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SELF-ALIGNED DIFFUSED SOURCE VERTICAL 

TRANSISTORS WITH DEEP TRENCH CAPACITORS 
IN A 4F-SQUARE MEMORY CELL ARRAY 

Related Applications . 

The .following patent applications are assigned·to the 

assignee hereof and contain subject matter related to 
the subject matter of the present patent application: 

1. U.S. Patent application serial no. 
08/787, 4t9 , entitled 11 4F-Square Memory Cell Having 

Verti~al Floating-Gate Transistors with Self-Aligned 
Shallow Trench Isolation", filed on even date herewith 

' for Jeffrey J. WELSER, Hussein I. HANAFI, Stuart M. 
BURNS, and Waldemar W. KOCON; 

2. U.S. Patent application serial no. 
· OB/792,965 , entitled "Self-Aligned Diffus.ed Source 

Vertical Transistors with Stack Capacitors in a 4F­

Square Memory Cell Array", filed on even date herewith 
for Jeffrey J. WELSER, Hussein I. HANAFI, Stuart M. 
BURNS, Waldemar w. KOCON, and Howard L. KALTER; and 

0Bn87.418 
3. U.S. _Patent application serial no. 

, entitled 11 2F-Square Memory Cell fpr Gigabit 
Memory Applicationsu, filed on even date herewith for 
Jeffrey J. WELSER, Hussein I. HANAFI, and Stuart M. 
BURNS. 
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The contents of the above-listed patent applications 

are incorporated herein_ by reference. 

B~CKGROUND OF THE INVENTION 

Field of the Invention 

The present invention· is directed to densely packed 

vertical transistors in a 4F-square memory ce11·, and 
meth~ds for _making thereof, and more particularly, ~o 
memory cells having self aligned sources with deep 
trench capacitors formed in trenches that separate the 
vertical transistors. 

Discussion of the Prior Art 

There is much interest to scale down densely packed 
semiconductor devices on an integrated circuit (IC) 
chip to reduce size and power consumption of the chip, 
and allow faster operation. In order to achieve the 
high packing density necessary for Gbit memory 
applications, it is crucial to shrink the size of an 
individual memory cell as much as possib~e. FIG 1 

·shows a top view of a conventional array 10 of 

conventional erasable programmable read only_ memory 
(EPROM) devices 15, using vertical transistors, such 
as metal oxide silicon field effect transistors 
(MOSFETs) with a floating gate layer. The 
conventional array 10 is described in the following 
two references. H. Pein and J.D. Plummer, "A 3-D 
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sidewall flash EPROM call and memory array", Electron 

Device Letters, Vol. 14 {B) 1993 pp.415-417. H. Pein 

and J.D. Plummer, "Performance of the 3-D Pencil Flash 

EPROM C~ll and Memory Array•, IEEE Translations on 

Election Devices, Vol. 42, No. 11, 1995, pp. 1982-

1991. 

The conventional ai.·ray 10 has rows of wordlines 2·0 and 

columns of bitlines 25. The size of a cell 27 of the 

array 10 is 2F by 2F+A, leading to a cell area of 

4F2 +2FA. F is the minimum linewidth of the feature 

size that can be patterned with litl'iography. 2F is 

the cell size ·along the wordline 20, and 2F+A is the 

cell size along the Qitline 25. Typically, A is 

approximately 0.2F, resulting i;n a cell area of 

approximately 4F2+0.4F area achjevable using 

conventional lithography. The additional length A is 

necessary to separate adjacent wordlines 20. 

FIG 2 shows a partial perspective view of the array 10 

of FIG 1, .and FIG 3 shows a cross sectional view of 

the vertical MOSFE1' 15 along a bit line 25. 

As shown in FIG 3, the MOSFET 15 has an n• source 30 

formed ort a P-doped silicon substrate 35. The source 

30 is form~d after etching the substrate 35 t~ form a 

vertical pillar 40, referred to as the body of the 

MOSFET 15. The pillar 40 acts as the transistor 

channel and has dimensions of F by F, as shoW?l in FIGs 

l and 3. 
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As a result of ~arming the source 30 after forming the 

pillars 40, the soux-ce 30 is formed around edges o.f 

the pillar 40 and is absent from a region 45 ~ocated 
below the pillar 40. Thus, the source 30 does not 

entirely occupy the footprint of the pillar 40. As 

shown in·FIG 2, all the MOSFETs 15 of the array 10 

have a common source 30, including MOSFETs of 
different bitlines 25 and different wordlines 20~ As 

~hown in FIGs 2-3, the top of each pillar 40 is doped 

with N-type materia_l to form n•· drains 50 of the 

vertical transistors 15. 

A tunnel oxide 60 is formed around the pillar 40 and 
an oxide spacer ~s is ·farm~d on the .source 30. Next, 

I 

a polysilicon floating gate 70, gate oxide 75 and 

polysilicon control gate 20 are formed around the 

tunnel oxide 60. Note, control gates 20 of individu~l 
transistors along the wordline 20 are inter-connected 

to form the wordline 20. 

Because the polysilicon control gate 20 grows 
uniformly around each vertical MOSFET 15, the spacing 

between MOSFETs 15 of adjacent· rows is slightiy larger 

than the feature size F, e.g., F+A, where A is 
approximately O. 2F. Thi_s separates adjacent wordlines 

·20 by amount A, when polysilicon is grown up to a 

distance of O.SF. This O.SF thick polysilicon layer 
covers the top and sidewalls of the pillars 40 ,. as 
well as the oxide spacer 65 located on the substrate 
35 at the base of the pillars 40. 
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Tht:: 0.5F thick grown polysilicon regions at pillar 

sidewalls separated py distance F, along each wordline 

20/ merge with each other. This forms the wordlines 

20 around a row of.pillars that are separated by F. 

However~ the O.SF thick formed polysilicon regions at 

pillar sidewalls separated by distance F+A do not 

merge. Rather, they remain separated by the distance 

A. At the base of the trenches located between these 

p~lysilicon covered pillar sidewalls that are 

separated by F+A, the oxide spacer 65 is covered with 

the O.SF thick polysilicon. 

To separate adjacent wordlines 20, a reactive ion etch 

(IUE) is performed that removes polysilicon for a 
I 

thickness of O.SF. The RIE exposes the top of the 

pillars 40, as well as the oxide spacer 65 at the base 

of the pillars that are separated by F+A. The exposed 

dist·ance of the oxide spacer 65 is A. Thus, the A 

separation between adjacent wordlines 20 ensures that 

control gates 20 of adjacent wordlines are not shorted 

along the direction of the bitlines 25. 

As shown in FIGs l and 2, a first level metal forms 

bitlines 25 which are orthog~nal to the wordlines 20. 

The first level metal connects drains 50 of MOSFETs 15 

along a common bitline 25. 

The area of the cell 27 of FIG 2, is small because the 

substrate.35 is µsed as a common source 30 for all the 

MOSFETs 15 of the array 10. FIG 4 shows a three 
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dimensional view of another conventional array 90, 
which is similar to ~he conventional array 10 of FI~ · 
2, except for having round pillars 95 instead of 
square pillars 40 (FIG 2) . As in the array 10 of FIG 
2, the array 90 of FIG 4 has a common source 30. 

The memory functipn of each cell 27 is acbjeved by 
charging or discharging the floating gate region ?o. 
This causes a measurable shift in the threshold 
voltage of the vertical MOSFET. 

In the conventional EPROM cell 27, the tunnel oxide 
between the floating gate 70 and the t1:ansistor 
channel or pillar 40 is fairly thick, having a 
thickness of at least lSOA. Therefore charging of the 
floating gate 70 must be achieved by flowing a large 
drain current. This generates hot electrons which can 
tunnel through the tunnel oxide 60, often referred to 
as hot-electron injection or channel hot electron 
tunneling. However, channel hot electron tunneling is 
not suitable for DRAM or "Flash" memory applications, 
because channel hot electron tunneling requires high 
power. This is particularly a problem in the high 
density arrays necessary for Gbit memories. In 
addition, tunnel oxide degradation caused by.hot 
electron tunneling is not tolerable for applic.ations 
that require f~equent read/write operations. 

If the tunnel oxide 60 is made thinner, e.g~, s3 nm, 
direct tunneling. between the channel 40 and floating· 
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gate 70 is possible. In contrast Lo hot electron 

tunneling, direct tunneling is faster resulting in 
faster wri~e and erase times, requires much lower 
power, and minimizes tunnel oxide degradation. 

However, because the sources 27 of all the MOSFETs .are 
common, setting the bitline and wordline voltages 
appropriately to write a single cell 27 can still · 
induce hot electron currents in neighboring cells 
along a wordline .20. This destroys any information in 
these cells and damages their tunnel oxides 60. 

Hence, to make the conventional MOSl?ETs 15 useful for 
DRAM/F'lash BEPl~OM applications, the:: cell must bt: 

i 

modified to isol~te the source regjons 30 between 
adjacent bitlines 25. This allows use of direct 
tunneling read/write operations. l''urthermore, to 
achieve the packing dens1ty necessary for Gbit 
memori~s, the overall cell area must not be increased 

·by these modifications. The cell area must remain 
approximately 4F~square. 

One method for achieving source isolation 
bitlines 25 is to pattern isolation lines 
lithographically between the bitlines 25. 

between 

Isolation .· 
-· is then 

silicon 
be achieved by either a local oxidation of 
(LOCOS), recessed-LOCOS, or conventional 

shallow trench techniques. 
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However, such an isolation method requires 
lithography. Therefore inter-device 20 lines must be .. 
increased from F to at least 2F to avoid shorting 
adjacent control gates, or wordlines 20 along the 
bitlines. This incre~ses the jnter-device spacing 
alopg the bi tlines 25 from 1. 2Ji' to 2F. Th1.1s, the 

overall cell size increases from 41-'.:+0.4F to at least 
6F2 • Moreover,_ lithographic misalignments degrades 
devi·ce behavior. Hence, packiug density and/or 

performance is sacrificed in this scheme. 

'l'o increase pac"!kin~ densi·ty, inuteca<l of fo1:ming tht.::! 
vertical MOSFET 15 having tqe pillar 40, an inverted· 
transistor is formed in a trench etched into the 
substrate. ·such transistor structures are shown in 
U.S. Patent numbers 5,386,132; 5,071,782; 5,146,426 

and 4,774,556. The transistors formed in such 
·"trenches may be combined with addit.ional planar 
devices, as discussed in U.S. Pate11t numbers 
4,964,080; 5,078,498. Other memory cells have 
transistors with a floating body, as discussed.in U.S. 
Patent number 5,382,540. Another conventional memory 
cell, disclosed in U.S. Patent number 5,017,977, does 
not have separated buried bitlines between 
transistors. Such conventional cells fail to achieve 
. . 

maximum packing density due to non-self-aljg~ed 
isolation techniques, or require complex processing 
methods for fabrication, e.g., selective epitaxial 
growth, which methods are not suitable for large-scale 
production. 
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Instead of using the vertical devices of the memory 
cell 27 as an EPROM,. the vertical transistor 15 

without a floating gate, in conjunction with a 
capacitor, can also be used for DRAM applications. 
FIG 5 shows a schematic of a typical· DRAM c:ell 100 

having a field effect transistor (l"ET) 105 and a 

storage capacitor c.. The gate of the FET 105 acts as 
the wordline W/L. A bitline B/L is· connected to one 
t~rminal of the FET 105, which terminal is the sotu.·ce 
or drain ·of the DR~, depending on application. The 
other DRAM terminal is connected to a storage node 110 

of the storage capacitor c,.. 'J'he other te1·minal of 
the storage capacitor c. is referred to as a plcate 
115. 

When the FET 10? is turned on by au appropriate signal 
on the wordline W/L,, data is transferred between the 
bitline B/L and the storage node 110. The standarrl 

one transistor, one capacitor cell 100, shown in F:IG 
s, has a theoretical minimum area of BF2 for a folded 
bitline,· or 4F2 for an open bitline architecture, 
shown in FIGs 6 and 7, respectively. 

FIG 6 shows a top view of a conventional folded 
bitline DRAM cell 120 having active and pas~ing 
bitlines B/L, B/L', respectively,· and active and 
passing wordlines W/L, W/L', respectively. The-word 
and bit lines each have a width F. The bit and word 
lines are separated from adjacent hit and ward lines 
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by a width F. Thus the area of the folded bitline 

DRAM cell 1.20 is BF2 
.. 

FIG 7 shows a top view of a conventional open bitline 
DRAM cell.150, having a bitline B/J, and a wordline 

W/L, each having a length F and being separate<:\ from 
adjacent lin4;!s of adjacent cells (not shown) by a 
length F. Thus, the area of the qpen bitline DRAM 
c_ell 150 is 4F2

• 

Due to .the need for contact and isolation spacing, in 
conventional designs th~t use planar transistors, it 
is only_ possible to obtain these mi.nimum cell sizes by 
creating sub-lithographic features at some level. In 
addition, if a minimum cell size iu to be obtained, it 
is necessary to reduce the length of the transistor 
105 of FIG 5 as much as possible (down to li'). This 
reduces the gate length. However, shorter. gate 
lengths result in higher. leakage currents which cannot 
be tolerated. Therefore, the voltage on the bitline 
must be scaled down accordingly. 'l'his reduces the 
charges stored on the storage capafdtor c., thus 
requiring a larger capacitance to e11:sure that the 
stored c~arge is sensed cor.rectly, for example, to 
indicate logic l or O. 

Increasing the capacitance of the storage capacitor-C8 

is achieved by e.ither increasing the capacitor area, 
or decreasing the effective dielectric thickness 
located between the capaci_tor plat1.:s. Increasing the 
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capacitor .area is becoming more difficult to do 

without also increas~ng the cell size, and hence 

defeating the purpose of shortenin~J the gate in the 
first place. 

Further reducing the dielectric thickness l.s also 

difficult, since the thickness of many convent~onal 

dielectrics has already reached a minimum practical 

thi-ckness. To further redu9e the dielectric 

~hi~kn~ss, alternative·dielectrics with higher 
dielectric constant have been explored. While such 

alternate dielectrics contribute to solving the 

problem of low charge st<?rage resulting from the : 
decreased bitline voltage, further bitline voltage 

i 

reduction is limited by the maximum achievable 
dielectric constant. Accordingly, to further reduc:e 
the bitline voltage, an alternative to reducing tht-:: 

gate length of the transistor 105 is necessary. 

In light of the foregoing; there is a need for.high 

density memory eel ls having isol~t(.id sources between 
adjacent bitlines, yet continuous source regions for 

. each individual bitline, to allow (~ell programming by 

direct electron tunneling, in~tead of programming by 
channel hot electron tunneling. 

There is also· a need for a memory l!ell having a proper 
gate length and capacitor, without increasing the 
lateral area of the cell. 
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SUMMARY OF THE INVEN'rION 

The object of the present invention is to pr_ovide a 
memory cell array, and a method of making thereof, 
that eliminate the problems of conventional memory 
cell arrays .. 

-
Another object of· the present invent:ion is to pi.·ovide 
a _memory cell having a trench capacitor, such.that 
additional cell area is not consumed by the trench 
capacitor, by the capacitor contacts, or by the 
transistor contacts. 

Yet another object of the present _jnvention is to 
r 

provide a memory cell array, and a method of making 
thereof, that .has isolated sources without increasing 
the cell area. 

Another object of the present invent:ion is to provide 
a memory cell array, and a method of making thereof, 

that has self-aligned isolation trenches between 
adjacent bit lines of the array. 

An additional object _of the present invention is to 
provide a memory c·ell having a prpper gate l.engt.h ·and 
capacitor without jncreasing the cE::ll lateral area. 

A further object of the present invt.!ntion is to 
provide a memory cell that prevents charge 
accumulation in the body of the eel L. 

THIS SHEET HAS BEEN 
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A still further object of the present invention is to 

provide a memo~y cell. having a propt-!r gate length 

suitable for obtaining low leakage, without deci·easing 

the bitline voltage or increasing the lateral area of .· 
the memory cell. 

These and other obj ec~s of the inventions are ac!hieved · 
. . 

by a semiconductor device and a method of ·making 

thereof. The semiconductor device may be a vertical 

MOSFET semiconductor device. The St!miconductor device 
is fabricated on a semiconducto1: pi ·11ar etched f.rom a 
substrate which may be a single crystal substrate~ for . . 
example. A diffused source region i.s formed at the 
base of the pillar;. r Altematively, the source cmd 
drain regions are implanted or epitc.lxially Hrowu. 

An array of these pillars is formed with self-aligned 
isolation. The vertical memory devi.ce comprises a 

heavily-doped region on an upper portion of the 

pillar, followed by a body region w.i.th the opposite 

doping type, then followed by the ht?avily-doped source 
region formed, for example, l;>y jmplantat:ion or by 

outdiffusion from either heavily-doped oxide, 
polysilic~:m, or other suitable mate1·ial deposited 

. . 
between· columns (i.e. bitlines) in t:he memory. array. 

J?epending on the amount of source outdiffusion from 
the material, the body of the pilla1: transistor may or 

may not maintain electrical contact with the 
underlying substrate. The source outdiffusion 
material is removed suJ::>sequent t·.o annealing. 

THIS SHEET HAS BEEN 
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The array of pillars may be formed by a one step etch 

that forms both column and row trenches of equal 

depth. After outdiffusing the lower doped or source 

regions, the source· r~gions of "different pillars are 

separated from each other by self-aligned isolation 

formed by f:lnQther one step etch that deepens both 

column and row trenches. Next, isolation regions may 

be fo:t:~!!d at the bottom of the trenches .. 

