai ni ng pad oxi de allows control of rounding of the corners of the active
areas in which the transistors will be fabricated. The achi evenent of the
roundi ng of the corners of the active area i20 connection with the

areas results in a curvature of the corners of the
conduction channel which may be tailored to closely
match the equipotential lines of Figures la and/or
l1b. Such a structure also provides a topography of
the gate oxide and electrode.which includes a degree
of "gate electrode wrap-around" including a
dimension F/ in much the same manner as described
_above for development of dimension F excepé that the
wrap-arouhd of the gate electrode will now be
located within the active area rather than the
isolation structure. As will be described more
fully below, the invention may be practiced by
rounding of the corners of the active area to the
exclusion of any etching of the isolation ;
structures. Further, tailoring of the corners of
the chanriel to match the equipotential lines serves
to maintain and. possibly enhance the sharpness of
the conduction characteristic of the transistor at
V.. '

However, it should be realized that if the
invention is practiced solely through rounding of
the corners of the conduction channel, the cross-
sectional area of the conduction channel is reduced
and, perhaps more importantly, corner conduction is
largely if not totally eliminated by removal of the
corners of the channel. Therefore the corner
conduction effects cannot significantly supplement
the on-current of the device which is, in turn,
limited by the reduced cross—-sectional area of the
channel. Further, since corner rounding is a
function of the growth of thermal oxide which is
limited by diffusion of oxygen in the silicon, the



preferred enbodi nent of the invention will be discussed in greater detai
below with reference to Figure 14. However, it is to be understood that
control of V[err] in accordance with the i nvention can be achi eved wit hout
roundi ng .of the corners of the active areas by form ng depressions in the
I sol ation structures adjacent the active areas and, for clarity of

expl anation of the formation of such depressions, the renmainder of pad
oxide layer 12 is not shown in Figure 6. Nevertheless, it is preferred that
the invention be practiced using a conbination of the formation of
depressions and roundi ng of the corners of the active areas although the

I nvention may be practiced by either roundrng?bf the corners of the active
area or the formation of depressrons in the isolation structure to the

Ref erring now to Fi JRRER £ Wk, Shardy il ‘Bt me’ Grendh gy an

herei nafter as a economlcally feasible period of tlme is limited and
may not provide the desired degree of threshold
voltage adjustment. On the other hand, the
development of gate electrode wrap-around solely in
the area of the trench strﬁcture may reduce
breakdown voltage (depending on gate electrode
structure and patterning) or increase capacitive
coupling between transistors. Therefore, as
indicated above, it is considered preferable to
practice the inventioﬂ using a combination of cornerx
rounding within the active area and gate electrode
wrap-around in the trench area.

To develop gate electrode wrap-around, if the
isolation structure is of the same compound as the
thermally grown material (e.g. oxide) or can be
etched at a comparable rate, the'etching process may
be simply continued to overetch the isolation
structures as shown by dashed line 126 in much the
same manner as discussed above in connection with
Figuré 8. (If the materials are different, the
etchant or etching process or both should be
changed, maintaining selectivity betﬁeen the
material of the isolation structures 112 and the
material of substrate 10). Recessed regions 128 will
also be formed since a greater etching rate will
occur in regions where mechanical stress is present,
as alluded to above.' The depth to which formation
of recessed regions 128 is carried out is important
to control of the conduction threshold of the
resulting transistors but, since usable thresholds
can be made to vary, at will, over a wide range, the



surface sacrificial oxide) 28 is deposited as a bl anket |ayer or grown by,
for exanple, thernal oxidation.. In the latter case, the grown oxide wll
be principally forned on the active areas in a nanner advantageous to
devel opi ng desired corner. geonetry of the gate oxide and el ectrode as wl|
be di scussed below with reference to Figure 14. (Again, oxide is strongly
preferted for process conveni ence and m nim zation of process steps but
other materials could be used.) A conbination of oxide growh followed by
bl anket oxi de | ayer deposi tion may also devel op sel ected differences in

t hi ckness of oxide layer 28 in nuch the profile illustrated in order to
exerci se even nore control over the corner @=onetry. As shown in
Figure 8, the surface sacrificial oxide can now be etched by any process

which is largely selective between the surface sacrificial |ayer 28
material and the se¥hent ©fltheaovergtching efcther dsedationyetructboeh

provide for the re%wldofno%ubtea%neaab%unemﬁlaaﬂ te €R¥ T%eace%érahs or
gate el ectrode geo y |n ccordance wth the invention. e etch process

is preferably conti %t beyond the point at which the
Once the desired degree of overetching has been

completed, the thin gate oxide 140 may be deposited
or, preferably, thermally grown as shown in Figure
13. Then metal or doped semiconductor can be.
deposited and patterned to form gate electrodeé 142
to complete the transistor.

