MEMORY CELL LAYOQOUT AND PROCESS FLOW

Cross-Reference To Related Applications
[0001] "This application is related to U.S. Application No. 11/219,304, filed on

even date herewith, entitled PERIPHERAL GATE STACKS AND RECESSED ARRAY
GATES [ytomey docket No. MICRON.338A] and U.S. Application No. 11/219,303,
filed on evel\date herewith entitled SILICIDED RECESSED SILICON [attorney docket
No. MICRON.33%
Field of the Invention

10002}
particulaily, (o a layout fi

Tlnk, invention relates generally to integrated circuit design and, more
minimizing area while maximizing feature size.

Background of the Invention

[0003]  As a conseqyence of many factors, inclhwding demands for increased
portability, computing power, megmory capacity, and energy efficiency in modem
elecironics, integrated circuils are cohfinuously being reduced in size. To facilitate these
size reductions, the sizes of the consktuent features, such as electrical devices and
interconnect line wadths, that form the Negrated circuits, are also constantly being
decreased.

[0004] The trend of decreasing feature\size is most evident in memory circuits
or devices, such as dynamic random access memoNes (DRAMNMS), static random access
memories (SRAMS), fervoeleciric (FE) memories, ete\ To take one example, DRAM

typically comprises millions of identical circnit elements; Rgown as memory cells. In one

application, a pair of memory cells comprises three electical devices: Iwo storage

capacitors and an access held transistor having a single sourcy shared by the memory
cells, two pgales, two t;,hannels, and two drains. The pair of memody cells, therefore, has
two addressable locations that can each store one bit (binary digit) of\ata. A bit can be
written to one of the cells’ locations through the transistor and read by s siiug charge on
the drain electrode from-the source electrode site.,

[0005] By decreasing the sizes of constifuent eleclrical deviced\and the
conducting lines that access them, the sizes of the memory devices incorporating these
features can be decreased. Storage capacities for a given chip area can thus be incredy

by fitting more memory cells onto memory devices,




(60046} The continual reduction in feature size places ever greater demands on
the techniques used to form the features. One well-known technique is photolithography,
commonly used to pattern features, such as conductive lines, on a substrate. The concept
f pitch can be used to describe the size of these features. For the repeating patterns
typical of memory arrays, pitch is defined as the distance between an identical point in
two ngighboring features. Adjacent features ave typically separated by a material, such as
dor. As aresult, pitch can be viewed as the sum of the width of the feature and of
the width oXthe space or material separating that feature from a neighboring feature. Due
to optical fagtors, such as lens limitations and light or radiation wavelength,
photolithographid\ technigues have minimum pitches below which a particular
photolithographic tdghnique cannot reliably form features. ‘This minimum pitch is
commonly referred to YRy a variable defining one half of the minimum pitch, or feature
size F. This variable is Qften referred to as a “resolution.” The minimum pitch, 2F,
places a theoretical limit on fgature size reduction.

[0007] Pitch doubltyg is one method for extending the capabilities of
photolithographic techniques beyoxd their minimurmn pitch, achieving a pitch of less than
2F. Two pitch doubling techniquey are illustrated and described in U.S. Patent No.
5,328,810, issued to Lowrey et al, and\n U.S. Patent Application No. 10/934,778, filed
September 2, 2004 by Abatchev et al., the §jsclosures of which are incorporated herein by
reference in their enticety. Such technighes can successfully reduce the potential
photolithographic pitch; however, they also incrégse the cost of manufacturing.

{0008] Another method for imnproving the density possible using conventional
photolithographic techniques is 1o change the layout’of a memory device in order to fit
more memory cells in the same area without changing the pitch. Using such a method,
the size of the memory device can be reduced without excexding the minimum pitch, 2F,
dictated by optical limitations. Alternatively, the memory device may be configured to
hold more memory cells, while maintaining a constant pitch.