The vertical transistor, e.g_., MOSFET,. acts as the 

transfer device, while the trench capacitor acts as 

the .storage node of a one transisto1·/one capacitor 

DRAM c·ell. The fol lowing three architectures are 

formeq: an open bit line architecture.~, where the plate 

electrode is common to all the storctge nodes; an 

open/folded architecture, where the plate electrode is 

common to only storage nodes arrangt!d i11 a column ot· 

bitline, i.e., different bitlines 01~ columns have 

different plate electrodes; and a fnlded arc:hitectut"e 

with two wordlines that pass through each c~ll having 

stacked transistors, where one wordline is active and 

the other is passing for each cell. 

A single etch may be used for the open and folded 

architectures if a square pillar is not requ5:-red. For 

forming square pillars, and for the open/fold,ed 

architecture, the pillars are forme'l using a two-stt::!p 

etch process which etches trenches· .in orthogonal 

directions. This etch process creates pillars with a 

more rectangular cross-section, (versus the circula 1· 
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pillars formed by a single-step etching,) and allows 
the height of the pi~lar to vary 011 adjacent sides, 
dependent on the etch depth for eaC"h trench. 

The source of each transistor is .isolated from sources 
of other transistors. In the open/folded 

architecture, the bottom bitline in formed by leavh1g 
the capacitor plate polysilicon con~inuous-along the 
b~tline only. ·. 

The two-step etch may also be used for the common 
source configuration, if a rect.angular pillar crosti­
section is desired, by completing laoth etch steps 
prior to source information. If a floating transiucor 
body is desired, the source may alno be formed prior 

. . 
to all processing steps by implantation into a 
suitably ... doped substrate, which may include epi t:axj al 
layers. 

The main body of each pillar is encircled by a gate 
stack which comprises a dielectric layer, e.g., 
silicon dioxide, referred to as a c:ontrol ox:ide. 
Next, a control gate· made of polysjlicon, for example, 
is formed around t J ie gate oxide . 

The gate stack extends between· the two heavily-doped. 
regions at the top and base of each pillar. A 
conductive gate mat:erial, , {e.g., _in-situ, heavj ly 
doped polysilicon, with or without silj cidat.ion), j s 
deposited on the ai:ray to connect 1-illars along each 
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of the array, oL·thogonal ·to the 

~his polysllicon is the control 
in.the array may be separated by 
amounts in the hitline versus 

wordline directions. 

For example, the pillars are separated by a dis~ance F 
along the wordline direction, and by a distance F+h 
along the bitiine direction. 'J'he ••dditional spacing A 
allows.the gate materiai (or control gate) to be 
separated between adjacent wordlines by etching alone, 

. . 
e.g., RIB, wit~out lithography. Thus, adjitcent 
wordlines are sepa L"at.ed by forming the polysilicon 
having a thickq.ess of O.SF over the entire array oE 

pillars, .including the trenches th<!rebetween, and then 
etching o. SF th~ck horizontal polyui.licon located on 
top of the pilla~s and at the hase of the wordline 
trenches. The etched polysilicon ctt the base of the 
wordline trenches has a width of ll, and upon removal 
thereof results in the wordlines being separated by 
the distance A. If the pillar~ art equi-spaced in 
both directions, an additional mask can be used to 
separate the gate material in othe1· desire<1 
directions. 

A trench capacitor is formed around the bottom of each 
pillar below the transfer device or transitJtor. The 
lower- ...:loped region of the transistor also acts as t.he 
storage node of the trench capacitc~. A dielectric 
layer is formed around the base of each pillar, lining 
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the lower portions of the trenches. A plate electrode 

material, such as pol.ysilicon, is formed in the 

trenches over the dielectric layer. The plate 

electrode may be common to all the pillars for the 

open architecture, or unique to eac:h pillai- for the 

. open/folded architecture with conn<!Ctions along .a 

bitline. 

The transistor is formed over a barrier which is 

formed over the dielectric and plate electrode layers. 

In anot.her embodiment, instead of < •ne trans lstor,. two 

transistors, one passive and one ac~tive, are formed 

over the trench capacitor; 

The·memory array integrates a vertical tra:nsfer 

device, such as a MOSFET, on top oJ a deep trench 

capacitor to form an ultra-small m~!mory eel\. This 

allows forming a dense array of th~se cells, where 

each cell has a size of 4F2 in an open bitline, an 

open/folded architecture using dua] bitlines, or a 

folded architecture using dual wordlines. 

BRIEF Df!!SCRIPTION OF THI~ DRAWINGS 

Further features and advantages of the invention wjl.1 

become more readily apparent from "' consideration of 

the following detailed description set forth with 

reference to the accompanying drawjngs, whi.ch specify 

and show preferred embodiments of t.he invention, 
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wherein like elements are designated by identical 

references throughout.the drawings; and in which: 

FIGs 1-2 show top and perspective views of ct 

conventional array of memory cells; 

FIG 3 shows a cross-sectional vi.ew of a one of t;he 

conventional memory cells shown in the array of FIGs· 

1-2 along a bitline; 

FIG 4 shows a schematic of another conventional array 

of memory cells;, 

FIG 5 shows a schematic of a conventional DnAM cell; 

FIGs 6 and 7 show top views of conventional folded and 

open bitline DRAM cells, respective.Ly; 

FIG 8 shows an array of memory cell:i accordjng to one 

embodiment of the presen~ invention; 

FIG 9 shows· the array of· FIG 8 after dielectric fill, 

chemical polish and etchback accordi.ng. t.o the present 

invention; 

FIGs 10 and 11 show cross sections of the memory cell 

of FIG 9 along the wordline and bitline directions, 

respectively, according to the present jnvention; 



-19-

FIGs 12-14 show a method of forming-the array shown in 

FIG 8 according to thE7 present inve11tio11; 

FIGs 15-16 show an array of memory c~ells with and 

without strap lines according to another embodiment of 

the present ~nvention; 

FIGs 17-26 show a naethod of forming the array shown in 

FIGs 15-16 according to the present invention; 

FIGs 27-28 show an array of memory t~ells with and 

without strap lines according toa further embodiment 

of t;he present invention; 

FIGs 29-32 show a method of forming the arrcty shown in 

FIGs 27-28 acco!ding to the present invention; 

FIG 33 shows a memory cell having a stack Ccapacj tor 

according to anothe L" embodiment of t he present 

invention; 

FIG 34-35 show different embodimentu of the stack 

capacitor shown in FIG 33 according to the present 

invention; 

···FIG 36-44 show a method of forming <m array of memory 

cells each having a trench capacito1· for open bj tline 

and open/folded architectures according to another 

embodiment of the present invention; 

.· 
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FIGs 45-50 show a method of formin~1 an array of memory 
cells each having a ~rench capacitor for a folded 
bitline architecture according to ,.nether embodiment 
of the present invention; 

FIGs 51 shows a cross section of ·mt·mory eel ls each· 
having a stack capac::itor for a fol< led bitl"j ne 

. . 

architecture according ·to another f::mbodiment of the 
p~esent invention; 

FIG 52 show an array of memory cells having two 
ti-ansistors per pi 1 lar according t' • anothei.· embodiment 
of the present invention; and 

i 

FIGs 53--72 show ·a method of formi11g the array shown 
in FIG 52 according to the present invention. 

DETAIJ.,ED DESCRIPTION OF T111!: INVENT l:ON 

4F2 Memory Cell 

FIG 8 shows an array 200 of memory cells 20.S accordi~g 
to one embodiment of the present iuvention. 
Illustratively, the memory cell 205 is based.on a 
MOSFET. The array 200 has self-aligned shallow 
trenches 210 that isolate and sepal"ate self-aligned 
sources 215 of different bitlines 220. The array 200, 
and a method of making thereof, ciJ·cumvent the . 
difficulties with lithographic sou1·ce isolation 
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without increasing' cell area. 'l'he i.sole:1 ted tre11cheu 

210, 'which may be ref erred to as bi 1:line trenches, are 

parallel to the bitlines 220, and 01:tho~1onal to the 

wordline 225. 

The array ~tructure 200 maintains a comiuon uource 215 

along a given bitljne 220, whil~ having sep"rate 

sources 215 on adjacent bitlines 220. •rbe uourc:e 21.5 

of each cell 205 is self-aligned. 'l'herefore, 

additional masking steps are not: ne,"!essary itnd thera 

is ·no.possibility of misalignment that degrades device 

behavior. Moreover, any planar support devj ce alonH 

the edge of the array 200 can be isol:ated using the 

same shallow trench etch step, simplifying the overall 
i 

process. 

Each memory cell 205 is a vertical transistor having a 

pillar 230 extending upward above the substrate 235 .. · 

The substrate is a single crystal st~miconductor 

substrate, such as silicon (Si), which may be doped . . 
with P-type material, for example. Upper and 19wer 

regions of each pillar 230 are doped, e.g., with N­

type material, to form drain and source regions 240, 

215, respectively. The.middle region of eac:h pillar 

230, between the drain 240 and source 215, is lightly 

···doped, usually with P-type material, to act as the 

MOSFET channel between the N-type .source and drain 

regions. 

FIG 8 also shows a top mask layer 245, such as an SiN 

layer 245 formed over the drain 240. The tc,p mask 
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layer 245 is used for forming the pillar 230. Each 
pillar 230 has a di m~nsion of F by li' along the 
wordline 225. Adjacent pillars are separated by a 
distant F along the wordline 225, and a dist:ance F+A · 

along the bitline 220, where A is approximately o~~F. 

FIG 9 shows the array·200 ·after dielec~ric fill 250, 
chemical polish and etchback. Illustratively, the 
dielectric 250 used to fill the trenches 210 is an 
oxide, such as oxides of silicon. The outer surface 
of each pil:lar 230 has a ·control gate 275, omitted 
from FIG 9 for clarity and shown in FIG 15. The 
coi:itrol gate 2·7s acts ·:as -the .wordline 225, shown j.n 
FIG 9. The drljlins 24q act as the· bi tliues 220 and t:he 
sources 215 act as buried bitlines. 

FIGs 10 and 11 show cross sections of the memory cell 
205-along the wo~dline and bitline directions 312, 
314, respectively. As shown in FIG 10, the source ::?15 
is completely self-aligned and compl.etely fills the 
region below the pillar 230. In addition, the source 
215 is separated frc:;>m sources of MOSFETs of different 
bitline~ by the shallow trenches 210. 

Since the source 215 is completely uelf-aligned below 
the device pillar, there is less source/gate oyerlap 
between bit lines 220 (FIG !:>) • 1'his reduces the 
overall capacitance of the array 200. 

,· 
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A gate region is formed on a s.idew<1ll of tlte pillaJ· 

230 over the pi_llar' ~ middle region, which is between 

the source 215 ~nd drain 240. The gate region 
controls the resistance between th\! source and drain 
regions 215, 240. The gate region may also be formed 

; on at least one sidewall of tha pi Llar 230 ove1· th~ 

pillars middle region. Altemat:ely,. the gate region 
is a wl:"ap-around gate formed on all the pillar 

s~dewalls, over the pillar's middle region. 

Illustratively, the gate regiou comprises. a tunnel 
oxide 260 formed around the pillar 230, followed ·by a 
first gate electrode, which may be isolated on ali 
sides to form a floating gate 265. The vertical 

! . 

MOSFET 205 with a floating gate may be used :;for memory 
applications. ~ gate oxide 2'70 separates the floating 

gate f~:·orn a control gate 275. The control gate 275 

acts as the wordline 225. Illustratively, the 

floating and control gates 265, 27!> are pol ysilicon. 

As 'shown in FIG 11, the source 215 is contjnuous along 
a given bitline. The oxide 250 used to fill the 
trenches 210 (FIGs 8-10), also forms the necessary 

spacer 280 between the poly gat·es 265, 275 and .the 

source region 215 along the bit:lin,~ direction 314 

without any additional processing steps. In addition 
to preventing source/gate shorting, the spacer 280 

also reduces the sour.ce/gate overlap ce:lpacj tance. 
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,· 

Placing the source below the pj 1.lar 230 also produces 

a floating body MOSF~T with a wrap-around ~ate. This 

is similar to the dual-gate MOSFET structure. simulated 

by I}.J. Frank, S.E. Laux, and M.v·. Fischetti, "Mo~te 

Carlo simulation of a 30nm dual gate MOSFET: How short 

can Si go?• Inter. Electron. Devices Meeting, 1992,. 

p.553. In these simulations, it is shown that the 

dual-gate MOSFET offers greater scalability to ·short 

gate lengths than MOSFET designs. Devices with 

effective gate lengths as short as lOnm were simulated 

and shown to have well-behaved characteristics. The 

improved gate control offer~d by a dual (or wrap­

around) gate structure i~hibits ·the onset of 

deleterious short-channel effect:s, includin~J threshold . ; 

roll-off and drain induced barr.ier lowering. 

A method to form the array 200, with the self aligned 

trench isolation, comprises the fol lowing st:eps: 

I . As shown in FIG l :! , which is cl ·cross 

sectional view along the wordline di.rection 312, 

source and drain regions 215, 240 are formed by 

subjecting the substrate 235 to.blanket implants of 

ions 310. Note, the source implant 215 is a deep 

implant· at a depth of approximat.:ely 350 nm. . If 

necessary, a pliotoresist mask i:J µs1.~d during this st-.ep 

to protect the edge areas w~ere planar support devices 

may be fabricated. Alternatively, epitaxial growth 

may be used to form the source and clrain re~1ions 215 ~ 

240. 
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II. As shown in FIG 13, a mask 290, such as 

a nitride mask, is deposited across the implanted 

wafer or substrate 235, and patterned in parallel 
lines across the array region jn a directio11 parallel 
to tpe bitline direction 314. The~e .nieride lines 290 
have a width F, and are separated from each other by a 

spacing F. The nitride lines 290 define. the pillar~ 

for the vertical MOS devices along the bitlines. 

III. Shal.low trenches 2l O having a depth 

315 of approximately 300 nm to 500 nm are formed by 
etching, e.g., reactive ion etc:hin~1 (RIE), the 
substrate 2·35 located between the uitride lines. 290. 
The etch dEfpth 315 is ~just grec:1ter than the total 

spread of the deep source implant ::!15, as this 
topography will be translated down in a subsequent 
etching step. to separate the sc,urces 215 between 
adjacent bitlines. 

IV. As shown in FIG 14, the nitrlde ·1ines 

or strips 290 are patterned to fa.rm nit ride regions 
245 along the bitlines. Each nitride region 245 is 
square having an F by Ji' dimension, and is .se:parate by 

length F+A from adjacent nitride rt·:gions 245 along the 
bitline direction 314. For chn:ity, ·.only on.~ nitrj de 
region 245 is shown in FIG i4. Tht·! spacing F+A 
between nitride regions 245 along t.he bitline 
direction 314 is larger than the spacing F along the . 
wordline direction 312 to prevent t.he gates from 

.· 
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shorting between wordlines. This iu also shown in FIG 

8. 

v. Returning to FIG a, another etching step 
in performed, e.g., RIE, to form the final pillar 
shape. The ~epth 320 of this et· ch, which is 

approximately 350nm to 500nm, is set to just reach the 
deep implanted source regions 215~ on the plateaus 345 
between pillars 230 along each hitl.ine 220. This 
second etch translates the trenches 210, which are 
located between the bitlines 22l~, down to a total 
depth of about 700 nm· to lµm. 'l'he cteep bitl ine 
trenches 210 disconnect the sources 215 in the: 
wordline direction 312. 

This two step etch process of sleps III dnd V foLms 
square pillars, which are advantageous compared to 
circular pillars that may be fanned by a single etch 

process. Jn addition, the two etch process allows tl~e 

he·ight 0.·f the pillars to vary 011 di 1 ferent sides du~ 
to the different depths of the c:olµmn or bitline 
trench~s 210, located between tlle bi.tlines 220, and 
the row or wordline trenches 43fi located between the 
wordiines 225. 

The two etch process maintains the continuity, along 
the array columns (or b.i.tline direct.ion) , of ~he 
buried source regions 215, as well as the continuity 
of any additional strapping material 460 to be 
described in connection with FIC: 16. Th is allows use 
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of the source regions 215 as buried bitlines foi.~ cell 

access . 

. · 
Since the soui-ce regions are implanted prior to 

formation of the pillars, the aourc.!e regions occupy 

the entire footprint of the pillarf1. This isolates 

the.pillar body from the underlying suhstrate 235 

resulting in a floating body ti·ansistor. In other 

embodiments to be described hereinhelow, where the 

pillar body remains in contact with the underlying 
substrate 235, as shown in FIG 20, the source regions 
405 are formed by outdiffusion of clopants fL-om a. . . 
material 460 lining.sidewall port~ons· of the coi~mn 
trenches 210. Alternatively, .the ::1ource regions 405 

! 

are formed after pillar formatjon. 

VI. Returning to FIG 9, all the trenches 
are filled with an insulating or dielectriC' material 

250 I such as an oxide for example·. Next I the wafer is 

planarized to achieve a planar surtace, using chemical 
polishing for example .. At this pojnt, the surface of 
the wafer comp1·ises islands of nitride 245 on top nf 
each pilar. 230 surrounded by oxide 250. 

VII. A final etch st.op, e.g., RIE,. is 

performed to expose the pillar walls prior to gate 
stack formation. Note, this st~p only etches oxide, 
not silicon. 'l'he etch is timed to stop approximately 

30-40 nm above the Si p~ateau 325 (FIG B) between the 
pillars 230 along t:he l>itlines 220. As shown jn FJGs 
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9-11, the oxide layer 250 acts d.S a spacer 280 having 
a thickness 330 of approximately 30-40 nm. 