It should be noted that between the embodiment
discussed in regard to Figures 2 - 9 and the
embodiment discussed in regard to Figures 11 - 13,1f.
that in the former (Figures 2 - 9), a depression is
developed principally on the isolation structure :
while in the latter (especially Figures 11 - 12,
prior to overetching depressions 128), a curved
surface (generally approximating the equipotential
lines 15/ of Figure 1b) is developed principally in
the active area. These effects can be separately
regulated in the practice of the invention but
should be regarded as extreﬁes of a continuum of
shapes which may be developed by control of
thickness of the surface sacrificial oxide, the
undercut of the pad oxide and the width of the
active area in accordance with the invention as
described above as may be desired for a particular
design as will now be described in detail with
reference to Figure 14.

Specifically, Figure 14 shows a corner of an
active area as illustrated in Figure 5 but after
removal of the pad nitride layer 14, leaving a
remaining portion of pad oxide layer 12 after the



surface of the silicon in the active areas is exposed to devel op
depressions 30 at the edges of the isolation trenches. The formation of

t hese depressions 30 nay be facilitated by the production of internal
stresses. in grown oxide at the interface between the active area portion of
the substrate and the trench material since the grown oxide is of greater
vol une than the silicon prior to oxidation.

16 The extent of the depressions 30 deternines the dinensions of gate

el ectrode wrap-around al ong the sides of the conduction channel which has
been found to be very predictably determ native of threshold voltage of the
transistor in accordance with the invention23s will be discussed nore fully

bel ow i n _
nitride layer 14 is undercut (e.g. 24) by generally
isotropic and selective etching. Growth of thermal
oxide at a giéen temperature will thus occur at the
locations where the substrate material is exposed by
the pad oxide 12 and at.a greater rate proximate to
the interface of the substrate 10 and the trench
structure 26 resulting in the profile indicated at
201. As alluded to above, a higher temperéturé for
thermal oxide growth.will increase diffusion of
oxygen and result in the thermal oxide profile
indicated by chain line 202. similarly,.if the
undercut is reduced (e.g. 247), thermal oxide growth.
at thé given temperature will result in the profile
- indicated by dashed line 203 and thermal oxide

growth at the higher temperature will result in the
profile indicated by the double~dot chain 1line 204.
Thus, different combinations or sequences or both of
masking andltemperature(s) for thermal oxide growth
allow substantial flexibility in the corner rounding
profile which can be obtained.

The effect on threshold voltage as a function
of undercut is graphically depicted in Figure 15.
Specifically, in Figure 15 the corner threshold |
voltage change (in millivolts) is plotted as a -
function of duration (in seconds) of the etching of
the pad oxide 12 (and the sacrificial trench oxide
22) in a dilute (e.g. 40:1) buffered hydrofluoric
acid wet etch followed by thermal oxide growth at a
standard temperature. It should be understood that
many factors such as temperature, etchant
concentration, etch prodess and the like can effect
etch rates and Figure 15 depicts results of a



connection with Fi gure 10. The transistor may then be conpleted as
shown in Figure 9 by inplantation 32, formation of a thin gate insulator
(e.g. oxide, nitride, conmposite or |layered structure) 34 and the deposition
and patterning of gate electrode 36 of either netal or -polysilicon. Again,
particutarly if the gate oxide is formed by thernmal oxidation, the oxide
wrll formprincipally on the exposed silicon and will not affect the
geonetry of depressions 30. Even if deposited, the thin gate insul ator

| ayer 34 will be highly conformal and will substantially preserve the
geonetry of depressions 30. However, in the latter case, deposition by a
nmet hod of known character as to relatlve degfte of isotropy and ani sotropy
can be used, if desired, to subtly tallor t he wrap-around geonetry as nay

be found advantageous | now be. e pI ned, F,
bears the nmost i npdPPUEER I_P\E‘FYe‘Ef %“f‘?%%%? S?WJ[# 6{; méaq%i%'m cally,
as shown in Figure difichtfectars ushbsiod retda oy anshanﬁ(kxmenﬁ fidre resulting
transistor 15, Pl OUUSSAL oM 44 1L Lade At | Undsarcile ! Hno QA 00t e

wrap around distan I'N nanone ers e seen,, the threshold
Verr] is reduced mr@p%%ﬁamclmtywnﬂé'awl?%sm horigontad sieadle of

increases. |t appeagfyhP@iissfould be considered as being in arbitrary
units of time. Note also that since the vertical
axis is scaled in units of threshold change, the
location of the origin (0.0 mV change) is dlso
arbitrary. L

