71091779 A1 I AT 0 00O OO

=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
27 September 2007 (27.09.2007)

‘ﬂ[l A0 000

(10) International Publication Number

WO 2007/109179 Al

(51) International Patent Classification:
HOIL 21/336 (2006.01) HOIL 29/788 (2006.01)
HOIL 21/8247 (2006.01)  HOIL 27/105 (2006.01)
HOIL 27/115 (2006.01) HOIL 27/02 (2006.01)

(21) International Application Number:
PCT/US2007/006715

(22) International Filing Date: 16 March 2007 (16.03.2007)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:
11/378,463

(71) Applicant (for all designated States except US): SPAN-
SION LLC [US/US]; 915 DeGuigne Drive, Mail Stop 250,
P.O. Box 3453, Sunnyvale, CA 94088-3453 (US).

16 March 2006 (16.03.2006) US

(72) Inventor; and
(75) Inventor/Applicant (for US only): LIGON, William, A.
[US/US]; 11321 Aden Court, Austin, TX 78739 (US).

(74) Agent: JAIPERSHAD, Rajendra; 915 DeGuigne Drive,
Mail Stop 250, P.O. Box 3453, Sunnyvale, CA 94088-3453

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL, IN, IS,
JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR, LS,
LT, LU, LY, MA, MD, MG, MK, MN, MW, MX, MY, MZ,
NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS, RU,
SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of

(Us). amendments
[Continued on next page]
(54) Title: VERTICAL EEPROM DEVICE
62 20
59 152 /
1/’
&
o9 [
154 2
r//
//l
d '/‘
’ r/<
81 ‘
62 62
42
0
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the length of the trench parallel to the substrate surface. A gate insulator (66) and a gate electrode (68) are formed overlying the

channel.
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VERTICAL SEMICONDUCTOR DEVICE
TECHNICAL FIELD OF THE INVENTION

The present invention generally relates to a vertical semiconductor device, and more particularly relates to a
vertical MOS device fabricated in the wall of a trench formed in a semiconductor substrate and having a channel along
the edge of the trench parallel to the surface of the semiconductor substrate.

BACKGROUND OF THE INVENTION

The majority of present day integrated circuits (ICs) are implemented by using a plurality of interconnected
field effect transistors (FETs), also called metal oxide semiconductor field effect transistors (MOSFETs), or simply
MOS transistors. An MOS transistor includes a géte electrode as a control electrode and spaced apart source and drain
regions between which a current can flow. A contro} voltage applied to the gate electrode controls the flow of current

through a channel between the source and drain electrodes.

ICs are typically fabricated in and on 2 thin semiconductor substrate having a substantially planar surface.
The source and drain regions are spaced apart impurity doped regions jon implanted into the substantially planar surface
on opposite sides of the gate electrode which is formed overlying the planar surface. As the complexity of the
integrated circuits increases, more and more MOS transistors are needed to implement the integrated circuit function.
As more and more transistors are designed into the IC, it becomes important to shrink the size of individual MOS
transistors so that the size of the IC remains reasonable and the 1C can be reliably manufactured. Shrinking the size of
an MOS transistor implies that the minimum feature size, that is, the minimum width of a line or the minimum spacing
between lines, is reduced. MOS transistors have now been aggressively reduced to the point at which the gate electrode
of the transistor is less than or equal to 90 nanometers (nm) in width. Aggressively shrinking the minimum feature size
even further to incorporate more devices in and on the planar substrate surface, however, will incur a significant

increase in manufacturing cost, in terms of increased capital expenditures and reduced yield.

Attempts have been made to overcome the problem of packing more and more transistors onto the
semiconductor surface by manufacturing vertical transistors. In such attempts, instead of locating each of the source,
drain, and channel on the substantially planar surface of the substrate, the vertical transistors are fabricated in trenches
that are etched into the surface of the substrate with a source at the bottom of the trench, a drain at the top of the trench
near the semiconductor surface, and a channel conducting current along the wall of the trench between the source and
the drain. Unfortunately, such attempts have been largely unsuccessful because of problems of isolating one transistor

from another and of making the necessary electrical contacts to the vertical transistor elements.