The spacer 280 separates the gat:es (both the floating 
and control gates 265, 27?, shown i11 FIGs 10-11) from 
the source. implant 215. This pa:events the gates 265, 

275 from shorting to the source 215. The thickness 
330 of this spacer 280 is chosen to minimize · 
gate/source overlap capacitance, while not allowing 
any underlap to occur. 

VIII. Any remaining oxide on the pillar 
sidewalls is re1noved, t.<> result in the c-1rray 200 shown 
in FIG 9. At this point, the pilla1·s· ·230 and 

r 

source/drain regions 2l.5, 240 may be annealed, and a 

conventional floating gate proc~ss performed to f ini:sh 
the device. As described beiow, th~ final device 
cross sections are shown in FIGR 10 and 11. 

Next, a gate structure is· formecl around the pill a;rs 
230. Forming the gate structurd includes the steps of 
forming· a gate regj on on one sj clewa 1.1, ;..it lt:!ast two 
sidewalls, or on all the sidewalls of the pillar, over 
the pilla~'s middle region, between the source and 
drain regions, 215, 240. 

As shown in FIGs 10-11, forming the gate region 
includes the steps of forming· a tunnel oxide 260 over 
sidewall (s) of the pillar's middle L·egion; forming a 
first gate 265 over the tunnel l)Xide, which first _gate 
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~65 may be insulated to form a floati"ng gate; forming 

a gate oxide 270 over.the floating gate 265; and 

forming a control gate 275 over the gate oxide 210·. 

Illustratively, the tunne'l. a,nd ~Jate oxides 260, 270 

are silicon dioxide which may.be thermally grown; and 

the floating and control gates 265, 275 are conductive 
. . 

material, such as in-situ, heavily doped polysilicon, 

with·or without silicidation. 

FIGs 25, 26 show cross-sections of a memory cell· 400, 

such as ·a floating gate vertical MOSFBT used as an 

EEPROM, along the word and·bit .Line direction~ .312, 

314," respectively, according to another embodiment of 
. . 

the
1
present invention. The EEPROM •100 is sjmil;ar to 

the EPROM 205 shown in 1°'IGs 10, 11 ~xcept the source 

405 does not isolate the body of the pillar 230 from 

the underlying substrate 235. 't'he body of the pillar 

230 is the middle portion of th~ pillar 230, between 

the source and drain regions 40!:>, ~40. Continuity. 

between the pillar body and underlying substrate 

prevents charge buildup in the pillar body. Of 

course, source outdiffusion may be continued until the 

source.j.s formed completely below the pillar.230, 
. . . 

· separat_ing the pillar body from the underlying 

substrate 235 to form a floating pillar body .. · 

The 'Source 405 is formed by outdiffusion.from a source 

material 460. The source mater i.al 460 may be 

polysilicon or another highly conductive materia-1, and 

acts as a buried strap to reduce the resistance of the 
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diffused source region 405. Alternatively, the source 

material 460 may be ~eavily doped oxide, arsenic glass 
(ASG), or ot;.her suitable materjal, and may he removed 

after forming the source region 405. 

FIGs 15-16 show an array 420.of v~rtical memory 

devices' 400, such as floating-~Jate MOS~'~Ts, formed by 

a self-aligned· source c'tiffus~ou and iso Lat ion pL·ocess. 

The isolation oxide 250, shown i.n F'IGs 9 and. 23, has 

been omitted .from FIGs 15-16 foL· clarity; but would 
• 

normally fill the open area between all of the pillars 
and trenches. 

FIG 15 shows the array 420, where each array colu~n or 

bitline 220 has a common self-a Ligned di.ffused soui·ce 

region 405. Th~ buried bitlines 22_0 are formed solely 
by outdiffusion from a source material 460 (FIG 1_6), 

which may be removed after forming the sources 405. 

FIG 16 shows the source material buried "strap" 460, 

e.g., heavily doped polysilicon, which way be left in 

place cifter source outdiffusion to reduce the 
resistance of the buried bitlines 220 (or source 405) . 

In FIGs 15 and J.6, the square shape of the pillars 230 
. is due to the two-step e~ch process previously 
described. The body of the transistor pillars is 
still in contact with the substcate 235, since source 

outdiffusion 405 has been limited to prevent joi~der 
of source regions 405 from opposite sides of each· 
pillar 230. If a floating body transistor is desired, 
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where the body of the pillar iH isc·.1ated from the 

underlying substrate.235, annealinH is performed for a 

longer time for further outdifJusion from the source 

material 460 (FIG 16), so that the source regions 405 
from opposite sides of the pil ·1 ars meet • 

Alternatively, as describe in c•onnection wj th FIG l.2, 

source implantation may. be pertormed p~ior to array 

fabrication that forms the pillars. 

Note, that while a floating pillar body is undesirable 
for many applications due to the accumuiation of 
charge in the tran1::1istc>r, it bt&S advantages such au 

decreased drain-induced barrier lowering (DIBL), which 

may off.set the dis.advantages i11 some applicatiqns. 

In FIGs 15-1.6, source diffusion re~·1ions 405 between 
neighboring bitlines 220 are itJolated from each other 

by further etching to form deep trenches 210, which 

are between the bitlines·220 aud ref.erred to as 

bitline ·or column trenches. Tile column trenches 210 

are etched deeper than trenches 430 located between 

the wordlines 225, which trenches are referred to as 
wordline or row trenches 430. If desired, a common 
source (i.e., a source common to all the word and 

bitlines)~ may be achieved by etchjng both trenches 

210, 430 to the same depth prior to source f;or~nation. 

Similar to FIGs 9-11, an insulator 250 is deposited 
and etched to form a spacer 280 that separates the 

buried bitlines 220 from the wordline 225. The ~pacer 
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280 is shown in FIG 23. As des<:rib~d earlier, a drain 

240 is formed on top <?f each pillar 230. In addition, 
as described in connection with FIGn 10-11, a gate . 
structure is formed around each pillar 230, where the 

control gate 275 acts as the wordline 225. The gate 
structure may include a tunnel "xide 260, a floating 
gate 265, a gate oxide 270 and 1.he c:ontrol ~Jate 275. 

As described earlier in connection with FIG a, AQ 

lithography is necessary to sep.1ratu adjacent ai.·ray 
rows or wordlines 225. This is because the spacing·· 
F+A between wordlines 225, is greater than the ~pacjng 
F between array columns or bitl i.nes 220. 

The process steps that form the array 420 of FIGs 15-

16 are similar to those describ,·:d in connection with 
the array 200 of FIGs 8-9. Theue.process steps 
include.the following steps: 

(a) As shown in FlG 13 and described.in 
Step II of the previous process, nitr.ide 290 is 
deposited on the substrate 235 and patterned to form 
parallel lines along the bitlines. The nitride strips 
290 each have a width F, and are separated from each 
other by a distance F. As shown in FIGs l 7-18_,. a thin 

··pad oxide layer· 450 may be form~d on the suhstrate 235 
prior to forming the nitride layer 290. 

Illustratively, the nitride_ layer has a thickness of 
approximately 500 nm, and ·the pctd oxide layer 450 ha.$ 
a th,ickneso of approximately 25 nm. 
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(b) Similar to Step III of.the prior 

process., the exposed ~ubstrate 235 located b~tween the 
nitride strips 290 is etched, e.g., using RIE, to form 
shallow bitline trenches 210 betwee:n the nitride lines 
290. This is shown in FIGs 13 and 17. The etch depth 
455 is deep. enough to contain the expected draih 
implantation depth, the desired gale length, and the 

buried bitline diffusion depth~ Illustratively, ~he 

depth 455 of the trench 210 is approximately 700 nm. 

(c) As shown in FIG t7, source outdiffusion 
·mat~rial 460 is deposited on the wafer, lining the 
sidewalls of the trenches 210. FI<Js 17-18 are the • 
ci.·oss-sections along the wordli ne m1d bitlj ne 
directions 312, 314, respectively, of a structure 

similar to that shown in FIG 13, aft~r forming and 
recessing the source outdiffusj on 1i1ateri~l 460 in the 
shallow bitllne trenches 210. FIGs 17-18 also show 
the pad oxide and nitride layen3 4!>0, 290 that are 
formed over the substrate 235. 

For the illustrative -example where the substrate is P­
type, the source and drain are doped with N-type 
material. -Illustratively, the source oµtdiffus'ion 
material 460 is arsenic glass (ASG) in t:he case where 
the source outdiffusion material 460 is removed afl<:!r 
the outdiffusion that forms the source. 

In the case where the source outdif fusion material 460 
is not removed and left to act as a buried strap ljne, 
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the source outdiffusion materi.11 4GO is heavily doped 
N-type polysilicon, tor example. 'l'his poly layer 4 60 
is then etched back to recess .it into the t.renches 
210, leaving sidewall formations helving a height 4c,2 

that extend approximately 250 l)m up the sidewalls of 
the trenches. If this etchback is done py using 
photoresist to protect the remaining polysi.licon from 
etch damage, some poly is also left: on the bottom of 
each trench 210. 

(d) After the polys:ilicun 460 et.chback, the 
wafers may be annealed to begiu outdiftusing the 
source regions. Note, this is nec~ssary if the 
polysilicon 460 or other sourCl! mat.erial wi 11 he 
removed prior to source isolation. Howeyer, annea:ling 
is not necessary if the polysi I icon 460 is left. in 
place, since subsequent hot process~s ca~se the 
outdiffusions. The outdiffused source regions 405 are 
shown in the top array view of FIG 19, and the croHs­
sectional view along the wordl i ne . (lirection 312 of FIG 

20. 

(e) As shown in FIG 19, pillar definition 
is completed and wordlines formed hy patterning the 
nitride lines 290 to form nit:r;ide islands 245, whir!h 
are formed using mask lines having a width F.that .-tre 
perpendicular to the trenches 210. This results in 
square nitride islands 245 hav.ing a dimension of F by 
F. Note, the inter wordline spacing is F+A, where A 

is Qn the order of approximately of. 0.2F. The 

... 
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additional spacing A keeps the gates from shorting 

between wordlines without further lithography •. 

(f) As shown in FIGu 19 ·22, a second Ril·: 

step is performed to etch the f· inal pillar sllape, 

using the.sq\iare nitride islands 245 as a mask. The 

depth 470 _of this etcb, shown .in FCGs 20-21, is set." to 

just reach the diffused source regi.ons on the plateaus 

475 (FIG 21) between p:Lllars 2JO a.l.ong e~ch bitline. 

Illustratively, the depth 4'70 of this etch is 

approximately 600 nm. 

As shown j11 FJG 20, this etch lormu pad oxjde.and 

nitride islands 472, 245 from the pad oxide cu;id 

nitride strips 450, 290 (FIGs 17-18). In addition, 

the· etch further recesses the polynilicon 460 and 

remove polysilicon 460 from thl~ bottom of the bitli ne 

trenches 210. The depth of tht-: bit.line trenches .210 

increases by the additional depth 470 resulting from 

this second etching step. ThiEJ diHconnects the 

sources 405 between bitlines (dlon~r the wo1·dline 
direction 31.2). 

The two etch steps (b) and (f), fOL11l pjllars that have 

square edges, as opposed to mo1·e rounded edges for111ed 

by a single etch pillar forminq stt-:!p. In addition, 

the two etch pillar forming process allows different 

heights for adjacent pillar sidewalls due l.O the 

diffe.r:ent depths of the orthogonal trenches 210, 4 i o 
(FIG ·15). 
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FIG 22 shows a three djmensional vjew of the array 420 

at this stage of processing, associated with FIGs 20, 

21. 

. (g) Referring to FIC: 23, all the trenches 

are filled with oxide 250, or othe1· suitable .isolatlon 
. . 

material, and the wafer is chem-polished back to 
achieve a planar surfaC!e. At this point~ the surfa<.:e 

of the wafer comprises islands of nit2d de 245 on top 
. . 

of each pillar· surrounded by .ox i.de 250 •· · 

(h) As shown in FIG 23, another RIE is · 

performed to expose the pillar walls prior to gate 
sta,ck formation. Note, this st~p only etches oxidf:, 

I • -

not silicon. The etch is timed to stop at a desirec_i 
distance 330 above the Si plate .. tu located between the 

pillars along the bitlines 220. The oxide layer 250 

acts as·a spacer 280 to separate the poly gates or 

wordlines, which are formed subsequently,· from the 

source regions 405. This prevents the gates from. 

shorting to the sources 405. 

The thickness 330 of this layer is chosen to minimize 

gate/source overlap capacitance, while not allowin9 
a~y underlap to occur, and is determined by the amount 
of source outdiffusion in a given device design. 
Illustratively, the thickness 3)0 js approximately 30-

40 nm. Steps (e)-(h) are simil~r Lo steps IV-VII of 

the process described 1n connection with FIGs B, 9, 

14. 

..... 
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As described earlier bt~ginning with step VI II, the 

gate stack.is formed ~f.ter remciVal of any remaining 
oxides on the pillar sidewalls. In particular, the 
following steps form the gate ut.ack and complete the 
formation of the array 420 shown in FIGs 15 and 16. 

(I) As shown in FIGa 24•26, the gate.stack 
is formed on the exposed pillars, above the isolatjon 
oxide 250. An initial dielectric layer 260, e.g., 
thermally grown silicon dioxide, referred to as the 
tunnel oxide is gro~, followed by formation of the 
floating gate mate~ial 265, whi c:h is capable of 

storing charges. illustratively, t.he floating gate 
materi.al 265 is ampi."Phous silic·on, silicon L·ich oxj de, 
nano crystals of silicon, gernmnium, nitride, metal or 
other suitable m~terial. For isolation, the floating 
gate 265 may be RIE etched into a t.sidewall formatic11l 
around each pillar prior to deposit ion of. a second 
dielectric layer. Illustratively, the second 
dielectric layer is a deposited silicon dioxide, 
referred to as the control or' ~tdte oxide 270. 

( j) Next, the contrc1 l gate 275 is formed 
using a conductive gate material, e.g., in-situ 
heavily doped N-type polysilicon, with or without 
silicidation. The conductive ~fclte material is 
deposited with a thickness of just over O.SF, minus 
the thickness of the previously deposited floating 
gate stack layers 260, 265, 2711. 'J'his ensures that 
the polysilicon control gates 2·15 are shorted· between 
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devices along a wordli11e (to form Cl continuous 

electrical connection), while .c1llowing them to be 

separated along a bitljne. 

Due to the additional width A nf the wordljne 

trenches, having a width of F+/\ bet·ween pillars along 

the bitline direction, a width A.of the polysilico11 

(poly) 275 formed at the bottom.of the wo~dline 

trenches remains exposed. This is because the 

approximately 0.5F thick poly 275 formed on the 

wordline trench sidewall remaiu separated by the 

distance A. 

Etcping a thickness of O.SF of the poly 275, rempv~s 

the O.SF thick poly 275 from the top of the pillars. 

In addition, this etching removes the 6 wide expostd 

poly at the bottom of the wordline trenches. The 

removed poly at the bottom of the wordline trench js 

shown i.n FIG 26 as region 277 liavi11g dashed liJ?es. 

Thus, the bottom connection of adjacent wordlines· j s 

removed, resulting in isolated adjacent wordlines. 

Due to the additional upacing i\, actjacent wordlines 

275 are separated or iuolated lrom each other by this 

RIE step ·without requiring lithography. 

FIG 24 shows a top view of the array 420. Between the 

polysilicon control gates 275 that form the wordli11es-, 

which are separated by distanct· A, alternating strap 

and substrate regions 460, 235 are shown. In FIG 24, 
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the oxide layer 250, 01· spacer 280 (shown in FIG 2'3) , 

is omitted for clarity, which laye~/spacer normally 
covers the alternating strap ·aud substrate r~gions 
460, 235 located between the wordlines. or control 
gates 275. 

(k) As shown in FIGn 25; 26 all layers of 
the gate stack are then RIB etched. This separatef:i or 
is9lates adjacent wordlines by distance· ~ (FIG 26) . 
·rf the pillars are equi-spaced in both directions, an 
additi~nal mask is used to separate the control gate 
material 275 in.the ·desired directions. 

(1) As s_hown in FIGu 24··26, t:o complete the 
device fabrication, the nitride~ islands ~45 (FIG 23) , 

located.-on top of the pillars 230, are removed and 
drain implant 240 is p_t!rformed. In FIG 24, the dotted 
lines 490, which are pdrallel lo the source or buried 
diffused bitlines 405, represe11t metal bitlines formed 
durihg back-end-of-line processing for .connecting the 
tops of the pillars 230. The metal bitlines 490 are 
also shown in FIGs_ 15, 16. 

The source isolation and general memory cell structure 
discussed above are applicable f.or both volatile and 

··non-volatile me1nory devices. 'l'he structure of the 
floating gate stack largely determines the memory 
device ~unction. In addition, a large number of 
differeni gate structures can ~asily be integrated 
with the basic vertica"I cell f(l1: many different use::u. 
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The memo:i;y cells described abov'"~ having continuous­

film. floating gates 26.5, e.g. amorphou.s Si, with th.iri 

tunnel oxides 260 allow faster write/erase times, b11t: 

with shorter retention times. ~;uch memory. cells are 

useful for volatile memory applications. Th~ thin 

tunnel oxide- 260 allows direct 1.unnelin~1 of electrons 

therethrough. 