Thus, since a greater degree of undercut will
result in a greater dimension of F/ if all other
conditions are maintained constant, it is seen that
much the same gross effect is achieved as is shown
; for gate electrode wrap-around in Figure 10.
However, the effect on threshold voltage is somewhat
non-linear and will have an effect which is more
nearly specific to corner conduction effects and,
hence, the shape of the conduction characteristic of
the transistor near cut-off and the magnitude of the
corner conduction component_pf on—~-current of the
transistor. Therefore, while either corner rounding
of the active area or gate electrode wrap-around
could be used to the exclusion of the other in the
practice of the invention, the use of both in
varying relative degree provides substantial
flexibility in tailoring threshold voltage,
conduction characteristic near cut-off and on-
current in the design of transistors for various
applications.
For example, while Figure 15 reflects some

possible amount of non-linearity with time of the
extent of the undercut, in combination with the



17, *. relationship can be extrapolated to greater dinensions of control
gate wrap-around than is represented in Figure 10 although it is to be
expected that a limt on threshold reduction will exist due to other
properties of the design of a particular transistor and, in any event,
reduction of threshold beyond about 0.4 volts would be of Ilimted, if
any, utility inalogic circuit. Wiile a preferred formof the

manuf acturing process for the transistor in accordance with the invention
has been provi ded above, an alternative process nmay be used as will now be
di scussed in connection with Figures 11 - 13 and which will serve as a
general i zation of variations of the process 2% accordance with the

i nvention which may be exploited to advantage in achieving the above-noted

o e N b Eat e d il Wi ok i Whelld pFolied® Y 'gite 20 21
electrode wrap-around, the results depicted in
Figure 15 suggest that corner conduction can be
engendered (e.g. by deliberate mismatch of the
equipotential lines in the channel) when the
transistor is conductive in order to enhance
on-current while the cut-off threshold can be made
arbitrarily low. - '

In view of the foregoing, it is seen that the
invention provides a transistor structure and method
of manufacture therefor which is simple, economical
and of high yield and which provides for control of
conduétion/cut—off threshold and conduction
charaéteristic, including on-current, by control of
corner conduction as design rules are scaled into
the sub-micron regime. _

While the invention has been described in
terms of a single preferred embodiment and
variations thereon, those skilled in the art will
recognize that the invention can be practiced with
modification within the spifit and scope of the
appended claims.



transistor in which active areas A have been defined by the formation of
isolation structures 112 which separate them As is well-understood—+n—the
art, such isolation structures may take many forms (e.qg. shaIIOM/trencﬂ

ed

deep trench, recessed oxide and the like as well as oti “ﬁgnw “ﬁt

enpl oying a trench, such as storage capacitors) and ar “‘

of oxide and enployed where particularly high integratidn denSity i's
desired. Qther insulating materials may be enpl oyed but oxide is preferred
for the practice of the invention, particularly where the substrate 10 is
silicon. However, other substrate materials such as germanium and ot her

I nsulating materials nmay be 26

CLAIMS

Having thus described my invention, what I
claim as new and desire to secure by Letters Patent
is as follows:

1. A field effect transistor comprising
'~ a conduction channel formed in an active area

bounded by trench structures,

a gate oxide and a gate electrode formed on
- said conduction channel, and

a portion of said gate oxide and gate electrodé .
extending along a portion of a side of said |
conduction channel at an interface of said
conduction channel and said trench structures.

2. A field effect transistor as recited in claim
1, wherein a part of said portion of said gate oxide
and gate electrode extends along said interface
within said active area.

3. A field effect transistor as recited in claim
1, wherein a part of said portion of said gate oxide
and gate electrode extends along said interface
within an area of said trench structures.

4. A field effect transistor as recited in claim
2, wherein a part of said portion of said gate oxide
and gate electrode extends along said interface
within an area of said trench structures.