Accordingly, it is desirable to provide a vertical device structure that allow an increase in the number of
devices integrated in an IC without requiring a further reduction in minimum feature size. In addition, it is desirable to
provide a memory IC based on a vertical transistor structure. Furthermore, other desirable features and characteristics
of the present invention will become apparent from the subsequent detailed description and the appended claims, taken

in conjunction with the accompanying drawings and the foregoing technical field and background.
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BRIEF SUMMARY OF THE INVENTION

A vertical semiconductor device and a method for its fabrication are provided. The semiconductor device
comprises a trench formed in the semiconductor substrate and bounded by a trench wall extending from the
semiconductor surfice to a trench bottom. A drain region and a source region, spaced apart along the length of the
trench, are formed along the trench wall, each extending from the surface toward the bottom. A channel region is
formed in the substrate along the trench wall between the drain region and the source region and extending along the
length of the trench parallel to the substrate surface. A gate insulator and a gate electrode are formed overlying the

channel.
BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will hereinafter be described in conjunction with the following drawing figures, wherein
like numerals denote like elements, and wherein FIG. 1-13 illustrate a portion of a semiconductor device and

method steps for its fabrication in accordance with various embodiments of the invention.
DETAILED DESCRIPTION OF THE INVENTION

The following detailed description is merely exemplary in nature and is not intended to limit the invention or
the application and uses of the invention. Furthermore, there is no intention to be bound by any expressed or implied
theory presented in the preceding technical field, background, brief summary or the foltowing detailed description.
Terms such as "vertical" and "horizontal” are used herein for descriptive purposes and refer only to orientation with
respect to the surface of a substrate (taken to be horizontal), and are not infended to otherwise limit the orientation of

the inventive device.

FIGS. 1-13 schematically illustrate a semiconductor memory integrated circuit 40 and method steps for the
fabrication of integrated circuit 40 in accordance with various embodiments of the invention. Although the term "MOS
device" properly refers to a device having a metal gate electrode and an oxide gate insulator, that term will be used
throughout to refer to any semiconductor device that includes a conductive gate electrode {whether metal or other
conductive material) that is positioned over a gate insulator (vghethe; oxide or other insulator) which, in tumn, is
positioned over a semiconductor substrate. In these illustrative embodiments only a small portion of integrated circuit
40 is illustrated. Various steps in the manufacture of MOS devices are well known and so, in the interest of brevity,
many conventional steps will only be mentioned briefly herein or will be omitted entirely without providing the well
known process details. In this exemplary embodiment integrated c1rcu1t 40 is illustrated to be a non-volatile memory
circuit such as an electrically erasable programmable read only memory (EEPROM) or a Flash memory, but the
invention is also applicable to other semiconductor memory circuits as well as to other ICs, especially those that have a

repetitive structure.

A semiconductor memory IC typically includes a memory array or core area and a peripheral area. The core
area, in which data is stored, usually, but not necessarily, includes only N-channel MOS (NMOS) transistors and the
exemplary embodiment described below will be such an NMOS circuit. The invention is not limited, however, to such
single channel embodiments. The peripheral area, which includes support circuitry such as clock circuits, address
circuits, /O circuits, and the like, usually includes complementary MOS (CMOS) transistors. In accordance with an

embodiment of the invention, the peripheral circuitry is conventional and is fabricated in substantially the conventional
2
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manner with conventional (not vertical) CMOS transistors. Because the peripheral circuitry is fabricated in
conventional manner, the peripheral circuitry and the process steps for fabricating such circuitry will not be illustrated
or described except 1o discuss how such conventional process steps are integrated process for fabricating the core area.

Accordingly, the drawing figures will illustrate « aly (a portion of) the core area of integrated circuit 40.

As illustrated in FIG. 1, fabrication of a semiconductor device in accordance with one embodiment of the
invention begins with providing a semiconductor substrate 42. Although other semiconductor materials can be used,
the semiconductor substrate is preferably a silicon substrate, either a bulk substrate or a silicon on insulator (SOI)
substrate. Without limitation, the semiconductor substrate will generally be referred to herein as a silicon substrate. As
used herein, the term "silicon substrate” will be used to encompass the relatively pure monocrystalline silicon materials
typically used in the semiconductor industry, either bulk or SOI, as well as silicon admixed with other elements such as

germanium, carbon, and the like to form substantially monocrystalline semiconductor material.