Increasing the thickness of the tunnel oxides 260 

increases the retention time, but at the cost of 
higher power consump~ion·and/or slower write/erase 
times, and a decrease h1 cyclability. Such memory 
cells are useful for non-volatile, read-only memory. 
The retention time can also be incl'eased, even with 
thin tunnel oxides 260, by formi.ng a discontinuous 
floating gate film, e.g., silicon nano-crystals 
embedded in the gate oxide 270. In this case, low 

power. consumption and high cycl.ibil.i:ty are maintainl:d, 

with an increase in the erase time. Such c~lls are 
useful for non-volatile memorie:i th.:it requii;e frequt.:!nt 

re-writing. 

The relative thickness of the tunnel and gate oxide:; 
160, 270 may be changed. For example, the tunnel 

.. ·oxide 260 may be made thicker than the gate oxide 2·10. 

This would allow tunneling for write/erase operations 
to occur between the fJ eating g,·1te and the control 

gate, rather than between the f l.oatlng gate and the 
semiconductor pillar. Alternatively, both oxides 21;0, 

270 may have s.i milar th icknesse:i. 
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The above described memory devjces, such as the cells 
formed with the described sourc·e dj ffusion and self­
aligned isolation techniques, enable very dense 
packing of the vertical floatiug-gate MOS devices jn a 
square array suitable for Gbit memory applications. 
Cell. (or source) isolation between adjacent bitlints 
is achieved with.the two-step, self-aligned isolatjon 
process described abov~. 

In contrast -to conventional ve1tical memorjes and 
method of fqrming thereof, the inventive method 
isolates the soul'.'ce regio:ns _betweeu bi~li:nes wit~out 
increasing the cell si:le. Thiu results in an array 
having isolated 4F-squc-1re cell:.i. lsolating the ,souL·ce 
:i::egions enables individual cel]s to be addressed and 
written via direct tunneling. 

The additional flexibility allc •. wed by isolating the 
source regions enables the cell~ to be used not only 
as ~ypical non-volatile ~emery devices (EPROM, EEPROM, 
or Flash EEPROM), but also in volatile (DRAM) 
applications. In addil· ion, by r:::onl rolling the sou1·ce 
diffusi.on depth, it is possiblt.~ to fabricate either a 
floating ~ody vertical transistor on each pi~lar, or 
to maintain contact-between the transistor body and 
the substrate. Moreover, the nelf-aligned nature of. 
the inventive method results i11 a robust, simplified 
process flow for a wrap-around <Jate: vertical ~MOSFE'I', 
and relatively easy integratio11 with planar support: 
devices. '!'he lnventivE: memory tievice has superior 

,· 
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resistance to short-channel·eff~ets down to gate 

lengths of 30nm. 

Conventional isolation techniques which rely on 

lithogJ;~phic alignments result i.n a larger memory call 

size. However, the inventive memory devices and . 
. . 

processes nearly maintain the 4l12 ·cl-!ll aize, thus 

achieving the highest density ~nemory cells possible 

using lithography. Complex sub-lithographic steps are 

avoided. The inventive memory device and self-aligned 

isolation technique are also 1:11Md j 11 any application 

that: requires large arrays of v~rtj cal devic_::es, 

part~cularly .if the sources of the devices are common 

along each row or column. 

Note, that in order to contact 1.he 'Jates, drain~, 01: 

even sources of devices individually for special 

applications, it may be necessa 1·y to increaHe ·the .· 
inter-device spacing in one diri:ction or the other. 

However, at least a commensuratt~ in1:::rease in size also 

occurs with conventional cells due to contact . 
forr!lati.ori. Since the inventive: eel ls and n1ethods of 

forming thereof do not require clddi tional space or 

alignment for the individual contacts, the resultin•i 

.·.·cell always consumes the minimllm possible area, thu:; 

allowing for maximum·packing density. 

In addition to the advantages in packing density, the 

inventive process also provid'es a s lmplE~ method of 

·fabricating a ·vertical MOSFET havin<J a floating-body 
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and a wrap around gate. Since these devices are 

suitable for scaling ~own to v~: ry short channel 
lengths, the inventive memory cell design and process 
is useful for high performance MOS applications. 

Memory Device with Stack Capacj~ 

FIG 27 shows an array 500 acco1 Jin~1 to another 
embodiment of the present.invention. For use as a one 
transistor, one capacitor DRAM cell ·100, shown in l•'IG 

s, a stack capacitor i_s added on top of each pillar 
230 shown in the array 500 of 1•' CG :!7. The array 500 

is formed using the same steps previously discussed in 
connection with FIGs 15-23. AJ t.ernatively, the ar1·ay 
500 may be formed usin~1 steps described in connectj on 
with FIGs 8-14. The array 500 differs from the 
prev;i.ous embodiments since the tunnel oxide and 
floating gate (260 I 265 of FIGH 25··26) are not needed. 
Thus, only the gate oxide 270 js formed aroun,d the 
pillars foll,owed by formation of the gate 275. 

As previously described, the polysilicon straps 460 

may be retained, or may be remov~d either prior. or 
~f ter the second etch step thal fo1:ms l. he woi;dline 

trenches 430 between the wordlines 225, and deepemi 
the bitline trenches 210 formed by the first etch 
which are located between the hitl. ·ines 220. 
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FIG 20 shows an array !110 whert .. · the: straps 460 are 

removed prlor to the. second etc:h. The array 510 i:.; 

formed by etching column or bi 1 tr£!~~hes 21 o as 

described.in connection with FIG 8. The drain 240 may 

be implanted prior to patterni119 the SiN islands 245 

to form the pillar 230. Alter11~tely, the drain 240 

may be formed at a later stage as discussed in 
connection with FIGs 25-26. 

Note, for DRAM applications, the source and drain nf 

the FET .105 shown in FTG 5 are inttirchangeable, . 
depe~ding on use, e.g. , depend i ng < 1n read or write .. 
operations. For simplic~ty, i11 th<· fol lowing · · 

discussion of the vertical tra11sis1ors havjng 
i i 

integrated capacitors, the uppt.~r dnped regions of the 

pillars are re~erred to as the drains, and the ·1owE.·L· 

doped regions are referred to <1s the sources. 

However, it is underst,)od by those skilled in the cl rt 

that the source and drain of each pillar may be 

interchanged. 

As shown in FIG 29, source outcliffHsion material 4b0 

is formed in the bitline trenches 210. 

Illustratively, the source outcliffusion material 4b0 

is arsenic glass (ASG), heavily doped oxide, 

"polysilicon, or other uuitable matflrial . Next, t~e 

ASG ·is etched back to leave ASG at the lower sidewalls 

and bottom of the bitline trenches 210. The sourcc...,s 

405 are formed by outdiffusing material, e.g., 

arsenic, from the ASG 460. ThE· oul diffusion .may be: 
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performed by annealing. Source outdiffusion is 
stopped before the sourr.es 405, loc~lted below each 
pillar, isolate the pillars 230 from the unrlerlying 
substrate 235. 

As shown in FIG 30, after removing the ASG 460, a . 
second etch is performed. The ueco11d etch forms tbt ! 
wo1·dline or row trenches 430 (FIG 32) and deepens. the 
bit.line or column trenches 210. As shown in FIGs 31-
32,, an insulator layer, such as an oxide layer 250, is 
formed to fill the trenches 210, 430. As previously 

:described, the oxide fill 250 iti pla.narized_ and ~tched 
. to recess it in the tre1.1ches 2111,· 4 40. •rbe upper 
;portion of the oxide layer 250 Jorms ail oxide spacer 
280. A ·gate oxide 270 is formed around· each pillar 
foll~wed by for~ation of a. gate 275, which may be 
heavily doped n• polysilicon, fen· example. 

If desired, a floating gate and tunnel oxide may be 
formed around the pillars prior to the gate oxide 270 
and gate 275 formation. If the drains 2.40 were not 

. ~ ~ . . 
initially formed prior to forming the nitride islands 
245, then after removing the nitride islands 245 
located above the pillars, the drains 240 are formed 

. . 

ther~in, e.g. , by implanting N-1 ype material .. · · 

As shown in FIG 33, a stack cap"citor 520 is formed 
over the drain 240 of each_ pillar 230 in the array. 
The stack capacitor is formed by forming a first 
electrode 525 over the drain 2411. '!'he first. electrr>de 
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525 acts as the storage electrode ''r node l 10 show11 in 

FIG s. A dielectric .530, such as barium strontium 

platinum (BST) for example, is formed over the sto1·age 

electrode 525, followed l:>y formation of a second 
electroae 535 thereon. 

The second electrode 515 acts cas the common electrcde 

or plate 115 shown in FIG 5. 'l'he first and second 
• 

electrodes 5~5, 535 are formed from conductive· 

material, such as metal for ~c1mple. · 'l'he stack 

capacitor 520 is formed directly ou top the vertical 
transistor or FET itself. Thin pruvents -~nlargeme11t 
of the memory cell lateral arec1. 

As shown in FIGs 34, 35, the sl ora~1e el ec:trode .525 is 
exclusive to each pillar and iu USt·!d for storing 
charge in the DRAM cell. The uecond electrode 535 

serves as the capacitor plate, and may eitl1er· l:iy 

common to all the pillars (FIG 34) I or connected 
.. 

exclusive to each pillar (FIG ~ 5) . In the latter case 
shown in FIG 35, the· exclusive capacitc,r· plates SJ!, 

may be connected as desired, e.g:., along a common 
buried bit line, by a first metal 4 90. The first mt:·:tal 
490 acts as a bitline compliment while the 

corresponding buried b.itline 4h0 ac:ts as a bitline 
true. 

As discussed above, in DRAM applications, the sourc:e 
and drain of the FET are inter1:han9eable, deperidin~1 on 
use. For example, in the <?.onf i gur,·ttion shc>wn in p·r G 
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33, where the body of the pill.ar 2\0 iu continuous 

with the underlying substrate 235, the burjed diffused 

line 405 actually ac~s as the "drain" or bitline for 

the memory cell, while the implanted contac:t 240 ·011 

top of the pillar acts as the "sou1:ce" for chargin~1 

the storage capacitor 520. For"tll.l~ inaplemej:ltatiou 

having the storage capacitor 520, t:he floating body 

design, where the body or middle region of the pillar 

is isolated from~ the underlyin~( substrate 235, would 

not be desirable. This is due to t:he body- chargin~ f 

effect resulting from charge accumulation in the 
isolated body of the pillar. Havjng a p;illar body 

which is continuous with the underlying substrate 
prev:ents charge accumulation in tho pillar body, so 

that charges are only sto:i-ed in the storage capacit·or 

520. 

In order to get the high-capac i.tance necessary to 

store adequate charg~, a high-dielectric mater~al i.s 

used in the capacitor stack, e.g., BST. To further 

increase the. area of. the capacitor, ·and hence increase 
the storage· capacitance, th~ capacitor structure could 

also be deposited·into a via hole !>36 (FIG 35), or on . . 

a crown 537 (FIG 34:) , to take c\dvantage of the· 

... sidewall capacitance. This structure would ·implem\mt 

the. one transistor/one capacitor DRAM cell i·oo of PIG 

s in a minimum area, without the use of any floatj11g­

gate structures. 
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Returning to FIG 27, the basic cirray 500 of vertica:J 

MOSFET devices is formed by the self-aligned source 

diffusion and.isolation.techniques previously 
described. In this three dimenuional ~epresenta-tion 
of FIG .27, the isolation oxide ~so (FIG 31) has beeu 

omitted for clarity, but would 11ornmlly fill the opE!ll 

area between all of the pillars and trenches. The. 
array soo has the add~tional polysilicon strap 460 on 
the diffused lower bitline 405. Th(! strap 460 reduc!es 
the resistance of the bitline 405. 

The L~dy of the transistor pillcirs is still in cont'1ct 
with the underlying substrate 2 ~5. This is becaus.e 
the source outdlffusion 405 has beeu limited so tha• 
the r~gions from opposite sides of the pillars 230 <io 

not meet. If desired, a floatiug body Lransistor iu 
formed by longer annealing, or }.y implantation prior 
to array fabrication. In additjon, a~l other 

previously described variations of the isolation and 

source formation steps are also app:licable here. 

The area taken up by each pillar 230 and the ~pacin~J 
between pillars is slightly over 4F-square. The 
additional area is due to the dt:dta (A) necE:!ssary for 

.. f;)eparati:ng the array wordlines from each other· (along 
the bitline direction). Delta can he made as small as 
the lithographic tolerance allows. It is also 
possible to obtain a truly 4F-square eel 1, or smallE-~r, 
if s~b-lithographic techniques are used. However, 
using sub-lithographic techn.iques a.re comp] ex and 
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costly. One of the major adva11tages of the verticc-i l 

design is that a neaJ::ly 4F-squa L"e cell size is 
. . 

obtained without using sub-lithographic techniques. 

Another advantage is that the gate length is 

completely independent of the cell area. Hence, a 

long channel transistor can be maintained by simply 

increaa:i.ng the pillar height, without taking up any 

additional lateral area on the wafer. •rhis is 

especially crucial for the one transistor/one 

capacitor DRAM cell. Such a design is amenable to 
beil\g scaled down and yet mai.nt.ain desi t.·ed cell 

characteristics. 

FIGs 34, 35 show two different designs for the 

capacitor 520. Note, that since the capacit:or 520 is 

wholly-contained within the nearly 4F-squara area of 

each pillar and the adjacent inter-pillar spacing, t:he 

minimum area cell size is automa.tically maint.ained, 

and no sub-lithographic: steps are necessary. Several 

o~her designs are· possible for the capacitor 
structure. The two designs of fi'IGs 34, 35 are shown 
to illustrate two functional di fferance1~. 

In the capacitor design shown in FIG 34, th~ .capacitor 
. . 
plate 535 is common to all the cells in the array. 

Illustratively, the capacitor plate 535 is held at <l . . 
con~tant voltage,· e.g., ground. This c1:eates the open 

bitline architecture 150, as described in connection 

with FIG 7, with the buried dif f.used source 405 and/or 
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polysilicon strap 460 acting afl thl~ bitline, and the 

polysilicon gate 275 .acting as the wordline. Note, 

the charge is stored on the storagu electrode or node 

525, which is still exclusive t.o each pillar 230. By 

way of analogy, the storage elt•ctrode or node 525. is 

the storage node 110 ohown in PIG 5. 

1·n the embodiments shown in FI<: 34, the dielectric 

lstyers 530 are isolated from the gc1tes 275· by an 

insulating layer 537,·which may be oxides of silicon, 

for example. Tbe _insulating l·c-1yer 537 is tormed over 

each gate 275, between the upper doped :i::egjons 240 of 
' I o <I •> 

the pillars 230. The insula~iug lc1yer 537 may· be 

formed prior to· forming the stc •rago n~d~s 525. 
I 

Instead of having individual st ora~re nodes 525. for 

each memory device 

each memory device 

storage nodes 525. 

or pillar, c1nd cl common plate 5.~s, 

may have it:i own plate 535 and 

FIG 35 shows an array of cells, 

where each has both individual sto1·age and opposin~J 

common plates 525, 535, which .ire t~xclnsive to each 

pi.1.lai: 230. •rhe plateu 535 ca11 th1m .. bu co11nect.ed 

together in any desired configuration hy a first level 

of metal similar to the dotted lin~s 490 of FIG 27. 

Illustratively, all of the plat es 1:>35 for t.he. 

capacitors 520, which are on:pillars along a common 

diffused buried bitline, are connected together. 'l'hat 

is, the metal line 490 runs parallt:?l to the bitlin•~ 

220 shown in FIG 27, 01:· into tlie pc1ge j n the cross 
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section shown in FIG 35. The burietl source 405 or 

buried strap 460 acts as the buried bitline. 

In the embodiment shown in FIG ~s, prior to forming 

the storage nodes 525, an insul.1tin~1 layer 518 is 

formed between the upper doped l·egions 240. 

The insulating layer 538 · extendt-1 over the gates. 2.75 

and is shaped to provide a supporting. layer for 

forming the via holes 536, in which the stora~e nod,~s 

525 are subsequently formed. 

The insulating layer 538 ·isolatt'!S the stor!8ge nodes 

525 from each other. and from thl:. gates 275. 

Illustratively, the
1 
insulating layer 530 is an oxid\:! 

of silicon. Next, the dielectri.c layers 530 are 

formed over the ~torage nodes s:~5, followed by 

formation of the individual plat.es 535. The' plates 

53 s are isolated from each othe 1· and are confined 

within their respective dielect1·ic Layers 530. 

In the configuration shown in FIG 35, the buried 

bitline 460 is a "bitli.ne true", while t.he metal 

bit line 490 located on top of the capaci torfJ 520 is 

the "bitline complement"'. The utructure shown.in FrG 

35 yields an open/folded archit\~cture, where 1:-he 

voltages on both the true and complement bit.lines a1·e 

varied. 
. ,· 

In contrast: to the open archite• ~tur,~ of FIG 34, whe 1:e 

the capacitor plate 535 is comm•m to all the cells, 
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each cell has a s_eparate capacitor plate 535 in the 

open/folded architectu~e of FIG 35. In the 

open/folded architecture, the SE·parf1te c:apacitor 

plates 535 .are connected togetht"·t". The inter-· 

connected capacitor plates 535 ,,f t11e open/i'.olded 

architect~re of FIG 35 are parallel to the bitlines 

·and form a bitline compliment. A tl1ird architeciturt·, 

described in connection with FI<: 51, referred to as a . . 
fol:ded architecture, has two woi·dliues that pass. 

through each cell, located on tnp 01· each other around 

each pi.11:1.ar, where one wordline is clctive and the 

other is passing for each c.ell . 