-
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gnp#éyed such as nitride or oxide and nitride may be enpl oyed, as desired,
within the principles of the invention. The firs '
fabrication of the transistor in accordance with the invention fromthe

structure shown in Figure 11 is the growth of ther n““mmuﬂnﬁwt by
dashed lines 120 or 120'. Various techniques of the gy are -
wel | - ‘'understood in the art and the particul ar techni*qué chosen i s ‘not
critical to the.practice of the invention. It should al so be understood
t hat ot her conpounds (e.g. nitride) of the material of substrate 10 could
be used within the principles of the inventiﬁn and the use herein of the
term"oxide" is intended to indicate prefer% ce therefor while being
generic to other possible compounds or nmaterials). However, it is .
i nportant to an under st ' e_l | that eL ma
oxi de grows substa%tiaIﬁ;git’)%lgs:P%tr:l8 haeé;%%%%ﬁ]ar{e!gségénﬁna?' t‘ﬂ%&ﬁ'gr%ace of
an active area W tﬂi@hhigﬁla@i/@ncgnd%timé.cml tie lers rehanxene wil |
principally be forgperah.the corners of the active area and, when the
active area is very narrow, the oxide interface with the surface of the
active area will assune a curved profile as indicated for exanple, by
dashed lines 120 agd praguistegratedreivduithdmeiuding @ tieldneffectcti ve
area when the oxidg_j e . Jhe thermally grown (or deposited)
%éxi%{%%fl cgal?gris.}x;r% o .

oxide is referred acriticral oxide since it will be

a conduction channel formed in an active area -
bounded by trench structures, -

a gate oxide and a gate electrode formed on
said conduction channel, and '

a portion of said gate oxide and gate electrode
extending along a portion of a side of said o
conduction channel at an interface of said
conduction channel anq said trench structures.

7. An integrated circuit as recited in claim 6,
wherein a part of said portion of said gate oxide
and gate electrode extends along said interface
within said active area.

8. An integrated circuit as recited in claim 6,
wherein a part of gaid'portion of said gate oxide
and gate électrode extends along said interface '
within an area of said trench structures.

9. An integrated circuit recited in claim 7,

" wherein a part of said portion of said gate oxide
and gate electrode extends along said interface
within an area of said trench structures.

* This Sheet Has Baen Replaced

LT



repoved in later process steps and its quality and thi'ckness are not
particularly inportant to the 19
practice of the invention. However, if the oxide is grown, the curved
profile of oxide at the corner may be altered at in mﬂlﬂMFture at
whi ch the oxide is grown. Specifically, higher te t he

di'f fusi on of oxygen into the silicon from either the atnnsphere and/ or the
i sol ation oxide structures and will result in increased curvature of the
oxi de corner profile as depicted by dashed |ines 120 Further, while the
oxide is present, it can be beneficially Utl% zed to nDderate any

I npl antation (depicted at 122) into the chan regi on which may be desired
or required by device

10. An integrated circuit as recited in claim 1,
wherein a width of said conduction channel is less

than one micron.

11. A method of manufacturing a semiconductor
device including a field effect transistor, said
method comprising the steps of
forming a sacrificial oxide at a surface of an
active area of a substrate and at an interface
between said active.area and a trench structure,
removing said sacrificial oxide to form a
recess in said substrate, and -
foiming a gate oxide and a gate electrode over
said active area and in said recess.

12. A method as recited in claim 11, including the
further steps of

forming a first pad layer and a second pad
layer on said substrate, and '

etching said first pad layer to undercut said
second pad layer. )

13. A method as recited in claim 11, wherein a
portion of said sacrificial oxide is thermally

grown.

14. A method as recited in claim 11, including the
further step on implanting impurities in said active
area of said substrate.

.’/
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dqgggn“ The renoval of the oxide also provides freedomfrom surface

contam nation of the underlying silicon when the critical and extr |y
thin gate oxide 140-(Figure 13) is grown. - RngLLLngﬁomrfﬁfﬁrgﬁfe 12,
after processes which can be facilitated by the sacrificial ' 20 have
been conpleted, the sacrificial oxide is renoved b ‘m “‘m“‘}ﬁ\\ ess
whi ch ts reasonably sel ective between the sacrifiCﬂnmn Lo R es el ) oxide
and the substrate material resulting in a recess in the substrate having a
curved profile 124 of exposed silicon at the corner of the active area.
Many such processes and etchants are well-known and the choice of process

and etchant are not critical to the practicez%ﬁ the invention. The
sel ective renoval of the oxide thus transfers the curved profile of the

oxide to the corner fvtﬁ%%ck{%aéeaér jted in tc%lgg#nlci'bg,ﬂg}cgairﬁté)od t hat

the formation and r sacriticral oxi romthe active
portion of said recess is formed by removing

material from said trench structure.