In accordance with a preferred embodiment of the invention isolation in the peripheral portion of the IC,
preferably shallow trench isolation (STI), is formed first. Because the peripheral isolation is formed in conventional
manner, the process steps for its formation will not be described in detail and will not be illustrated in the drawing
figures. Although many techniques can be used for forming STI, all such methods generally involve forming a pad
oxide and a layer of nitride on the silicon substrate, patterning the nitride and oxide as an etch mask, etching trenches
into the surface of the substrate, filling the trenches with an oxide or other insulator, and removing the excess oxide, for
example by chemical mechanical planarization (CMP). During the formation of the peripheral isolation the core area is
protected by the silicon nitride layer that is left unpatterned over the core area.

As illustrated in cross section in FIG. 1, in accordance with an embodiment of the invention, a thin layer of
oxide 44 is formed on surface 46 of the silicon substrate. A layer of silicon nitride 48, having a thickness of about 90
nm is deposited over the layer of oxide. Layer of oxide 44 can be grown by heating the silicon substrate in an oxidizing
ambient and layer of silicon nitride 48 can be deposited by low pressure chemical vapor deposition (LPCVD) by the

reaction of dichlorosilane and ammonia.

A layer of photoresist 50 is applied over silicon nitride layer 48 and is patterned as illustrated in cross
section in FIG. 2. Although not illustrated, the photoresist is left unpatterned and protecting the peripheral area of the
IC. Using the patterned photoresist as an etch mask, trenches 52 are etched into the surface of silicon substrate 42 in the
core area. Preferably the trenches are anisotropically etched, for example by reactive ion etching (RIE) using a Cl or
HBr/Q, chemistry. The anisotropic etching results in trench walls 54, 56 that are nearly vertical extending from surface
46 to the trench bottom 58. Although not apparent in FIG. 2 (but illustrated in FIG. 4 below) the walls of trenches 52,
when viewed along their length, preferably are not straight, but rather are patterned and etched to leave enlarged contact
regions 59 in the silicon substrate bordering the trenches. Most preferably, the contact regions are staggered from row
to row to increase packing density. "Row" is used here in the context of rows and columns of a memory array. Word
lines will eventually be formed along the row direction. The number and length of trenches will be determined by the

size of the memory to be fabricated.

After completing the trench etch, photoresist layer 50 is stripped and a thin layer of thermal oxide 60 is
grown as an oxide liner on the walls and bottom of the trenches as illustrated in cross section in FIG. 3. One or more

layers of thermal oxide (not illustrated) may be grown and subsequently removed by etching before the growth of oxide

3



10

15

20

30

35

WO 2007/109179 PCT/US2007/006715

60. The growth and stripping of the additional layers of thermal oxide remove etch damage caused by the trench
etching. During the growth and stripping the peripheral area is protected by nitride layer 48. Layer 60 removes
additional damage caused by the trench etching and prevents implant channeling during subsequent jon implantations.
FIG. 4 illustrates, in a partially cut away perspective view, a portion of IC 40 at this stage of the processing. The areas
indicated by diagonal shading lines 61 are areas in which source and drain regions will be formed. The areas indicated
by cross hatching 62 are areas in which the channel regions of the memory transistors will be formed. Just for clarity of
understanding, double headed arrow 152 indicates the length direction of trenches 52, and double headed arrow 154

indicates the depth direction of the trenches.

In conventional CMOS processing ions are implanted into the surface of the substrate to form doped well
regions in which the active transistors are formed. In accordance with an embodiment of this invention the well regions
are formed in the portions of the substrate forming the walls of trenches 52. Because the core of the IC will be formed
of NMOS transistors, P-type ions are implanted through thermal oxide 60 into the substrate forming the walls of the
trenches to form P-doped wells 64 as illustrated in cross section in FIG. 5. Because walls 54, 56 are nearly vertical, the
ions are implanted at a high tilt angle determined by the depth of the trench and the proximity of the adjacent trench.
Multiple implants may be used ta taifor the concentration gradient of the dopant in the wells. An additional implant
(not illustrated) may also be used to adjust the threshold voltage of the MOS transistors. The implants are then
activated by heating, for example by rapid thermal annealing (RTA). As illustrated, the wells are formed on both walls
of the trenches so that vertical transistors can be formed in both walls, optimizing the density of transistors in a given

unit of surface area.