The open/folded architecture gives twice the sense 
i 

voltage for the same amount of C'har~fe stored on the 

capacitor. This is advantageoun fo1· sensing smaller 

voltages, particularly as capacitanc·e values continue 

to drop with increased scaling. Thl! open/folded 

architecture 120 (FIG 6) also gives an increased 

tolerance to noise, which is oft en ... drawback _to thf.: 

purely open bitl~ne design 150 of FIG 7. Open/fold\.:d 

archit~cture is discussed in T. Hamc1moto, Y. Morookci, 

M. Asakura, and H. ASIC, "Cell-11latc.~-line and .bit-1 ine 

complementarily-sensed (CBCS) architecture for ultr.1 

low-power 11on-destructi ve DRAMs," 1995, Symposium on 
.... VLSI Circuits Digest of Technicc1l P.1perB, p. 79, 

hereinafter referred to as Hamamoto. 

In conventional folded or open/ 1·old(!d ·a1·chit.ecture 

using planar technology, cell a 1·ea i.s increc1sed due to 
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the additional wordline (passiug wordline in the 

folded architecture) , or due to connection between the 

separate capacitor plates (in the open/folded 

architecture). In the vertical cells of the present 

invention, the passing wordlin~s or the separate 

capa.citor plates are easily accessjble and do not 

increase the cell area. 

MEMORY DEVICE WITH TRENCH CAPAC~ITOl~ 

In another embodiment of the p1·esellt invention, a deep 

trench capacitor is provided b~low the ~1emory cell 

pillars of an array 540, shown in l•'IG 36. This array 
540 is simi.lar to arrays pL·evionsly desprihed herf!!! in. 

Using vertical transistors as the transfer devices 

prevent an increase in the lat~ral area of the cells 

545. 

By using vertical .tran~istors, the gate length of t•ach 

transistor is maintained at a ~1uitable value for 

obtaining low leakage, without. dec1·easi ng the bitl.i ne 
voltage oi.· increas.ing t~he memo1 y Cl:ll lateral area. 

In addition, because the deep trench capacitor is 

placed directly below the vertical transistor, no 
additional area is consumed. 

Each memory cell 545, with its trench capacitor, if.I 

used as the one transistor, om~ capacitor DRAM ·cell 

100 of FIG s. The pillars of the memory cell array 
are formed using previously dencril>ed steps that f< •rm 
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cells each having a size of 4F2 in either the open 
bit 1 ine architecture, . '?r the opl~n/ folded architecture 
using dual bitlines. Cells between wordlines are 
separated by a length A, which may be approximately 

0.1F.t6 0.2F, for example. 

Each ~rench capacitor wraps around the bottom of each 
pillar of the memory cell array. Similar to the array 
509 of FIG 27, each cell 545 of.the array 540 has 

buried dope~ region, which may act as either the 
source or drain of the vertical transistor. For 
convenience, the lower doped region is referred to as 
the buried source region 405. 'rhe buried source 
region 405 serves as the charge storage node ·for the 
trench capacitors. The source of each transistor is 
isolated from sQurces of other transistors. 

Details of forming the vertical transistors are 
previously described. In addition, the previously 
described variations are also applicable. For 
example, the pillar body may or may not.be in 
electrical contac.t with the underlying substrate 235. 

The transjstor or pillar body jsolation, resulting in 
a floating transisto~ body may be achieved by not 

.· .. diffusing the source to completely form below -the 
entire pillar footprint. 

Alternatively, for a floating transistor body, the 
source may be formed prior to all e::tching steps by 
implantation into a suitable-doped substrate, which 

,· 
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may include epitaxial layers, as long as the dual 
trench etch depth is.sufficient to separate the 
heavily doped source regions 405 at the base of eac:h 

pillar 230 between wordlines 225. 

The trench capacitor comprises of a dielectric 

material, e.g., an oxyni_tride film, deposite~ ar!lund 
the base of each pillar. A plate electrode material, 
e_.g., heavily doped polysilicon, is deposited -into the 
matrix between the pillars, and recessed to just below 
the top of the source region. Thia plate electrode 
may be common to all pillars in.the array (open 
architecture). Alternatively, the plate electr.ode is 
isolat~::d by etching to just serve t.he pillars along a 
common bitline (open/folded architecture). The plate 
electrode material may also be eilicided to reduce 
resistance. 

The middle section of each.pillar, where the transter 

device (or vertical transistor) is fab1·ical:ed, is 
enc~rcled by ~he gate dielectric 2·10, e.g., thermally­
grown silicon dioxide. As in FIG 27, this gate 
dielectric 27_0 extends between two heavily-doped 
regions at the top and base of each pillar. A 
conductive gate material 275, e.g., ~n-situ~. h~avUy 
doped polysilicon, with or without sillcidation, is 
deposited on the array to connect pillars along each 
row or wordline 225 of the array. The wordlines· 225 
are orthogonal to the bitlines 220. 
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The.pillars in the array may be separat~d by slightl.y 

different amounts ll ~n the bitlin~ versus the wordline 

directions. This allows the ·gate material 275 to b~ 

separated between wordlines 225 by RI~ _-etching alone, 

e.g., by forming a polysilicon spacer along the edges 

of the pillars, and ·encircling them, without 

lithogi.·aphy. If the pillars are equi-spaced in both 

directions, an additional mask can be used to separate 

t~e gate material in the desired djrections. 

To illustrate the basic cell design, an annotated 
' process flow is described below for th~ open·bitline 

architecture case. Change~ necessary for the 

open/folded d~sign are mentioned in "th~ process flow, 

where appropriate. Note that specjfic materials 

listed in this process flow may be substituted with 

equivalent material, as previously indicated. For 

example, other dielectrics and conductive materials 

may be substituted for the gatt! oxide 270 or oxide 

fill 250, and for the polysilicon gate 275 or strap 

460. 

1) As shown in FIGs 36-37, steps which are 

similar to steps previously described jn connectiou 

with F'IGs 17-18 are performed. In part.icula;r, a th.in 

pad oxide layer and a thicker nitrjde layer are 

deposited across the wafer. Photo1·esist is patterne~ 

in parallel lines 550 across the array region. These 

lines 550 have a width F and an int.er-spacing F, and 

define the pillars along the bitli11es direction 314. 
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With the photoresist lines 550 in place, the nitride 

· and pad oxide layers_ are etched through to form 
nitride and pad oxide strips 290, 450 (FIGs 17-18) . 

. This et.ch forms parallel nitride lines or strips 290 

along the bitline direction 314, each having a width F 
and separated from each other by a distance F. The 
nitride strips 290 serve ~s a mask for the deep Si 
substrate 235 etch to follow. 

If the open/folded design_ is desired, the Si itsel I'.,. 
between the photoresist lines 550, is also etched 
approximately o.sµm.. This biases the final pillar 
height in the bitline direction 314 to be deeper than 
in the wordline direction 312. 

2) The pillar definition is completed by 

etching and patterning the nitride strjps 290 with 
photoresist lines 552 that are perpendicular to the 
previous photoresist lines 550. The width of the 
photoresist lines 552 is F and the inter-line 555 

spacing is F+d~lta, where delta is on the or9er of 
approximately 0.2li'. This c.1dditional distance delta 
prevents the gates 275, which are formed around the, 
pillars 230, from shorting between wordlines 225 
without the need for lithography. The resu~ting mask 
pattern after the photoresist 552 js removed is an 
array of nearly-square islands of nitride 245 on· the 
Si substrate 235, as shown in FIG 36". 

,· 
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3) As shown in FIG 37, RIE is used to· etch a 

deep trench 555, using tbe nitride squares or islands 

245 as a masking material. This step is -similar to 

that described in connection wj th F'IG l 7, where 

nitride strips 290 were used as a mask instead of t.he 
nitride ·islands 245 of FIG 37. In this case, where 

nitride islands 245 are used as a mask, the etoh forms 

pad oxide and nitride islands 472, 245, and etches the 

substrate 235 to form the pillctrs 230. The et"ch depth 
560 is approximately 9µm in order to allow both the 

vertical FETs·and the trench capacitors to.be 
fabricate~ along the height of each pillar 2;30. Tlu~ 

exact depth needed is determined by the amount of 
capacitance necessary for relii1ble memrn.:y lu~cLionu. 

r 

In contrast to .the bitline trencheu 210 of FIG 17, 

which. :-ire t_rench lines along only the hitline 
direction 314, the deeper trenches 555 are formed 

between both the bitlines and wordl ines. The.ref ore, 

the cross sections along both the hit and word lines 

ar~ identical, as sho~n in FIG 37. 

For the ope~/folded architectuLe, whert the Si 
substrate 235 along_ the bitlines·iH. etc:hed in step 1, 

(similar to FIG 17), the final depth 011 the .bit.line 
sides of. the pillars is deeper than on the worcUine 

side, as this bias is transl~ted down during the df.:ep 

trench etch. For example·, the final depth of th~ 
deeper bitline trenches, i.e., trenches parallel. tc. 
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.· 
the bitline direction 314, is approximately O.Sµm more 

than the depth of t.~e wordline trenches. 

4) Source outdiffusion material 460, such as 
heavily-doped oxide, e.g., ASG, is deposited on the 

wafer, lining the sidewalls of the tre~1ches 555. 'l'he 

ASG layer 460 is then etched back so that ASG material 

460 is left only on the lower portion of the 
sidewalls, and possibly on the bottom, of the-trenches 
555. Illustratively, ASG 460 is remoyed f.rQm the ·top 

sidewalls of the trenches 555, so that ASG is left 
only u1, tn the top of the desired sourc:e region of the 

. ' . 

vertical FET, a depth 56,5 of approximately 0.5µm fJ·om 
the top of each pillar 230.· 

. I 

5) The wafer is annealed briefly at a hi~.ih 

temperature to drive some of the As from the Asq 460 

into the pillar sidewalls. The penetration of this n+ 
. . 

layer can be controlled so that it does not extend 

completely across the pillars. Thjs allows the 
transistor body to remain in contact with the 
underlying substrate 235. The n• diffused regions 4.05 
forms both the source (or drain, de:pending on 
application) of the vertical FET, as well as the 
charge ·storage node 110, ··shown in t•'IG 5, fol'. : the 

trench capacitor that is subsequently formed. 

' 6} As shown in FIG 38, the ASG 460 is 

removed, and the trenches are etched slightly deeper 
for an additional depth 570 of about 0.2Sµm. This 
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separates then' regions 405 of each pillar 230. That 
is, eac_h pillar 230 bas its own isolateci n• region 405 
diffused therein from all sides. 

To further ensure proper isolation between the storage 
nodes 405 of di-fferent pillars 230, a high dose P-type 
implant may be performed to form a field iso~~tion 
re~ion S75 at the bottom of the trenches 555. 

Alternatively, this isolation could be formed-by 
outdiffusion from another deposited material, or by 

using ~ p·/p• epitaxial substrate wafer. 

For the open bitline case, this polysilicon 585 fills 
·the whole trench lattice between the pillars 230, and 
extends out beyond the memory array in order to be 

'' . 
contacted. 

The polysilicon fill 585 is held at a fixed potentj al., 

e.g., ground, to form the plate of all the trench 
capacitors 578. Since the substrate 235 is also held 
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at ground, there is no appreciable bias across the p' 

field isolation regiqns 575. Thus, the leakage 
between adjacent pillar capacitors is small. · 

FIG 40 shows the open/folded case,_ naving different 

depth trenches in the bitline ·and wordline directions 
312, 314.· The polysilicon fill.58~ (FIG 39) only 
lines sidewalls of these trenches. This is achieved 
b}'.' removing the polysilicon that deposjts on the 
bottom of the trenches by the RIE recess step. Thjs 
disconnects the polysil ico11 (poly) betwden the 
bitlint:!S 225. 

Due to the different depths of the trenches in 
i 

orthogonal directions, a sidewall of poly remains 
along each bit;l.ine 225. This · formE; the bit line 
complement 595, and is contacted at. the edge of the 
array. The height of this bitline compliment 595 js. 

determined by the amount of bias etch jn step· 1, e.g., 
o. Sµm, .. and can be varied from o. Sµm to change the 
resistance of the bitline 595. In addjtion, the poly 
595 may be silicided, or an alterne:1te conductive 
material, such as tungsten, may be used instead of 
pol,y to lower the resistance of bi 1 line complement 
line 595. 

All subsequent array processing steps are identical 
for the open and open/folded cases. Tlierefore, only 
the open case will be shown in the figures. 
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B) As shown in FIG 41, a barri.er oxide 600, 

1 having a thickness of approximately SOnm for example, 
is deposited on the wafer and recessed into the .. · 
trenches 555. This oxide 600 covers the n+ 
polysilicon capacitor plate 585 to isolate it from the 
vertical FET gate polysilicon 275 which is formed 
sub.sequently. Note that the n+ diffusion region 405 

extends beyond ~he barrier oxide 600 to ens~re that no 
under lap occurs for the vertical FE'r. The recessing 
step may· includ~ a chem-polish or i.·esist deposition 
step·to achieve a more planar barrier oxide ~oo. 
However, lithography is not needed. 

9) The gate oxi.de 270 for the v~rtical FE:'r 

is grown around the exposed pillars' sidewalls located 
above the barrier oxide 600. 

10) the actual control gate material 275, 
(e.g., in-situ doped N-type polysilicon, in the case 
where the substrate 235 and pillars 230 are P-type) , 
is deposited wit~ a thickness 610 of just over O.SF 
extending away from the pillars 230. This ensures 
that the polysilicon gates 275 are shorted between 
devices a~ong a wordline (to form a continuous 
electrical connection), while allowing them to be 
separated by subsequent RIE etching between parallel 
wordlines (in the bitli'ne direction) due to the 
greater spacing in the wordline direction. 
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11) All layers of the gate Stdck 615 (i.e., 

the gate oxide and gate layers 270, 275) are then RIE 

etched.to separate_ the worcilines, and t.o recess the 

whole gate stack 615 slightly below the top of the 

pillars. The etch depth·620 of th~ gate stack-recess 

is slightly larger than the combint.'!d thickness of the 

nitride and pad oxide islands 245, 472. 

A~ shown in FIGs 42-43, final procc·ssirig steps, whj ch 

are integrated with.the processing steps of support 

structures outside the memory array,. al'e completed by 

removing the nitride islands 245 lucate<l on t"op of the 

pillars 230; implanting n+ drain r~gions 240 on each 

pillar 230; and connecting bitl ine meta I. 490 along 

each bitline. The bitline metals 490 are 

perpendicular to the wordlines. Nc,te that, in the 

open/folded case shown in PIG 40, the bitline metals 

490, which act as bitline "truesn, are parallel to the 

poly spacer bi tline "compl~ments" ~, 95, which are 

buried at the lower sidewalls of ertch pillar. 

As shown in FIG 44, the area taken up by each cell, 

which includes the area of the pil'l ar 230 and the 

spacing bet ween the pi l la rs 2 3 o , i::i s 1 j ght 1 y over 4 F2 • 

The additional area is due to the ctelta (A) .necessary 

for separating the wordlines 275. This delta (A) js 

as small as lithographic ·tolerance allows. It is also 

possible to obtain a truly 4F2 cell, or smaller, if 

sub-lithographic techniques are used. 
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In the open bitline case .just descrjbed, where a 

general overview is f:ilhown in FIG.7, the polysilicon 

capacitor plate 585 of the trench capacitor 578 is 

common to all the cells in the array. Illustratively, 

the common ·capacitor plate 585 is held at a constant 

voltage, such as ground. With the metal 490, this 

creates a standard open bitline architec:ture, ~here, 

the metal 490 connects the tops of the pillars a~d 

a~ts as the bitline, and the polysil~con gate 275 acts 

as the wordline. Note that the chal:'ge is stored .on 

the n+ diffusion 405 within each pillar, and that n+ 

diffusion regions 405 are separated from each other. 

Thus, each pillar 230· ha~ its o~ n .. diffusion region 

405, which is isolated from n+ diffusion regions 405 

of all adjacent pillars. 

Alternatively, the roles of the n+ diffusion 405 and 

the n+ polysilicon 585 which form the trench 

capacitors at the base of the pillars mai be rever~ed. 

In this case, the n+ diffm~ion 405 may he inter­

connected to serve as the capacitor plate, and the 

charge is then stored on the individual n+ pc?lysilicon 

sidewalls 595 surrounding each pillar. In this case, 

the n+ polysilicon 585 of each pillar is isolated from 

that of the other pillars in the array. 

In, the open/folded case shown in FIG 40, the 

polysilicon capacitor plate 595 is. not common to all 

the cells of the entire array. Rather the polysilicon 

capacitor plate 595 is only common along each bitline 
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column. In the open/folded case, the buried poly 

spacer 595 ·serv~s as_a "bitline complement", while 

the metal bitline 490. (FIG 43) on top of the pillars 

is the "bitline true". 

As discussed in Hamamoto, the open/folded 

archit.:icture, where the voltage on both the true and 

complement bitlines are varied, gives twice the sense 

voltage for the same amount of charge stored ~n the 

capacitor. This is·advantageous and· increases 
• 

sensitivity. As capacitance val~es continue to drop 

wfth scaling down to smaller sizes, the charges stored 

on the scaled down c~pacitors are reduced~: The 

open/folded architecture allows proper :;iensing of 
I . 

these smaller gates charges stored in the capacitor. 

The open/folde~ architecture also gives. an increased 

tolerance to noise, which is often cited as a drawback 

to the pure·ly open bitline design. 