16. A method as recited in clain 11,,wherein a

portion of said recess is formed by removing
material from said active area of said substrate.

17. A method as recited in claim 16, wherein said

removing step includes .
rounding a corner of said active area.
18. A method as recited in claim 15, wherein a

portion of said recess is formed by removing
material from said active area of said substrate.

19. A method as recited in claim 18, wherein said

removing step includes
rounding a corner of said active area.

20. A method as recited in claim 11, including the

further step of
filling said trench structure with an

insulator.
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20 > areas results in a curvature of the corners of the conduction channel
whi ch may be tailored to closely match-the: -equi.potential |ines of Figures
la and/or |Ib. Such a structure also provides a topography of the gate oxide
and -el ectrode which includes a degree of "gate el ectrode w ap-around”
including a dinmension F' in nmuch the sane manner as descri bed above for
devel opnent of dinension F except that tgge wap-around of the gate

el ectrode will now be located within the active area . rather than the

i sol ation struct GEOMETRICAL GONEROL OEDEVIGE CORNERAHRESHOED nvent i on
may be practlced by rounding of the corners of the active area to the

excl usi on" ABSTRAGE chi ng of the isolation structures. Further, tailoring of
the corners of the channel, to match the equi otentlal | i nes, serves to

mai ntain and poggmyomaﬁwl ¢ ganductipp ghapnelof 4 figld effsef fEansistor is controlled
h t t f th t
o et B e §PomeBeal G iEvERan.Ohshe Bee e and gels SipRre arﬁﬁémﬁmﬂ S9E ¢ he

Conduct i ortERER °“"”C%f?? < e o FrB TSR ARPRERF o Byl

conduct | Ondé;ﬁ'essmns at edges of trench structures such as deep or shallow trench isolation

-

structures and/or trench capacitors develop recesses in a surface of a substrate at an
interface of active areas and trench structures in which a portion of the gate oxide and
gate electrode (36) are formed so that the gate oxide and gate electrode (36) effectively
wrap aroﬂnd a porﬁon of the conduction channel of the transistor.

Fig. 9



largely if not totally elimnated by renpval of the corners of the channel.
“Fherefore the corner conduction effects cannot significantly supplenment the
on-current of the device which is, in turn, linited by the reduced

Cross- sectional area of the- channel Further since corner rounding is a
function of the growth of thermal oxide which is Iinited by diffusion of
oxygen in the silicon, the 1/5 ) 21

depth to which thermal oxide can be grown in an economcally feasible-
period of time is limted and ag not provide the desired degree of
threshol d vol tage adj ust meq t he 1ftqer ?%@MNNE. dev fgoprrent of gate -
el ectrode wrap- arou/nd sole \\ arp afl the trench uf2ture may reduce
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brreakdown vol t age (depending on gate el ectrode structure and patterning) or
ncrease capacitive coupling between transistors. Therefore, as-indicated
above, it is considered preferable to practice the invention using a

conbi nat.i on of ecorner rounding within the active area and gate el ectrode
wrap-around in the trench area. To devel op gate el ectrode w ap-around,
if the isolation structure is of the sanﬁ/ﬁonpound as the thermally grown
material (e.g. oxide) or can be etched a conparable rate, the etching
process may be sinply continued to-overetch the isolation structures as
shown by dashed line 126 in nuch the sanme manner as di scussed above in
connection with Figure 8. (If the materials are different, the etchant or
et ching process or both should be ¢hanged, [mar ntai ni ng sel ec{i vilby between
the materi al oftﬁﬁp's i on stHJ&wu4£${J2 and the materi al™~df substrate
10) . Recessed region will als¢ be forfqed since a greatef et,ghing rate
will occur in re%gﬁrs-mhere—nﬁthaﬁiCHT‘ETT SS IS present, as;@)1 ded to
above. The depth NARDE fornatig£ of recdssed regi ons 128 ngﬂ ri ed out

is important toeanirol of the condiiciion flhreshold of the r&sulting

transi stors but ~PADNOKIDESabl e t hreisQOBSIRATRAN be made tqgvary, at will, over