{0009] These two methods, pitch doubling and mefnory out changes, have
rarely been used harmonjously. Accordingly, there is a need for a mdthod of forming
memory devices that have greater pitch between certain elements, even whig the size of
the memory devices shrinks or the density of the memory devices increased Such a
memory design or layout is especially desirable in conjunction with pitch mulfipligation,

when the small pitch of the pitch-multiplied elements can potentially strain
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capabilities of photolithographic techniques to adequately define and separate other
elements of the memory devices.

Summary of the Invention

10010] According to one aspect of the invention, a memory device is
disclpsed. The memory device comprises a substantially linear active area comprising a
source ynd at least two drains defining a first axis. The memory further comprises at least
two substiptially parallel word lines defined by a first pitch, at least a portion of a first
word line located between a first of the at least two drains and the source, and at least a
portion of' a secynd word line located between a second of the at least two drains and the
source. The memogy device further comprises at least two digit lines defined by a second
pitch, one of the at least two digit lines being coupled to the source and forming a second
axis. An acute angle begveen the first and second axes is within the range of 10 to 80
degrees, and one of the first and second pitches is greater than two and a haif times a
minimam resolution (F) of a\photolithographic technique used to form the memory
device, and the other of the first and second pitches of the memory device is less than two
limes (he minimum reselution.

[0011) According to anothex aspect of the present invention, an integrated
ciremt is provided. The integrated circnit ogmprises at least two memory cells comprising
at least two drains sharing a sowrce, the &t least two memory cells defining a first
longitudinal axis extending between at least one'\of the at least two drains and the source.
The integrated circuit furthér comprises at least twd_substantially parallel, recessed word
lines intersecting the at least two memory cells. The Yategrated circuit further comprises
at least two digit lines defined by a pitch between 2.%5 and 3.25 times a minimmn
resolution (F) of a photolithographic technigue used to form\the integrated eircuit, ons of
the at least two digit lines being coupled fo the source and extehding along a second axis.
Preferably, the first and second axes form an acute angle betwesn them, and the word
lines are defined by an effective pitch between 1.25 and 1.9 ignes the minimum
resolution.

[0012] According to another aspect of the present inventionha system is
provided. The system preferably comprises an active arca comprising a sodoce and a
drain, and a word line formed by a pitch-doubling technique, at least a portion ok which
intersects the active area. The system further comprises at least two digit lines havi

pitch of greater than two and a half times a minimum resolution (F) of a photolithography
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technique used to form the system, one of the at least two digit lines being electrically
coupled {o ihe source.
[9013] According to another embodiment of the present invention, a method
of manufacturing a memory device is disclosed. According to this method, a subsirate is
provided, and at least one active area is defined within the substrate, said active area
compridjng a source and two drains, the source end at Jeast one of the drains forming a
line along\which a first axis is defined. At least one pair of word lines is also defined
within the sulstrate by a pitch~-doubling technique. At least two digit lines are defined
above the subshate as well, at least a portion of one of the at least two digit lines
extending above thy source and defining a second axis that forms an acute angle with the
first axis, and the at leqst two digit lines having a pitch of between 2.75 and 3.25 times a
minimum resolution (FN\of a photolithographic technique used to form the memory
device.
[0014] According t another aspect of the present invention, a memory device
is provided. The memory device dbomprises a substantially linear aclive area comprising a
source and at least two drains defining a first axis. The memory device further comprises
at least two substantially parallel word Npes forming a second axis, at least a portion of a
first word line located between a first of tha,at least two drains and the source, and at least
a poriion of a second word line located betwed a second of the at least two drains and the
source. The memory device further comprises\a digit line coupled to the source and
forming a third axis, wherein the second and third“axes are generally perpendicular, and
wherein an acute angle between the first and third axXes is within the range of 40 to 50
degrees.
j0015) According to another aspect of the present invention, a method of
forming a memory device is disclosed. A substrate is providey, and at least one aclive
area is defined within the substrate, said active area comprising a‘source and two drains,
the source and at least one of the drains forming a line along which a{rst axis is defined.
At least one pair of word lines is also defined within the substrate, the pair of word lines