FIGs 45, 46 show cross sections along the bitline 

direction of another embodiment of a folded bitline 

architecture. FIG 6 shows a conventional folded 

bitline architecture. This is achieved by extending 

the process_ flow o.f the DRAM with the tr~nch capac.i tor 

previously describe.d. FIGs 45, 46 show cross sectjons 

of adjacent bitlines ?00, 705 of· a cell array . 

configured in a folded bitline architecture. For the 

folded embodiment, two transistors are fabricated on 

t.he top of each pillar 230, above the cfeep trench 

storage capacitor. 
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For each pillar 230, one trcmsistor acts as the 
"active" transfer device for access to th~ charge 
stored on the capac·itor, while the other transistor is 
a "passive" dummy transistor. In FlG 45, the upper 
transistor 115 is active, while the lQwer transistor 
717 is passive. FIG 46 shows a bitline 705 which is 

adjacent to the bitline 715 of 11IG ·15. In FIG 46, t·he 
·lower transistor 720 is active, while the upper 
trf:lnsis.tor 722 is passive.. Hence, t>nly one of ·the two 
poly wordlines of each cell (720 of FIG 45 and 725 of 
FIG 46), crossing each pillar 230, ls au "active" 
wordline capable of accessing th~ c'!ll, while the 
other wordline (730 of FIG 45, and 735 of FIG 46-) is a 
"passing" wordlin-l which has no eff ·~ct on the cell. 

By alternating which transistor {i.e., the upper or 
lower device) is active on adjacent pill.ar bitline 
columns 715, 720, c::l folded bitline architecture is 

. . 
achieved, without increasing the cell s i.ze above the 
normal 4F-square area. Note that jn FIGs 45, ·46, 

where the cross-sections are taken parallel to the 
bitline direction 314, all the actjve devices are 
either on the upper or lower wordljne. In contrast, 
the cross-:sections along the wordl]ne direction 312, 

.. shown in FIGs 47-50 that accompany the proce~s flow to 
be described, the active devices alternate between 
upper and lower locations along eaC'h wnt·dlin~. 

To fabricate this pillar structure with alternating 
active and passive devices, the procesH steps 1-a 
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described in connection with FIG~ 3£>-44 f:or the open 
bitline configuration,. is continued. Because two 
transistors a];:'e formed over the treuch capacitor, 
instead of a single transistor, the deep trench etch 
performed in step 3, to define the t•illars, is 
increased by approximately o.sµm to allow for a longer 

pilla.r height. This accommodates tJ1e· additional 

transistor gate length. Except for this deeper etch 

in.step 3, the -process flow is jdentical to tQe­

previously described steps 1-8. 

After step 8, p~ocessing continues clS follows, whern 
in lieu of steps 9-ii, th~ followinu ste•ps are 
performed, designated by primed numc!raln: 

9' ) As shown in FIG 4 7, which is a cross 
section along· the wordline direction:312, a layer of 
ASG 740 is deposited on the wafer. The ASG layer 740 
is recessed into the trenches so th.it it. extends up 
the pillars to the top of what will become the 1owec 
transistor. The ASG 740 serves a dual function. 
First, some of the As from the ASG I.ayer 740 diffuses 
into the pillar 230 during subsequent hot processes. 
This· connects the de~p trench capacitor 750 to the 
source 755 (FIG 48) of the upper act:ive tran~:istor. 
Second, the ASG layer 740 decreases the capacitance .. 
between the lower wordline poly 730 of l"IG 45 (and 725 
of FIG 46) and the adjacent lower dummy devices 
located on alternating pillars. 
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In FIGs 45-46 and 48, the upper transistor region is 

referenced by numera:J. 771, while the lower transistor 

region is referenced by numeral 772. FIGs 45 and 48 

show the source 755 of an upper transistor, while FIG 

45 shows the drain 773 thereof. FIG 46 shows· the 

source 774.of a lower transistor, and FIGs 46, 50 show 

the drain 810 thereof. 

10'} The ASG layer 740 is removed.from 

alternating bitline rows by photo lithographic 

patterning and RIE etching. As shown i.11 FIG. 47, a 

lithographic mask 760, used in this etching step, has 
. ' . 

lines that are parallel to each other and to the 
• 

bitline direction 314 (FIGs 45, 46). The mask lines 
. i i 

760 are aligned (non-critically) to the pillar array. 

The mask lines. 760 each have a width 2F, and are 

spaced 2F apart. The pillars 230 which are le~t with 

this lower ASG collar 740, have the dummy transistors 

in the "lower" position. Hence, the lower poly 

wordlines 770 (FIG 48) will be the passing wordlines. 

11') As shown in FIG 48, a gate oxide 775 

is formed over the pillar sidewalls that are not 

covered by the ASG collar 740. The trenches are 

filled with polysilicon.to form a polysilicqn wordline 

770 for the lower transistors. The gate oxide 775 and 

polysjlicon wo1:dljne T10 al'e formtd using the same 

basic process steps described above and referenced as 

steps 9-11 of the DRAM/trench capacitor fabrication 

process. The gate oxide 775 and poly wordline 770 are 
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recessed in this case to the top of the lower ASG 

collar 740. This allows space on the pillar for the 

upper transistor, which is fabricated next. 

12') As shown in FIG 49, a second barrier 

oxide ?80, having a thickness of approximately 50nm, 

for example, is depo~ited and recessed into the 

trenches to insulate the lower poly wordline 770 from 

s:ubsequently formed upper. poly wordline 800 .(FIG 50) • 

The second barrier oxide,780 is formed similar to the 

first barriel'. oxide 600·;· described· in step 8 of the 

DRAM/trench capacitor fabrication process. 

13') A second lay~r of ASG 785 is deposited 
I . 

on the wafer. This second ASG layer 785 is patterned 

and RIE etched so that it will remain oi1 alternating 

pillars which do not already have a lower ASG collar 

740. A lithographic mask 790 is used, which is 

similar to the lithographic mask 760 of FIG 47, where 

the lithographic mask 790 has lines of width 2F, with 

2F. spacing running parallel to the bitline direction. 

However, the mask 790 is offset by 2F from the mask 

760 (FIG 47) used in step 1.0'. The pillars which have 

this upper ASG collar 785, ha:ve the dummy transistors 

in this "upper" position. 

14' ) As shown in FIG 50 and similar to the 

description of step ll'i an upper gate oxide 795 js· 

formed on exposed sidewalls of the pillars not covered . 

by the upper ASG collar 785. The t·renches between the 
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pillars are filled with polysilicon (poly) . The poly 
surrounding the. upper_ASG collar 785, act as passing 
poly wordlines 800, while the poly surrounding the 
upper gate .oxides 795 are.active poly wordlines 805. 
Note, as shown in FIGs 45, 46, the poly wordlines are 
separated from each other along the bitline direction 
314. 

In addition, the drain 810 of the lower transistor is 
formed by outdiffusi~n from the seccmd ASG layer 785. 
Final device processing steps, including the drain 
imp~ant, are performed, using the same process steps 
described above in steps 9-12 of thu DRAM/trench 
cappcitor fabrication process. 

The final structure, shown in FIGs 45-46 along the 
bitline direction 314 and in FIG 50 alo11g the wordline 
direction 312, offers all the featu1:es described foL· . 
the open bitline architecture, includin~J the minimum­
sized cell area. In addition, the r:inal structure 
offers the added advantages of Lhe f:oldC!d bitline 
architecture, additional noise immunity and relaxed­
pitch sense amplifier design. 

'· 

For use in other applications, this same proct;!ss can 
be used for fabrication of pillars with stacked 
transistors (two or more), without the deep trench 
storage capacitor at the base of tl1e pillars . 

. ,.. 



-71-

Instead of a trench capacitor, ctnother f~mbodiment 

includes forming a fo_lded bitline a1:chit.ecture having 

a stack capacitor, formed on top of the pillars, for 

charge storage as described. in conndctiun with FIGs 

27-35. In this case, two transistors are f~bricated 

on each pillar, to form active and passing wordlines 

with a buried, diffused bit.line below the lowe'r 

transistor, for accessing charge in the stack 

capacitor located above t.he pillars. This 

configuration is an inversion of the deep tre.nch 

configuration described in connectjon with FIGs 36-50, 

and is ..-shown in FIG 51. The actual" sta~k capacito1: 

structure 520 may vary from that shotim in FIG.51, as 

described in conne(.;tion with FJGs 34 aud 35. 
f 

As an overview of the above embodi111ent1:1, dense arrc:1ys 

of vertical pillars etched on Si .substrates, ·such as 

the array 500 shown in FIG 27, are used as the base 

structures for various memory cellu. One advantag(: of 

these arrays is the small area each memory cell 

. requires on the wafer, independent of t he gate len~ 1 t.h 

of the transistor. This is crucia·1 foi reaching the 

bigh density necessa:ry for gigabit memCJry ch~ps, while 

·maintaining reasonable bit line vol1 age and low dev:i ce 

le~kage. 

By using the two etch process, such as steps· Ill a11d v 
described in connection with FTGs 13-14 and a, or ~;tep 
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{b) and {f) described in connection .with FIGs 17-22, 

square pillars of siz~ F x F (where F is the minimum 
achievable lithographic line width) are fabricated, 
with an inter-pillar spacing of only F along the 
wordline direction. The inter-pillar spacing along 
the bitline direction is F+A, resulting in a memory 

cell having a size of 4F2+2FA. 

This method also achieves a self-aligned, buried, 
diffused bitline under each cell column, which may be 
strapped w:i.th polysilicon·to reduce the resistance. 
In addition, self-aligned polysil~con wordlines are 
formed perpendj.cular to the bitlineu. 

Once these pillar arrays are formed, each pillar forms 
a transistor having two heavil.y doped regions at the 
top and bottom of _the pillar. The wordline poly is 
the gate electrode wrapped around the pi.llar·body 
between the top and bottom heavily doped reg~ons. 
Note that the effective width of these transistors is 
the circumference of the pillar,_i.e., 4F, since the 
gate poly \vraps around each pillar entirely. 

In one of the previously described.embodiments, if the 
gate stack includes a floating gate structu~e embedded 
in a dielectric material, s.uch as silicon oxides that 
form tunnel and gate oxides around the floating gate, 
the memory cell is complete as is. In this 
embodiment, the memory cell operates as an EEP.ROM or 
Flash memory device, for example. As previously 
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described in other embodiments, a Dl~AM cell is formed 

where the pillar tran~ist~r is used as a transfer 

device for either a stack capacitor, or a deep trench 

capacitor, without increasing. the fc.otprint thereof. 

FIG ·52 shows an arrcly 850 of memoey cells in 

accordance w~th.another embodiment which augments the 

previously discussed embodiments. ln contrast to the 

ari;ays 420, 500 of FIGs 16, 27 wbe~e pillars along the 

wordline direction have a single wo1·dliue 22!?, two 

wordlines 225, 225' are formed for _the pillars 

arranged in the worcUine directj on. 

The two wordlines 225, 225' are sep.iratt•d by an 

insulator or dielectric 855, such aH oxides or othe1· 

material depending on the applic:ation. The oxide 855 

is formed within the inter-pillar s1lace between the 

two wordlines 225, 225' prior to the wo1·dlines 225, 

225' formation, as will be described in the process 

flow below. The wordlines 225, 225' aru the control 

gates 275, 275' of two transistors formed per each 

pillar, and are fanned on pilla1· sjclewa·11s which are 

opposite each other in the bitline 1tirec:tion 314. 

Unlike previously described embodim1~nt, when the two 

.··"gates 275 I 275 I· are formed, they 00 lon~1er enci:rcleS 

each pillar. Instead of forming a :Jing·1 e gate around 

each pillar, two gates 275, 275' or wor<llines 225, 

225' are formed along two opposite ~ideu of the 

pillars arranged in the row or wordl.ine direction 312. 
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'!'his has several advantages applicable to the 

previously described.cell designs. 

One advantage is a decrease by almost a factor of two 

of the overall capacitance of the wordli.ne. ·The 

capacitance decrease is due to reduction in half of 

the effective device area. Thi.a reduces the wordline 

time delay significantly. Althou_gh· the effective 

width of each wordline 225, 225' is decreased, any 

resultin~ increase in resistance can be compensated by 

conventional siiicidation techniques. 

Another advantage is that the inte1··-pil .Lar· spacing in 

all directions is F. That is, the .ad~itional spacing 
. r 

delta -1~) between gates 275 along the bitline 

direction, shown·in FIGs 16, 27, is reduced to zero. 

Elimination of the additional spaciJ"ig delta. is 

achieved without deleterious effects, since the gates 

or'wordlines of adjacent pillar rows are separated by 

controlling the thicknesses of the poly gates." These· 

gate thicknesses are independently adjusted ·to assure 

that there is no shorting between wordlines. As such, 

no ad~itional lithography js needed to separate the 

wordlines, despite the eliminati.on of the spacing 

delta. This results in a true 4F-squared cell size. 

Yet another advantage of this design, which is 

particularly important to arrays having a floating 

gate structure, is having the dual wordlines 225, 225' 

per wordline or row pillars, i.e., per pillars along 
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the wordline or row direction 312.. Each row pi] lar 

no.w has two woi~dlines ... 225, 225' on i.t, cine on each 

side. While these two wordlines 22!>, 2:!5' may he used 

as one wordline for the capacitor DRAM <:ella, each 

wordl.ine 225, 225' ~y be conta<-:ted ind<~pendently al. 

the perimeter of the memory array. 

With a properly isolated floating· g.'lte ::65 located 

between each pilla1: and control gatd 27~, each pillar 

comprises two memory cells. This is in contrast to 

the array 420 of FIG 16, where each pillar has nne 

transistor. 

One portiqn of· the oxide fill 855 l()catC!d between the 

control and floati11g gates 275, 265 act1:1 as a gate 

oxide 270, while another oxide fill portion located 

between the floating gate 265 and p i~la 1: acts au a 

tunnel oxide 260. For other applic.ition us.i.ng only 
. . 

·the transistor (as opposed to a memory l!ell capable of 

char$e storage), or a transistor with a capacitor, the 

floating gate 265 is dispensed with. 

After gate formation is completed, Lsol .l"t~on 

therebetween is achieved by removing_ material (either . . 
poly or oxide) l~cated between the pillars a~ong the 

wordline direction 312 .. Next, the exposed g~te 

material (e.g., polysilicon) are oxidized and. 

·remaining voids are filled with the oxide fill 855. 

This i·solates the floating gates 265 of each 

transistor. 
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Each of the two cells on a pillar has jt:s own word]ine 

and floating gate fo:>; charge stora9e. ·rhe two cells 

or transistors, formed on opposite sides of each 

pillar, share bitllnes 220. This E:ffectively reduC"es 

ea_ch memory cell area to 21-'-square, which is half Lhe 

size of previously described cells, used as EEPROM or 

Flash memoi.-y for example. 

B)' achieving this higher density at a lithographic 

line-width of F=0.18µm, (which is ca typ.Lcal value for 

Gigabit memory), up to 1 gi.ga-byte (Gbyte) of data may 

be sto1:-ed .i.n a six squ~1re-<~m ( 6 cm·) ar•!a. Even wj t:h 

addltional overhead of support cir(•uit1y~ up to 4 

gigabytes of data is ea_sily stored on a credit-card 

size area. This makes the memory .c1rray 800 very 

competitive with even magnetic disk drive storage. 

It should be noted that the 2F-squc:ire cell size may 

also be used with the stack and trt:nch capacitors 

described in connection with FIGs 33-Sl . 

An exemplary process flow which implements pillar 

formation and isolation is describ~ below. · Note that 

this process flow implements many of tl1e· featui:es of 

the previous embodiments. All steps here a~_sume 

formation of NMOS devices on a P-type substrate, but a 

similar procedure could be used foi· PMOS devices on an 

N-typ~ substrate. Also, sample th.icknesses and depths 
. . 

are given, assuming F=0.18 µm. 
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1) .As described in connection with FIGs 1 ·1-

18, nitride is depos~ted across the wafdr, and 
patterned in parallel lines across the array region. 
These nitride lines 290 have width and spacing F, and.· 
define the pillars for the vertical MOS devices· along 
the bitline directjon 214. 

2) Etching, e.g., RIE, "is used to. form a 
shallow trench 210 between these nitride lines- 290. 
These t~enches are referred to as bitline (or column) 
trenches, since.t}ley are along the bitline (or column) 
direction 314. ~llusti·atively, t:ht: bit line trenches 
have a depth 455 of approxjmately ?OOnm. Th:i.s etch 
depth is deep enough to contain the· expected drain 

f 
implantation depth, the desired gat.e length, and the 
buried bitline diffusion. 

,· 3) N+ polysilicon (poly) 460 is formed to be 
conformally deposited on the wafer, up to a thickness 
of 60 nm for example. The 60 nm thick poly 460 lines 
the bottom and sidewalls ·of the bitl.ine trenches 21.0. 
Thfs poly layer 460 is then etched back to recess it 
into the trenches 210, leaving sidE.!wall formations 

that extend a distance 462, which i.s approximately 
250nm, up the sidewalls of the trenches 210. Some 
poly 460 may remain on the bottom C>f the trenches 210. 
If necessary, resist coating is used during this 
etchback. However, no additional lithngraphy is 
required. 
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4) An additional etching, e.g., R1E, step.is 

perfoi:'1iied to etch through the poly 460 located on the 
bottom of the trenches 210, and to etch into the Si 

substrate 235. The resulting structure along the 
wordline direction is same as shown in li'IG$ 20: The 

• 
cross section along the bitline direction 31~ remains 
the same as shown in FIG 18. This is because.the top 
nitride layer 290 is in the fonn of parallel strips, 
(~s opposed to nitride islands 245 shown in FIG 21) • 
Therefore, wordline trenches a~e not etched along the 
wordline direction 312, which is perpendicular to the 
bitline direction 314. 

This additional etching separates the bitlines 405 
between adjacent columns of pillars, i.e., between 
adjacent pillars along the wordline direction. Note 
that during subsequent h~at cycles, dopant will 
diffuse out from the poly.460 into the Si pillars 230 
to form the diffused bitlines 405. 