a w de range, ‘the
FIG.2
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22 * extent of the overetching of the isolation structure should not be
ronsidered critical to the practice of the invention. once the desired
degree of overetching has been conpleted, the thin gate oxide 140 may be
depesited or, preferably, thermally grown as shown in Figure 13. Then netal
or doped sem conductor can be, deposited and patterned to form gate

el ectrodes 142 to conplete the transistor It should be noted that

bet ween t he enbodi nent di scussed in regar%/it) Figures 2 - 9 and the

enbodi nment discussed inregard to Figures 11 - 13, that in the forner

(Figures 2 - a depression is devel oped principally on the isolation
structure while in e ially Figures 11 - 12, prior to
over et chi ng depresé#@ﬁgk$g8§&m§ sﬁﬁﬁed surface (generally approximting the
equ| potent|a| | i nes_15'__of Flnurp L b ) i s dewel npnd pri nhj_pal y i14
4
z\/\_/-\) ' (7-\/12
Si SUBSTRATE Si SUBSTRATE
TRENCH 10 TRENCH

FIG.S
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FIG.6
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t he actlve area. These effects can be separately regulated in the practice
6f the invention but should be regarded as extremes of a continuum of
shapes whi ch may be devel oped by control of thickness of the surface
sacrificial oxide, the undercut of the pad oxide and the width of the
active area in accordance with the invention as descri bed above as may be
desired for a particular design as wll R be described in detail wth
reference to Figure 14. SpecificaLIyﬂykigure 14 shows -a corner of an
active area as illustrated in Figure 5 but after renoval of the pad nitride

| ayer 14, |eaving i i ' of pad oxide layer 12 after the
| SKCHFEAL (M0 SRl

Si SUBSTRATE - Si SUBSTRATE

FIG.8 TRENCH | TRENCH
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nijtride layer 14 is undercut (e.g. 24) by generally isotropic and sel ective
etching. Gowmh of thermal oxide at a given tenperature will thus occur at
the-locations where the substrate material is exposed by the pad oxide 12
and at a-greater rate proxinate to the interface of the substrate 10 and
the trench structure 26 resulting in the profile indicated at 201. As

al l uded to above, a higher tenperature for thermal oxide gromh wll

i ncrease diffusion of oxygen and result in the thernmal oxide profile

i ndicated by chain line 202. Simlarly, if t hé/dndercut is reduced (e.q.

. 24"), thermal oxide growh at the given tenperature will result in the
profile indicated=by dashed |line 203 and thermal oxide growth at the higher

tenperature wll Fésuggo n the profile indicated by the doubl e-dot chain
line 204. Thus, differenf c i nati ons or sequences or both of nasking and
tenperature(s) forgghgf oxXi grow h all ow substantial flexibility in

| e whi ch™Ngan be obt ai ned. The etfect on
ction of ergut is graphically depicted in

Fi gure 15. Specif%gal in Figure 15 e corner threshold vol tage change
(inmillivolts) is pl&iQ as a function duration (in seconds) of the
et ching of the pabidoxidel 12 (and the sacrifiNjial trench oxide 22) in a
dilute (e.g. 40: 15 buBS®fed hydrofluoric acid™wet etch followed by therma
oxi de growth at asstandayd tenperature. It shoul e understood that many
factors such as t%Tpe&iIﬁIu-re, et chant :
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concentrati on,
15 depicts results of a

plurality of processes carried out naintainin
Substantially constant except for duration of |t
ot her processes and/or conditions, the horizopt
be considered as being in arbitrary units of

vertical axis is scaled in units of thrdéshold a%gaﬂt he pC{gecaLLstl

origin (0.0 nV change) is also arbitrary. Thus, since a greatﬂ e‘(jf'e
of underc il | r di mensi on BATE' OFfREdZ hg,us’
condltlongémrﬁég el r}mﬁfﬁﬁ is seen that EIPE’I‘ """" C(

etch process and the |ike can effect etch rat es and Fi gure
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It is therefore an object of the present invention to provide a technique of

adjustment of corner conduction in a field effect transistor which is independent of the

channe] conductions.

It is another object of the invention to provide a field effect transistor and a high-

yield method for its manufacture in which the conduction threshold and off-current may

be adjusted to desired values.