In accordance with this exemplary embodiment of the invention, specifically if the semiconductor device
being fabricated is a non-volatile memory IC, thin thermal oxide 60 is stripped and a thin tunnel oxide 66 is grown on
the walls and bottom of trenches 52 as illustrated in cross section in FIG. 6. Preferably tunnel oxide 66 has a thickness
of about 8-9 nm. A layer of silicon, either amorphous or polycrystalline but hereinafter referred to as a poly layer, is
deposited onto the layer of iunnel oxide. The poly layer is anisotropically etched, for example by RIE, to form poly
spacers 68 extending from near the surface of the substrate but below the bottom of nitride layer 48 to the bottom of the
trenches. The anisotropic etching removes the poly layer from the bottom of the trenches as well as from the nitride
layer 48 and from thc peripheral area. In forming a volatile device, the tunnel oxide would be the gate insulator of the
MOS transistor and the poly spacer would form the gate electrode. Continuing the process for fabricating a non-volatile
memory device, the poly spacers are thermally oxidized to form a layer of oxide 70 having a thickness of about 4-5 nm

and a layer of silicon nitride 72 having a thickness of about 8-9 nm is deposited over oxide layer 70.

A layer of photoresist (not illustrated) is applied and patterned to leave the patterned photoresist covering the
silicon nitride that is located over the channel regions 6f the MOS transistors as indicated by cross hatching 62 in FIG.
4. The patterned photoresist is used as an etch mask and the exposed silicon nitride and the poly layer underlying the
exposed silicon nitride is etched, preferably in a high pressure isotropic plasma etch. The high pressure etch aids in
removing silicon nitride from corners and otherwise difficult to etch areas. Afier the etch, silicon nitride layer 72 and
poly spacer 68 are left covering only the channel regions. The nitride etch is controlled in length so that the bulk of
silicon nitride layer 48 remains on the surface of the substrate. Patterned silicon nitride layer 72 and silicon nitride
layer 48 are together used as an oxidation mask and a thick thermal isolation oxide 74 is grown on the exposed silicon

by heating in an oxidizing ambient. The exposed silicon is the silicon at the bottom 58 of trenches 52 as well as on the
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walls 54, 56 of the trench in the areas indicated in FIG. 4 by diagonal shading lines 61. The isolation oxide is grown as
a LOCOS oxide. The thermal oxidation process also grows a thin thermal oxide 76 on the surface of patterned silicon
nitride layer 72. Thermal oxide 76, together with patterned silicon nitride layer 72 and oxide layer 70 form an oxide-
nitride-oxide (ONO) memory film or memory stack on poly layer 68. FIG. 7 illustrates, in a partially cut away

perspective view, a portion of integrated circuit 40 at this stage of the processing.

Another layer of silicon, either amorphous or polycrystalline but hereinafter referred to as poly silicon, is
deposited to a thickness of about 200 nm. The poly silicon fayer is doped N-type, and preferably is deposited as a
doped layer. The doping can be phosphorus or arsenic, but preferably is phosphorus. A layer of photoresist (not
illustrated) is applied over the layer of poly silicon and is patterned as an etch mask for the layer of poly silicon. The
poly silicon layer is etched using the patterned photoresist layer as an etch mask to form top contact or control gate 78
for memory transistors formed on wall 54 of trench 52 and top contact or control gate 80 for memory transistors formed
on wall 56 of trench 52. The patterned photoresist layer also protects a contact area 82 coupled to control gate 78 and a
contact area 84 coupled to control gate 80, with both contact area 82 and 84 located on the surface of nitride layer 48.
The etching of the poly silicon layer, which can be done as an anisotropic etch such as a RIE, leaves the poly silicon on
the sidewall of trench 52, but removes the poly silicon from all horizontal surfaces (except for contact areas 82 and 84)
including the bottom of the trench and horizontal surfaces in both the core and peripheral areas. The patterned
photoresist layer is removed and a further photoresist layer (again not illustrated) is applied and patterned. This further
photoresist layer is patterned to protect all of the poly silicon except the poly silicon on the wall at the ends of the
trenches. Using the patterned photoresist as an etch mask, the exposed poly silicon is etched to form a gap 86 at the end
of each trench physically and electrically separating poly silicon control gate 78 from poly silicon control gate 80. FIG.
8 illustrates, in a partially cut away perspective view, a portion of integrated circuit 40 at this stage of the processing.
The poly silicon forming control gates 78 and 80 extends along the length of trench 52 on the walls of the trench, and at
the end of the trench extends up and onto the horizontal surface of nitride Iayer 48 to form contacts 82 and 84. In this