5) As shown in FIG 53, the bitline trenches 
210 are all filled with oxide 857, and the wafer is 
chemical-polished back to a planar surface, us,ing the 
remaining nitride 290 as a stopping ~ayer. The filled 
bitline trenches are designated as reference_nrn~eral 
210'. As shown in FIG 56, after the chemical­
polishing, an additional layer of nitride 870 is 
deposited on the wafer. 
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As mentioned earlier, other materials besides the 

oxide fill.. 870 can b~ used for this fill. As shown in 

FIG_54, if the material in the filled bitline trenches 

210' will be removed in subsequent steps for floating 

gate isolat:ion, another choice would be to line the 

trenches with an oxide liner 860·, followed by:· a 

polysilicon fill 865. 

One advantage of using the polysilicon fill 865 is 

that it can be easily etched selective to oxide and 

nitride during a· subsequent removal or etch step. The 

remaining steps are desc·ribed where pol ysil i.con fill 

865 is used. Except where noted, these remaining 

steps are identical for both oxide/poly filled . 

trenches, as shown in FIG 54, and purely oxide filled 

trenches, as shown in FIG 53. 

FIG 55 shows a top view of the memory cell array 

structure shown in FIG 54. The bitline nitr~de strips 

290 cover the substrate 235 as shown in FIG 18. In 

FIG 55, the diffused n• regions 405, which are located 

in the substrate 235 below the nitride strips.290, are 

shown as dashed lines ~xtending along the bitline 

direction 314. The filled bitline trenches 210' 

between the nitride strips 290 contain the oxide liner 

860 and polysilicon fill 865. 

6) Next, an additional uitrjde layer is 

formed over the wafer. As shown in FIGs 56-57, in 

order to complete pillar definition and form the 
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wordlines, the nitride layer is patterned into nitride 
strips or lines 870.which are parallel to the wordline 
direction 312. The nitride lines aio have a width F, 
are spaced from each other by a distance F, -and are 
perpendicular to the filled bitline trenches 210' . 

Note that along a wordline direction 312, .when the 
nitride is etched, there will now be alternating 
~ections of oxide 860 and Si forming the pillars 230. 
The oxide liner 860 extends above the Si pillars 230 
by an amount equal to the thickness of the first 
nitride deposition, minus any loss resulting from tl:ie 
nitride etch. This oxide extension· is subsequently 
planarized. 

7) As shown in FIG 57, etching, e.g., RIE, 
is again used to etch wordline trenches 430, which are 
perpendicular to the filled bitline trenches 210' (FIG 

. . 
53). As shown in FIG 55, forming the wordline 
trenches 430, along the·wordline direction 312, 
requir,es etching through both oxide and 
silicon/polysilicon .. 

In particular, forming the wordline trenches 430 
. . 

re.quires etching through: the oxide liner l:)~O; the 
polysilicon 275 that fills the oxide lined bitline 
trenches 210; and the silicon pillars 230 that are 
exposed after patterning the nitride layer into 
wordline nitride strips 870 (FIG 57) • Note, the 
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wordline nitride strips 870 are per1~ndicular to the 

bitline nitride strip_s 290 (FIG 54} . 

Due to the difficulty of etchin~J these diff~ren1-
material simultaneously, two approaches may be used: 

(a) In the fi_rst approach, shdwn in FIGs 56-

58, wordline trenches 430 extending along the entire • 
ar:i:-ay are formed. Etching the wordline trenches 430 

is performed by usin~ an RIB.chemistry that e~ches 
oxide and silicon, selective to nit L"ide. This etches 
the oxide 1iner 860, the silicon of the pillar. 230, 
and. the polysilicon fill 865. 

Although the depth of the etch may vary between the 
two materials, (oxide 860 and silicon of. the pillar 
230 or polysilicon 275,) the.different ~tch depth does 
not effect final device structure or peeformance. 

This is because the step formed by the different. 
height of the two materials, at the bot.t:om·of "the 
wordline trenches, will be burj ed durinq a $_Ubsequent 

·oxide ·fill. 

As shown in FIG 57, the depth 080 of this etch is set 
to reach just below the top of the diffused bit.line 

· · reg ions 4 O 5 , stopping on or nea L" the bu 1: ied bit 1 ine 
straps 460 (FIG 56) . Illustratively, the depth aao is 
approx]mately 600nm. Alternatjvely, the wordline 
trench etch may stop short of reaching Lhe diffused 
bitline regions 405, leaving a layer of oxide 860 
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and/or poly filler 865 over the: buried poly straps 

460. 

FIG 58 shows a top view of the array st a·ucture aftet· 
etching the wordline trenche~ 430 that extend along_ 
the entire.array in the wordline djrection Ji2. 

Etching the wordline trenches 430, exposes the n~ 
diffusion. region 405 located at the lower portions of 
t11-e pillars, separated by the substrate 235 of the 
exposed lower pillar portion. In addition,· ·the 
wordline trench etching step exposes the poly str~ps 
460 and the lower portion 860' of the oxide liner 06_0 

that fills the deep portion of the bitllne trenches 
located between the poly .straps 460. 'fllis oxide liner 
lower portion 860' is also shown in FIG .s~. Below the 
wordline nitride strips 870, the pillars 230 separated 
by the filled bitljne trenches 210' are shown in FIG 

58. 

Cb) The second approach, uses an RIE 

chemistry that etches only Si (which includes 
polysilicon), selective to both oxide and nitride. 
The etch depth is the sa.me as above, i.~., 

approximately 600n~i. Because the oxide: liner 860 is 

not etched, the resulting wordline trenches .• 30', 

shown in a top view in FIG 59, contain square and 
rectangular holes 890, 895 shown by dotted lines. 

These holes are separated by the oxide l.iner 860, 
which acts as walls of the holes 890, U'.JS. 
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The square holes 890, which have a size of F x_F, 

result from etching ~he exposed silicon of the pillars 
that are not covered by the '60rdline ni.tride strips 
870. The pillar etching exposes the_n' diffusion 
regions 405, as shown at the bottom of the h~l~s 890 

of FIG 59. Within each square hole 890, the n• 

diffusion regions 405 are separated by the substrate 
235. 

The rectangular holes 895 result from etch or removal 
of the poly fill 865 shown in FIG 56. •rbese holes 990 

are· located between the oxide walls 860, on the 
' ' . 

opposite sides of t~e n~ diffusion regions 4Q5. The 
widths of the rectangul~r holes 895 ~but against the 

I ! • . 

wordline nitride strips 870. The base of ·each 
rectangular hole 895 is the lower portion 860 11 of the 
oxide 860 that covers the poly straps 460 shown in FIG 
56. For clarity, only one pillar 230 and filled 
bitline trench 210' are shoWn below the wordline 
nitride strips 870. The pillars 230 and "filled 
bitline trench 210' are delineated in FIG 58, which 
has an identical structure below the wo1·dline nitri.de 
strips 870 as those of FIG 59. 

The oxide walls 860 may be r~cessed if desi~~d. 
However, for efficiency, it is preferable not to etch 
or recess the oxide at this point, si.n<!~ the oxide 
will be recessed in the next step to foi-m an oxide 
barrier 900 shown in FIG. 60. 
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8) Regardless of the etch method (a) or (b) 

chosen above, the wo~dline t.renches 430 of FIG 58, or 
the holes 890, 895 of FIG 59, are now filled with 
oxide. Next, the wafer is chem-polished bac~ to 

achieve a· planar surface, using the wo1·dline nitride 
strips 870 as a stopping layer . 

. ,· 
As shown in FIG 60, t~e oxide in-the wordline trenches 
430 is then re-etched to a depth of approximately 560 
nm. The oxide etch recesses the oxide fill 
apP.roximately to the top of the diffused bitline 
reg~ons 40~. This leaves a planar oxide barrier layer 
900 of about 40nm thick, which separates the 
pol,ysil icon wordlines or gates 275' to be' formed, from 
the buried bitlines 405, 460 (FIG 58). Note, ~IG 60 
is the cross section along the bitline direction 314, 

while FIG 56 remains the cross section of the array at 
this point of fabrication, along the woi.·dline 

direction 312. 

9) As shown in FIG 61, and previously 
described, a gate ~tack is formed alon~ the wordline 
trenches 430 by growing the desired gate stack and · 
depositing the polysiilcon gate/wordline 275. These 
gate stacks are recessed below the top nf ~~e pillars 
to allow for drain implantation. The gate stack shown 
in FIG 61 is similar to the one shown in FIG 26 and 
includes a floating gate 265, which is isolated 
between tunnel and gate oxides 260, 270. 
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Alternatively, the tunnel ·oxide 260 and floating gate 

265 are not formed, so that each gate stack only has 

the gate oxide 270 and control poly gatt!/Wordline 27~. 

If no floating gate is included, or if the floating 
gate is of a "self-isolating• nature, e.g., Si nano­

crystals or sil.icon-rich oxide (SRO), then transistor 
formation is completed by removing the wordllne 
ni~ride strips 870 and implantjng the drain regions 
240 (FIG 26), as previously described. 

For a ORAM cell, as previously described, a stack 
capacitor is formed on top of each pillar, yielding a 
4F-square cell, wj.th reduced woi:dl:ine cc-apaci tance and 
bitline resistance. Similar to the stac~k capacitor 
520 shown in FIG 34, FIGs 62, 63 show a stack 
capacitor 520' formed over the pillars :?30 of the 
memory array. FIG 62 shows the bitline trencheH 
filled with oxide only. iloweveL·, oxide and poly may __ 
fill the bitline trenches as shown in F'rG 34. 

The stack capacitor 520' has a storage 11ode ~25' 

surrounded by a dielectric 530 • , such a:1 ss·r or other 
high dielectric material. The' storage node 525' and 
dielectric 530' are formed over each dr.lin region 240, 

. . . . . 
···which is located at the top of each pil l.ar 23.0, and 

are surrounded by a common plat.e 535' . FIG 64 uhows a 
top view of the stack capacito1 520' . l~ote, .the area 
per pillar, which supports one bit, is ·1F2 , resulting 
in an array having one bit per 4F2

• Tht: poly straps 
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covered by. the .oxide ass are shown as reference 
numeral 460'. The two control gates 275, 275' per 
worqline pillars are separated by the oxide fill 855. 

Control gates of adjacent pillars are saparated by the 
wordline trench, which may be f· illed with oxide. 
Except for the stack capacitor 520' and the lack of a 
·floating gate 265 (FIG 52), th~ top view of FIG 64 is 
comparable to the three dimensional view of FIG 52. 

Alternatively, processing done prior to·the 
transistors or FETs formation, forms a trench 
capacitor below each FET- for charge stoL·age similar to 
that previously described in _connecticiu · wit.h FIGs 36-

41. In addition, two separate capacito~s, stack or 
. ' 

trench, may be formed around each pilla L·. This forms 
a 2F2 DRAM cell, where each pi] lar has 1 wo uuch 2F2 

DRAM cell. 

If a self- isolated floating gat.e is predent, .then no 
capacitor is necessary. Referring to F' CG 52, the 
wordlines 225, 225' located on separate sides oi each 
pillar, can be contacted to yield a 2F- square (2F2 ) 

EEPROM or Flash type cell.; two 2·F2 eell.:i per pillar. 

If an amorphous Si floating gate 265 iEJ des~~ed, a~ 
shown in FIG 52, additional processing steps-are· 
perform.ad. These·additional steps isola~e the 
floating gate 265 on SF~parate pillars a long the 
wordline direction 312. At this stage of array 
fabrication, the wordline and bitline. C't"OSS sections 
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are shown in FIGs 56 and 61, respectively. The 

additional steps inclµde: 

10) As shown in FIGs 65-66, an additional 

layer of nitride 910 is deposited on the wafer to 

protect the gate stacks. In comparison to FIG 56, 

nitride layer 910 covers .. the nitride st rips 870 of 

59. 

the 
FIG 

Next, a~ shown in FIG 67, part of the nitride layer 
910 is removed by l~IE to expost· the wo1 dline ini:-er­
pillar mate.rial, fi.e., material. located between 
pillars along the wordl ine dirE>ctio11 3l 2), which 
material includes t·he polysilic~on fill U65 and t:he 
oxide liner 860. After this nj tride et".:h, the 
thickness of the nitride layer 910, shown in FIG 66; 
is al so reduced • Note, the th i ckne ss ~J .rn (FIG ~ 5) of 
the nitride layer 910 over the wordline inter-pillar 

. . 
region is less than the thickness over the rest of the 
wafer. Therefore, no lithography is re<Juired to 
expose the wordline inter-pillar materjal. 

J.l) FIGs 68 and 69 i;how the etched nitride 
layer 910' that exposes the wordline iut:er-pillar 
material. Next, the exposed polysilicrn1 fil.l 865 j s 
etched down, e.g., using RIE, to the bottom of. the 
gate stack. Illustratively, the etch .is performed to 
a depth in 560nm and stops at t.he oxidt.: liner bottom 
portion 860", which is around t.he same depth as the 
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depth of the top of the buried bitline diffusio11 

region 405. 

This ·etch is selective to poly ove:r: oxide and nitride. 
Therefore, the poly etch forms holes bet.ween pillars 
along the wordl.ine direction ·33 2, referred t:o as 
wordline holes 930 and shown as dotted l.ihes·in FIGs 

68 and 69. As shown in FIG 69, the entire wafer is 
covered with the etched nitrfd~ layer 91.0', except for 
F by F square exposed regions containiu~ the ·oxiqe · 
liner 860 and the poly fill 865, whic~ is etche~ to 
form rectangular holes 930. 

Forming the holes 930 exposes t.be f .Loat i.ng gate 265 

between the pillars along the wordline direct1on.312, 
. . 

i.e. , between the wordline pillars. Depending on the 
degree of etch selectivity, the~ thin tunnel oxide 260 

may remain on the exposed floating gate 265. The 

lengths of the holes 930 are bounded by the oxide 
liner 860 along the bitline direction 31.4. Alohg the 
wordline direction 312, the widths of the hole 930 are 
bounded·by the floating gate 265 {or th~ tunnel oxiqe 
260). The floating gate 265, · f.1hown in l<'IG 68, ls 

behind the hole 930. 

Note, if only oxide had been used as the fill 
material, instead of both the oxide liner 860 and poly 
fill 865, then this etch step requjres selective 
etching of oxide over nitride, which is more difficult 
to achieve. Also, it is important that the relative 
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thicknesses of the oxide in both the bj t.line and 

. wordline trenches haye been set such that the entire 

floating gate portions are exposed after this 

polysilicon etch is complete, which ~ortions are 

located between the oxide liners·a6o, along the 

wordline direction 312. 

12) As nhown in FIGs 70-71, .:l brief· re­

o~idation step is performed,. sufficient. to oxidize the 

exposed floating poly gate po~tions 26S 11
, or 

sufficient to oxidize the floating gate portion 

covered by the exposed thin tunnel oxide 260 of the 

holes 930. In FIG 71, the oxidized floating gate 

portion 265' is shown, which is located pehi~d the 

hole 930. 

Oxidizing the floating gate portion 265" isolates the 

floating gates of each transistor alon~ sides of the 

pillars.from each other. 

The top view of the ari:ay is shown in l~'"CG 70, where 

each pi:Llar has two ·isolated floating ~Jates 265, 265' . 

Each floating gate ~xtends beyond the pilla~ along the 

wordline direction 312 a distance that includes the 

width of two poly straps 460 that are buried:.adjacent 

to the pillar~ Each pillar has two transistors formed 

in a square 2F by 2F, i.e., 4F·', .area. Thus, there is 

one transistor or one bit per 2F2 area. 
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If desired, an additional oxide fill and chem-polish 

may be performed to ~ill in the holes 930 left between 

the wordline pillars. 'rhen, as described above and 
shown in FIG 72, the nitride is removed, and drain 
regions 240 are implanted on the top of each pillar. 

This forms the array 850-ot FIG 52 shown in a three 

dimensional view. For clarity, the oxide that fills 

the wordline·and bitline trenches 430, 2~0 is omitted 

in FIG 52. To realize the 2F-square cell size, ea~h 

of the two wordlines 225, 225' on each pillar is 

contacted separately at the end of the .irray 850. 

,. 
Note that in all embodiments, additional conventional 
processing steps are performed to complete shpport 

devices and circuitry on·the periphery of the array. 

While the invention has been particularly shown and 
described with respect to illustrative dnd preferreq 

embodiments thereof, ~t will be understood by those 

skilled in the art that the foregoing and other 
changes in form and details may be made.-: therein 
without departing from the spirit and ucope of the 

invention which should be limited only by the scope of 
the appended claims. 
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CLAIMS: 

Having thus described our invention, what: we claim as 

new, and desire to secure by Letters Patent is; 

· 1. A semiconductor device comprising: 

a substrate; 

an array ot cells having pillars foa·med on ::>aid 
substrate, said pillars being arran11ed ·in· rows 

. . 

and columns, e-cl'cn of said pillars extending· . . 
upward and having an ~pper region doped ~ith a 
first type of impurity, a middle region doped 
with a second type of impurlty, and a lower 
region doped. with said first type of impurity, 
said middle region being between said. upper and 

lower regions; 

a gate region formed on at least one sid~wall of 
said each pillar over said middle region _to 
control the resistance between said upper.and 
lower regions; and 

a trench· capacitor formed aro~nd each of .. said 
pillars in trenches separating said pillars, said 
•trenches being arranged in rows and columns., each 
of said trench capacitors having a storage 
electrode, a dielectric layer lining said. 
trenches, and a plate electrode fanned in said 

1111111111111111111 11111111111 
* c l " s * 
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trenches over said,dielectric layer, wherein said 
lower region act~ as said storage electrode of 
said trench capacitor. 