It is a further object of the invention to provide a field effect transistor and
method of manufacture which allows the conduction/cut-off voltage to be adjusted at
will,

It is yet another object of the invention to provide a transistor structure which is
scalable to conduction/cut-off threshold voltage and conduction characteristic.

According to one aspect of the present invention there is provided a method of
manufacturing a semiconductor device including a field effect transistor, said method
comprising the steps of:

forming a sacrificial oxide at a surface of an active area of a substrate and at an
interface between said active area and a trench isolation structure having insulating
material therein and a substantial planar surface, said active area being substantially a
conduction channel;
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much the sane gross effect is achieved as is shown for gate el ectrode

“wrap-around in Figure 10. However, the effect on threshold voltage is
sonewhat non-linear and will have an effect which is nore nearly
*specific.to corner conduction effects and, hence, the shape of the

conduction characteristic of the transistor near cut-off and the magnitude

of the corner conduction conponent of on-current of the transistor.

Therefore, while either corner rounding of the active area or gate

el ectrode- wrap-around could be used to the exclusion of the other in the

practice of the invention, the use of “Hoth in varying relative degree

provi des subst anti al flexiblllty in tallorlng t hreshol d vol tage, conducti on

charect o | S o Bl S AR e 5 Bl BRI 21,
possi bl ?nogggga;&%ﬁ,%ygﬁ%me& doknatic haih B lsofun dcRRE; fla the under cut.,

in conbi

W

forming 2 gate oxide and a gate electrode over said conduction channel and in
said depression,

said depression, said gate oxide and said gate electrode providing controlled
threshold conduction characteristics in said conduction chammel.
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25 changes in the electrical field produced by gate el ectrode
w ap-around, the results depicted in Figure 15 suggest that corner
conduction can be engendered (e.g. by deliber i ch of the
equi potential lines in the channel) when the transi i uctive in
order to enhance on-current while the cut-off mmﬁ‘!ﬁ)ul“mﬁmmde
arbitrarily | ow In view of the foregoing,SFtclscSeensthat the
i nvention provides a transistor structure and nethod of manufacture
t herefor which is sinple, econom cal qq$(ﬁ hi gh yield and which provides
for control of conduction/cut-off threstiold and conduction characteristic,
i ncludi ng on-current, by control of corner conduction as design rules are
scal ed into thehesdldiniyidefiaihg/tRE id@ntion are as WlidwR; t he invention has been
described in terns of a single preferred enbodi nent and variati ons thereon,
those skilled in the art will recognize that the invention can be practiced
with nodification within the spirit and scope of the appended cl ai ns.

1. A method of manufacturing a semiconductor device including a field effect

transistor, said method comprising the steps of:

forming a sacrificial oxide at a surface of an active area of a substrate and at an
interface between said active area and a trench isolation structure having insulating
material therein and a substantial planar surface, said active area being substantially a
conduction channel;

over-etching said sacrificial oxide to form a depression in said insulating material

of said isolation structure at a corner of said trench isolation structure; and
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- 26 - The clains defining the invention are as follows: 1.
A net hod of manufacturing a sem conductor device 1ncluding a fietd effect

transi stor, said nethod conprising the steps of i
sacrificial oxide at a surface of an active ar ea”", l“"lu.lm M’!and at an
interface between said active area and a trench |so at1ion re having
insulating material therein and a substagtial planar surface, said active
area being substantially a conduction channel; over-etching said

sacrificial oxide to forma depression in said insulating material of said
i sol ation strucOrping:a gaie exidaand grgatrglertiode aver seidyrondnesionshannel artin and

said dcpressxon.

said depression, said gate oxide and said gate electrode providing controlled
threshold conduction characteristics in said conduction channel.
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.. 27 - formng a gate oxide and a gate el ectrode over said conduction
channel and in said depression, sai d depresst+on——sat-d—gate—oxi de and

said gate el ectrode providing controlled threshol j
characteristics in said conduction channel . _ Inluiﬂmﬂjmmmmm
- 28- 2. Anethod as recited in claim1l, wher C "o sai d
sacrificial oxide is thermally grown.

-28 -

2. A method as recited in claim 1, wherein a portion of said sacrificial oxide is

thermally grown.




3. A nethod as recited in claim1, includi ng—the—further—step—on

i r‘rpl anting .i. npurities in said active ai’ :ga- of SlT!lﬂlﬂM]i“'!milj“ |!I| _

3. A method as recited in claim 1', including the further step on implanting

impurities in said active area of said substrate.