and later figures, for ease of illustration, the three ONO layers are iflustrated by a single layer 85.

Having completed a much of the core area of IC 40, the process now continues by processing a portion of
the peripheral area. Again, as these process steps are conventional, they need not be described or illustrated in detail. A
layer of oxide 90 is deposited over the entire structure, in part to protect the core area from subsequent process steps to
be performed in the peripheral area. The layer of oxide is photolithographically patterned to remove the oxide from the
peripheral area while leaving the oxide covering and masking the core area. Using the patterned oxide as an etch mask,
silicon nitride layer 48 is removed from the peripheral area. Until now, the silicon nitride layer has been masking the
peripheral area from many of the process steps performed in the core area. After removing the silicon nitride layer, N-
wells and P-wells are formed in the peripheral area in conventional manner to form the necessary substrate regions for
the fabrication of CMOS peripheral transistors. Any remaining oxide is removed from the peripheral area, the surface
of the peripheral area is cleaned, and a gate oxide layer is grown. The gate oxide layer, preferably having a thickness of
3-6 nm, will form the gate insulator of both the PMOS and the NMOS transistors of the peripheral circuitry. A layer of
polycrystatline silicon having a thickness of about 150-200 nm is deposited overlying the layer of gate insulator. The
layer of polycrystalline silicon is preferably deposited as an undoped polycrystalline layer and is subsequently doped
with conductivity determining impurities during the formation of source and drain regions. The layer of polycrystalline
silicon is patterned to form the gate electrodes of both the PMOS and the NMOS transistors of the peripheral circuitry.

The portion of this polycrystalline silicon layer overlying the core area is etched and totally removed, either as part of
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the gate electrode forming etch step or in a separate etch step. The core area is protected by photoresist and source and
drain extensions are ion implanted for first the PMOS transistors and then for the NMOS transistors of the periphery
circuitry.

« 8
A layer of silicon nitride 92 is deposited to a thickness of about 90 nm. A layer of photoresist (not

illustrated) is applied over the layer of silicon nitride and is photolithographically patterned to leave the photoresist
covering all of the peripheral area and overlying the substrate between the trenches in the core area. Using the
patterned photoresist as an etch mask, layer of silicon nitride 92 and layer of oxide 90 are etched to remove the nitride
and oxide from the patterned poly silicon 78 and 80 and to leave the nitride and oxide overlying the substrate between

the trenches as illustrated in FIG. 9.

The layer of patterned photoresist is removed and another layer of photo.resist (n;)t illuétrated) is appliéd and
patterned. The layer of patterned photoresist covers the péripheral area and all of the core area except for a portion of
each of contact regions 59. The patterned photoresist is used as an etch mask and layer of nitride 92, layer of oxide 90
and layer of nitride 48 exposed in the contact regions are etched to form an opening 93 as illustrated in cross section in
FIG. 10 to allow a subsequent ion implantation into the contact regions. FIG. 10 illustrates a cross section through only
one of contact regions 59. Recall that the contact areas are also the regions along the length of the trench in which

isolating oxide 74 was grown.