2. The semiconductor device of claim l, wherein said 
plate electrodes are interconnected to fo~ a 
common plate electrode of said trench capacit~rs. 

3.. The semiconductor device of claim l, wherein· said· 

gate regions along said rows are WDt:dlill~S o"f 
said cells, and sajd plate electrodes along said 
columns are bitlines ·of said cells. 

4. The semiconductor device of claim l, wherein said 
gate regions along said rows a1·e continuous to 
form wordlines of said cells, and ~aid upper 
regions along said columns are conuected to form 
bitlines of said cells. 

s. The semiconductor device of claim 1, where~n said 
plate electrodes are common ~long uaid columns, 
and are isolated from each other a·1 ong said .rows 
by said column trenches. 

6. The semiconductor device of claim s, wh~rein said 
rows are separated from each other by said row 
trenches, said column trenches being deeper than 
said row trenches. 

,· 
THIS SHEET HAS BEEN 

REPLACED 
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7. The semiconductor device of claim 5, wher~in said 
column trenches separate ~aid plate electrodes of 

adjacent columns of said tre11:ch capc1citors. 

a. The semiconductor device of claim l, wherein said 
lowe~ region#3 are isolated from each other by 

said trenches. 

9. The semiconductor device of claim l., wherein said 
gate region includes a gate oxide formed on said 
sidewall and a gate electrode formed over said 
gate oxide. 

10. The semiconductor device of claim l , wherein said 
gate region is common along pillars arranged 
in said row~, and separated from gate regions of 
pi1iars arranged in S'aid columns. 

11. The semiconductor device of claim l, wherein each 
of said cells has two tranf;;istors, ... Jne of said 
transistors being active, and another of said 
transistors bei.ng passive. 

12. A method of forming a semiconductoi· device 
comprising the steps of: 

forming in a substrate lower and upper doped 
regions; 

111111111111111111111111111111 
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,· 

forming an array of pillars arranged in rows and 

columns, each of said pillars havin~ a body 

,portion between sajd lower a~d upper doped 

regions; 

forming a trench capacitor around each of said 

pillars in trenches separating said pillars and 

being arranged in rows ~d columns. 

13 . The method of claim 12, wherein saj d trench 

capacitor forming step includes th~. steps of: 

forming a dielectrjc layer lining said trenches; 

and 

forming a plate electrode in said trenches over 

said dielectric layer, wherein said lower region 

acts as said storage electrode of ~aid trench 

capacitor. 

14. The method of claim 13, wherein said plate 

electrode forming step forms a continuous plate 

electrode which is common to said trench 

capacitors. 

15. The method of claim 12, wherein the array forming 

step includes the steps of: 

etching trenches arranged in rows and columns; 

THIS SHEET HAS BEEN 
REPLACED 
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forming lower region outdif fus:i.on material in 

said trenches; 

outdiffusing dopant from said outdiffusion 
material to said pillars to fonn s.iid lower doped 
regions; 

removing said outdlffusion material; and 

etching said trenches to sep~rate Haid lower 
doped regions of adjacent pillars. 

16. The method of claj.m-15, wherein tht! array forming 
step further includes forming a f i~ld isolation 
region at the bottom of said trenches. 

·•. 

17. The method of claj m 12 further comprising forming 
a gate region on at least one sidewall of said 
each pillar over said middle region. 

18. The method of claim 17 further comprising forming 
an insulating spacer between said t:rench 
capacitor and said gate region. 

19. The method of clajm 17, wherejn said gate regjon 
forming step includes the steps of: 

forming a gate oxide on said sidewall; and 

forming a gate electrode over said gate oxide. 

TfffS\~'.$HEET HAS BEEN 
.. [iEPLACED 
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20. ·The method of claim 19 further comp:rising the 

steps of: 

forming another insulating spacer over said gate 

regio11:; 

forming a third doped region in a poz:tion ·of -said 

pillar located over said other insulating. layer; 

and 

·forming another gate region around said. portion 

of said pillar located over said o:ther ;nsulating 

layer. 

2l. The method of claim 20, wherejn the third doped 

region forming step forms· said thjrd doped 

regions in alternating pillars along a wordline 

direction; and the other gate regjon fo,:-ming step 
fc;rm~ said other·gate regions around alternating 
pillars that do not have said third doped 
regions. 

22. The method of claim 13 further comprising"etcliing 

said column trenches to a larger depth . ~.ban a 
depth of said row trenches to sepdrate said pla~e 
electrodes of adjacent columns of said trench 

capacitors. 

THIS SHEET HAS aEEN 
REPLACED 
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-23. A method of forming a semiconductor device 
comprising the $teps of: 

. ,· 

forming an array of pillars on ~ substi.·ate 
arranged in rows and columns, said pillars being 
-separated by column trenches havinH a first· depth 
and row trenches having· a second depth· which is 
less than said first depth; 

forming lower doped regions below said pillars; 

forming a gate r~g~on around at lE::t'lst one wall.of 
said pillars; 

forming upper doped regions on sajd pjllars; and 

forming a trench capacitor around each of said 
pillars in said trenches. 

24. The method of claj m 23, wherein said trench 
capacitor forming step includes the steps .of: 

farming a dielect1·ic layer lining said trenches; 
and 

forming a plate electrode iri said trenches over 
said dielectric layer. 

25. The method of claim 23, wherein tile lower doped 
regions.forming et.ep includes the steps of: 

THIS SHEET HAS 'BEEN 
REPLACED . 
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forming an outdiffusion material on lower 
portions of said trenches; and 

outdif fusing mater i.al from said outdiffusion 
material to form said lower regions below.said 
piliars. 

·. 

THIS SHEET HAS BEEN 
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SELF-ALIGNED DIFFUSED SOURCE VERTICAL TRANSISTORS WITH DEEP 
TRENCH CAPACITORS IN A 4F-SQUARE MEMORY CELL ARRAY 

ABSTRACT 

A densely packed array of vertical semiconductor devices, 
having pillars (230) and deep trench capacitors (578), and 
methods of making thereof are disclosed. The pillars act as 
transistor channels, formed between upper and lower doped 

.regions. The lower doped regions are self-aligned located below 
the pillars. The ar~ay has columns of bitlines (220) and rows 
of wordlines (225). The lower doped regions of.all the cells 
are isolated from each other without increasing cell size and 
allowing a minimum area of approximately 4F2 to be maintained. 
The array may have an open bitline, a folded, or an open/folded 
architecture with dual wordlines. The lower regions may be 
initially implanted. Alternatively, the lower regions may be 
diffused below the pillars after forming thereof. In this case, 
the lower region diffusion may be controlled to.form floating , 
pillars isolated from the underlying substrate, or to maintain 
contact between the pillars and the substrate. 
Figure 8 
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SELF-ALIGNED DIFFUSED SOURCE VERTICAL TRANSISTORS WITH DEEP 

TRENCH CAPACITORS IN A 4F-SQUARE MEMORY CELL ARRAY 

BACKGROUND OF THE INVENTION 

Field of the invention 

The present invention is directed to densely packed vertical transistors in a 4F­

square memory cell, and methods for making thereof, and more particularly, to memory 

cells having self aligned sources with deep trench capacitors formed in trenches that 

separate the vertical transistors. 
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Discussion of the Prior Art 

There is much interest to scale down densely packed semiconductor devices on an 

integrated circuit (IC) chip to reduce size and power consumption of the chip, and allow 

faster operation. In order to achieve the high packing density necessary for Gbit 

memory applications, it is crucial to shrink the size of an individual memory cell as 

much as possible. FIG 1 shows a top view of a conventional array 10 of conventional 

erasable programmable read only memory (EPROM) devices 15, using vertical 

transistors, such as metal oxide silicon field effect transistors (MOSFETs) with a floating 

gate layer. The conventional array 10 is described in the following two references. H. 

Pein and J.D. Plummer, "A 3-D 

. :; 
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SUMMARY OF THE INVENTION 

°"1v '{.-'f " i> .... r 
f'o t ':r ""14 fj ' 

The object of the present invention is to provide a memory cell array, and a method 

of making thereof, that substantially overcome, or at least ameliorate, the problems of 

conventional memory cell arrays. 

Another object of the present invention is to provide a memory cell having a trench 

capacitor, such that additional cell area is not consumed by the trench capacitor, by the 

capacitor contacts, or by the transistor contacts. 

Yet another object of the present invention is to provide a memory-cell array, and a 

method of making thereof, that has isolated sources without increasing the cell area. 

Another object of the present invention is to provide a memory cell array, and a 

method of making thereof, that bas self-aligned isolation trenches between adjacent bit 

lines of the may. 

An additional object of the present invention is to provide a memory cell having a 

proper gate lengtli and capacitor without increasing the cell lateral area. 

A further object of the present invention is to provide a mcm.ory cell that prevents 

charge accumulation in the body of the cell. 

A still further object of the present invention is to provide a memory cell having a 

proper gate length suitable for obtaining low leakage, without decreasing the bitline 

voltage or increasing the lateral area of the memory cell. 

These and other objects of the invention are achieved by a semiconductor_ device 

and a method of manufacturing same. 

In accordance with a first aspect of the present invention there is provided a 

semiconductor device comprising: 

a substrate; 

an array of cells having pillars formed on said substrate, said pillars being arranged 

in rows and columns, each of said pillars extending upward and having an upper region 

doped with a first type of impurity, a middle region doped with a second type of impurity, 

ai1d a lower region doped with said first type of impurity, said middle region being 

between said upper and lower regions and being continuous with said substrate; 

a gate region formed on at least one .sidewall of said each pillar over said middle 

region to control the resistance between said upper and lower regions; and 

REPLACEMENT SHEET 

I 1 0 MAY 1999 I 



~· 

REPLACEMENT SHEET 

[ 10MAY~J 
13 I . ' • • 

a trench capacitor formed around each of said pillars in trenches separating said 

pillars, said trenches being arranged iu rows and columns, each of said trench capacitors 

having a storage electrode, a dielectric layer lining said trenches, and a plate electrode 

formed in said 

trenches over said dielectric layer, wherein said lower region acts as said storage 

electrode of said trench capacitor 

In accordance with a second aspect of the present invention there is provided a 

method of forming a semiconductor device comprising the steps of: 

forming in a substrate lower and upper doped regions; 

forming an array of pillars arranged in rows and columns, each of said pillars 

having a body portion between said lower and µpper doped regions, said array forming 

step comprising the steps of: 

etching trenches arranged in rows and columns; 

forming lower region outdiffusion material in said trenches; 

outdiffusing dopant from said outdiffusion material to said pillars to form said 

lower doped regions; 

removing said outdiffusion material; a.i1d 

etching said trenches to separate said lower doped regions of adjacent pillars. 

forming a trench capacitor around each of said pillars in said trenches separating 

said pillars and being arranged in rows and columns. 

In accordance with a third aspect of the present invention there is provided a 

method of fonning a semiconductor device comprising the steps of: 

fonning an array of pillars on a substrate arranged in rows and columns, said pillars 

being separated by column trenches having a first depth and row trenches having a second 

depth which is less than said first depth; 

fanning lower doped regions below said pillars; 

forming a gate region around at least one wall of said pillars; 

fonning upper doped regions on said piUars; and 

forming a trench capacitor around each of said pillars in said trenches. 

The semiconductor device may be a vertical MOSFET semiconductor device. The 

semiconductor device is fabricated on a semiconductor pillar etched from a substrate which 

may be a single crystal substrate, for example. A diffused source region is formed at the 
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base of the pillar. Alternatively, the source and drain regions are implanted or epitaxially 

grown. 

An array of these pillars is fonned with self-aligned isolation. The vertical memory 

device comprises a heavily-doped region on an upper portion of the pillar, followed by a 

body region with the opposite doping type, then followed by the heavily-doped source 

region formed, for example, by implantation or by outdiffusion from either heavily-doped 

oxide, polysilicon, or other suitable material deposited between columns (i.e. bitlines) in 

the memory array. Depending on the amount of source outdiffusion from the material, the 

body of the pillar transistor may or may not maintain electrical contact with the underlying 

substrate. The source outdiffusion material is removed subsequent to annealing. 
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CLAIMS 

Having thus described our invention, what we claim as new, and desire to secure by 

Letters Patent is: 

1. A semiconductor device comprising: 

a substra,te; 

an array of cells having pillars formed on said substrate, said pillars being arranged 

in rows and columns, each of said pillars extending upward and having an upper region 

doped with a first type of impurity, a middle region doped with a second type of impurity, 

and a lower region doped with said first type of impurity, said middle region being 

between said upper and lower regions and being continuous with said substrate; 

. a gate region formed on at least one sidewall of said each pillar over said middle 

region to control the resistance between said upper and lower regions; and 

a trench capacitor fom1ed around each of said pillars in trenches separating said 

pillars, said trenches being arranged in rows and columns, each of said trench capacitors 

having a storage electrode, a dielectric layer lining said trenches, and a plate electrode 

formed in said trenches over said dielectric layer, wherein said lower region acts as said 

storage electrode of said trench capacitor. 

2. The semiconductor device of claim 1, wherein said plate electrodes are 

interconnected to form a common plate electrode of said trench capacitors. 

3. The semiconductor device of claim 1, wherein said gate regions along said rows are 

wordlines of said cells, and said plate electrodes along said columns are bitlines of said 

cells. 

I lllllll llllll lll\l lllll II llll 
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4, The semiconductor device of claim I. wherein said gate regions along said rows are 

continuous to form wordlines of said cells, and said upper regions along said columns are 

connected to form bitlines of said cells. 

S. A semiconductor device comprising: 

a substrate; 

an array of cells having pillars formed on said substrate, said pillars being arranged 

in rows and columns, each of said pillars extending upward and having an upper region 

doped with a first type of impurity, a middle region doped with a second type of impurity, 

and a lower region doped with said first type of impurity, said middle region being 

between said upper and lower regions: 

a gate region formed on at least one sidewall of said each pillar over said middle 

region to control the resistance between said upper and lower regions; and 

a trench capacitor formed around each of said pillars in trenches separating said 

pillars, said trenches being arranged in rows and columns, each of said trench capacitors 

having a storage electrode, a dielectric layer lining said trenches, and a plate e17ctrode 

formed in said trenches over said dielectric layer, wherein said lower region acts as said 

storage electrode of said trench capacitor; 

said plate electrodes being common along said columns, and being isolated from 

each other along said rows by said column trenches. 

6. The semiconductor device of claim 5, wherein said rows are separated from each 

other by said row trenches, said column trenches being deeper than said row trenches. 

111111111111111111111111111111 
* C L M S * 
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forming an array of pillars arranged in rows and columns, each of said pillars 

having a body portion between said lower and upper dope~ regions, by, the sub-steps of: 

etching trenches arranged in rows and columns; 

forming lower region outcliffusion material in said trenches; 

outdiffusing dopant from said outdiffusion material to said pillars to form 

said Jower doped regions; 

removing said outdiffusion material; and 

etching said trenches to separate said lower doped regions of adjacent 

pillars; and 

forming a trench capacitor around each of said pillars in said trenches separating 

said pillars and being manged in rows and columns. 

13. The method of claim 12, wherein said trench capacitor forming step includes the 

steps of: 

forming a dielectric layer lining said trenches; and 

fanning a plate electrode in said trenches over said dielectric layer, where!n said 

lower region acts as said storage electrode of said trench capacitor. 

14. The method of claim 13, wherein said plate electrode forming step forms a 

continuous plate electrode which is common to said trench capacitors. 

--···-··---
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15. The method of claim 12, wherein the array fanning step further includes forming a 

field isolation region at the bottom of said trenches. 

16. The method of claim 12 further comprising fonning a gate region on at least one 

sidewall of said each pillar over said middle region. 

17. The method of claim 16 further comprising forming an insulating spacer between 

said trench capacitor and said gate region. 

18. The method of claim 16, wherein said gate region fonning step includes the steps 

of: 

forming a gate oxide on said sidewall; and 

forming a gate electrode over said gate oxide. 
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19. The method of claim 18 further comprising the steps of: 

forming another insulating spacer over said gate region; 

forming a third doped region in a portion of said pillar located over said other 

insulating layer; and 

forming another gate region around said portion of said pillar located over said 

other insulating layer. 

20. The method of claim 19, wherein the third doped region forming step forms said 

third doped regions in alternating pillars along a wordline direction; and the other gate 

region forming step fonns said other gate regions around alternating pillars that do not 

have said third doped regions. 

21. The method of claim 13 further comprising etching said column trenches to a larger 

depth than a depth of said row trenches to separate said plate electrodes of adjacent 

columns of said trench capacitors. 

' \llllll 1\11\l 11111 1\11111 Ill\ 
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22. A method of fanning a semiconductor device comprising the steps of: 

forming an array of pillars on a substrate ·arranged in rows and columns, said pillars 

being separated by column trenches having a first depth and row trenches having a second 

depth which is less than said first depth; 

forming lower doped regions below said pillars; 

fanning a gate region around at least one wall of said pillars; 

forming upper doped regions on said pillars; and 

forming a trench capacitor around each of said pillars in said trenches. 

23. The method of claim 22, wherein said trench capacitor formmg step includes the 

steps of: 

forming a dielectric layer lining said trenches; and 

forming a plate electrode in said trenches over said dielectric layer. 

24. The method of claim 22, wherein the lower doped regions forming step il'icludes the 

steps of: 

\ \11\11\ \\\I\\ Ill\\ \ll\I \l lll\ 
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