The layer of patterned photoresist is removed and another layer of photoresist (not illustrated) is applied and
patterned to leave the photoresist covering ant;l protecting all of the core area. With the core area protected, nitride layer
92 is anisotropically etched to form spacers on the sidewalls of the gate electrodes in the peripheral area. After forming
the spacers, the PMOS transistors are masked with photoresist and N-type ions are implanted to form the source and
drain regions of the NMOS transistors in the peripherat area. The N-type ions are also implanted into the exposed
portions of contact regions 59 in the core area to form drain regions 94 and source regions 95 alternating in the substrate
along the length of trench 52 as illustrated in top view in FIG. 11. Channels 97 of the MOS transistors exist along the
walls of the trench between the source and drain regions. In operation, current flows through the channel between the
source and drain regions in a direction along the length of the trench. Isolation oxide 74 separates each channel from
adjacent channels. The NMOS transistors and the core area are then masked with photoresist and P-type ions are
implanted to form the source and drain regions of the PMOS transistors in the peripheral area. Following the
implantations, the patterned photoresist is patterned and the implants are annealed, for example by RTA. Drain regions
94 and source regions 95, formed in the substrate bounding trenches 52, extend from the surface of the substrate to the

bottom of the trench as illustrated in FIG. 12 which shows an exemplary drain region in cross section. \

Any residual oxide is removed from the implanted regions including the gate electrodes and also from the
poly silicon forming control gates 78 and 80 and contact area 82 and 84, for example by etching in dilute hydrofluoric
acid. A silicide forming metal such as cobalt is blanket deposited and heated, for example by RTA, to form a metal
silicide (not illustrated) in those locations where the metal is in contact with silicon. The metal silicide forms on the
source regions, drain regions, and gate electrodes of the peripheral transistors and on the contact regions 59 forming
contacts to source and drain regions 94 and 95, control gates 78 and 80 and contact areas 82 and 84 in the core area.
The silicide forming metal that is not in contact with exposed silicon does not react during the RTA and can be
removed, for example by washing in a H,0,/H,80,4 or HNO;/HC! solution. After silicidation a layer of oxide is blanket
deposited to a thickness great enough to fill trenches 52. The excess oxide can be removed and the upper surface of the

6
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oxide layer is planarized, for example by CMP. Contact openings are etched through the planarized oxide to expose the
surface of drain regions 94, source regions 95, and contact areas 82 and 84. Contact openings are also formed in the
peripheral area to allow electrical contact to source and drain regions and to gate electrodes as necessary for the circuit

function being implemented.

As illustrated in top view in FIG. 13, a layer of metal is deposited on the surface of the planarized oxide
layer and is patterned to form bit lines 102, source lines 104, and word line contacts 106. Bit lines 102 electrically
contact drain regions 94, source lines electrically contact source lines 95, and word line contacts 106 electrically contact
control pates 78 and 80. The metal lines can be aluminum, copper, alloys of those metals, or other conductive materials
commonly used for interconnection on a semiconductor integrated circuit. Although not illustrated, plug structure may
be used to directly contact the metal silicide and fill the contact openings. The plug structure may include, for example,
sequential layers of titanium, titanium nitride, and tungsten as is well known. The metal lines would then electrically
contact the plug structure. Although the bit lines, source lines, and word lines are all illustrated to be on a single level,
it may be advantageous, for optimum layout reasons, to form the bit lines and source lines in one layer of metal and to

form the word lines in another layer of metal separated from the bit lines by a layer of inter level dielectric.

Integrated circuit 40 can be completed with the conventional back end of line processing which, being

conventional, will not be described herein.

While at least one exemplary embodiment has been presented in the foregoing detailed description, it should
be appreciated that a vast number of variations exist. It should also be appreciated that the exemplary embodiment or
exemplary embodiments are only examples, and are not intended to limit the scope, applicability, or configuration of
the invention in any way. Rather, the foregoing detailed description will provide those skilled in the art with a
convenient road map for implementing the exemplary embodiment or exemplary embodiments. It should be understood
that various changes can be made in the function and arrangement of elements without departing from the scope of the

invention as set forth in the appended claims and the legal equivalents thereof.
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CLAIMS
What is claimed is:
1. A semiconductor memory device [40] comprising:
a semiconductor substrate [42] having a surface [46];

a trench [52] etched into the surface of the substrate and having a first wall [54] and a second wall [56]

extending away from the surface and having a bottom [58] at the extremity of the first wall and the second wall;

a first drain region [94] and a second drain region [94] formed in the semiconductor substrate along the first
wall [54] and a third drain region [94] and a fourth drain region {94] formed in the semiconductor substrate along the

second wall [56], each drain region extending from proximate the surface [46] toward the bottom [58];

a first source region [95] formed in the semiconductor substrate along the first wall {54] between and spaced
apart from the first drain region and the second drain region and a second source region [95] formed in the
semiconductor substrate along the second wall [56] between and spaced apart from the third drain region and the second

drain region, each source region extending from proximate the surface [46] toward the bottom [58];

a first channel region [97] formed in the semiconductor substrate along the first wall [54] between the first
drain and the first source, a second channel region [97] formed in the semiconductor substrate along the first wall [54]
between the first source and the second drain, a third channel region [97] formed in the semiconductor substrate along
the second wall [56] between the third drain region and the second source, and a fourth channel region [97] formed in

the semiconductor substrate along the second wall [56] between the second source region and the fourth drain;

a first gate electrode [68] overlying the first channel, a second gate electrode [68] overlying the second
channel, a third gate electrode [68] overlying the third channel, and a forth gate electrode [68] overlying the fourth

channel;

a first word line [106] coupled to the first gate electrode and the second gate electrode and a second word

line [106] coupled to the third gate electrode and the fourth gate electrade; and

a first bit line [102] coupled to the first drain region and the third drain region and a second bit line {102]

coupled to the second drain region and the fourth drain region.

2. The semiconductor memory of claim 1 further comprising a first isolation oxide [74] grown at the
bottom of the trench.

3. A semiconductor device [40] comprising:
a semiconductor substrate [42] having a surface [46];

a trench [52] formed in the semiconductor substrate and bounded by a trench wall [54, 56] extending from

the surface to a bottom [58];
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a drain region {94] formed in the substrate along the trench wall and extending from the surface [46} toward
the bottorn [58];

a source region [95] formed in the substrate along the trench wall and extending from the surface [46]
toward the bottom [58];

a channel region [97] formed in the substrate along the trench wall between the drain region [94] and the

source region [95] and extending parallel to the surface [46];
a pate insulator {66] overlying the channel; and
a gate electrode [68] overlying the gate insulator.

4, The semiconductor device of claim 3 further comprising a drain contact [59] formed at the surface
and electrically contacting the drain region [94]; and a source contact [59] formed at the surface and clectrically

contacting the source region [95].

5. The semiconductor device of claim 3 further comprising a localized oxide [74] grown at the bottom
[58].

6. A semiconductor device [4P] comprising:
a semiconductor substrate [42] having a surface [46];

a trench [52] etched into the substrate and extending in a direction [152] along the surface, the trench
bounded by a first wall [54] and a second wall [56];

a first MOS transistor formed along the first wall {S4] comprising a first source [95], a first drain [94], and a

first channel [97] extending in the direction [152] between the first source and the first drain; and

a second MOS transistor formed along the second wall {56] comprising a second source [95], a second drain

[94], and a second channel [97] extending in the direction [152] between the second source and the second drain.

7. The semiconductor device of claim 6 wherein the first wall [54] and the second wall [S6] extend into
the substrate [42] to a bottom [58] and wherein the semiconductor device further comprises an isolation oxide [74]

grown at the bottom of the trench and electrically isolating the first MOS transistor from the second MOS transistor.

8. The semiconductor device of claim 7 wherein the first source [95] and the first drain [94] each extend
from the surface [46] toward the bottom [58] along the first wall [54] and the second source [95] and the second drain
[94] each extend from the surface [46] toward the bottom [58] along the second wall [56].

9. The semiconductor device of claim 8 further comprising contact areas [59] to the first source, first

drain, second source and second drain, each of the contact areas located on the surface [46].

10.  The semiconductor device.of claim 6 further comprising:

9
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a first gate electrode [78] overlying the first channel, extending along the first wall, and having a first portidn

[82] overlying the substrate; and

a second gate electrode [80] overlying the second channel, extending along the second wall, and having a

second portion [84)] overlying the substrate.
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