interseciing the at least one active area and the pair of word lines having 3 _pitch of less




of one of the at least two digit lines extending above the source, and the at least two digit
lines having a pitch of between 2.75 and 3.25 times the minimum resolution.
Brief Description of the Drawings
[2016) The invention will be better understood from the detailed description
{ the preferred embodiments and from the appended drawings, which are meant io
illudfrate and not to limit the invention.

1

Figure 1 is a schematic plan view of a memory device, laid out in

j Figure 2 is a schematic, cross-sectional side view of the memory device

of Figure | taen along lines 2-2, in accordance with a preferred embodiment of the

invention.
10019}

semiconductor device,\llustrating formation of DRAM access transistors similar to those

ires 3-7 are a series of cross-sectional views of a portion of a
of Figures 1 and 2, according to a preferred embodiment of the present invention.
[0020) Figure 8 3¢ a schemalic, cross-sectional view of the device of Figure 7
after recessing silicon within the trench, and prior to deposition of metal for silicidation,
in accordance with one embodiment of the present invention.

[0021) Figure 9 is a schiymatic, cross-sectional view of the device of Figure 7
after planurizing silicon within the \rench and depositing metal for silicidation, in
accordunce with another embodiment of the present invention. '

(0022}  Figures 10A-11B are migrographs illustrating fully silicided, recessed
gates for memory access devices after a silicidation anneal is performed on the device of
Figure 0.

6023] Figure 12 is a schematic cross-ségtion showing the partially fabricated
semiconductor device of Figures 10A-11B after reces§ing and burying the fully silicided
gates within their wrenches. . '

[0024]  Figures 13-21 are a series of cross-sectipnal views of a portion of a
semiconductor device, illustrating simultaneous formation oR peripheral transistor gate
stacks and recessed access devices (similar to those of Figure\! and 2) in the array,
according to another embodiment of the invention.

Detailed Description of the Preferred Embodiment

10025] While the preferred embodiments of the present\invention are

illustrated in combination with a pitch doubling technique, it should be understood that




the circuit design of these preferred embodiments may be incorporated into any integrated
circuil. In particular, they may be advantageously applied to form any device having an

iray of electrical devices, including logic or gate arrays and volatile or non-volatile

(0027} . Figura\1 shows a view of a portion of a memory device 10. This
schematic layout illustrates\the various electrical devices and other components that form
the memory device 10, Of coyse, many of these components would be indistinguishable
in a purely visual representation\and some of the components shown in Figure 1 are
artificially distinguished from other xomponents in order to highlight their functionality.
The memory device 10 is built on and } a substrate 11, which forms the lowest level of
semiconductor malerial in which electrical \evices are formed. The substrate 11 typically
comprises silicon. Of course, other suitable Waterials (e.g., other group OI-V elements)
may also be used, as is well-known to those skilted in the arl. When describing the other
components, their depth or height may be most easily understood with reference (o the top
surface ol the substrate 11, best seen in Figure 2.

{00281 Four elongate word lnes 12a, 12b, 12¢,\ 2d are also shown in Figure |
extending along the memory device 10. In a preferred embodiment, these word lines 12
were formed using a pitch doubling technique. In particular,\these word lines 12 are
preferably forrned by a method that will be discussed in greater datail with reference to
Figures 3-9. Using such a technigue, the pitch of the resulting featureg may be less than
the minimum pitch defined by the photolithographic technique, For example, in one
embodiment, the pitch of the resulting features may equal one half the mijmum pitch
defined by the photolithographic technique.

[0029] In general, pitch doubling may be performed by the following seluence
of steps, as is well understood by those skilled in the art. First, photolithography maxbe
used to form a pattern of lines in a photoresist layer overlying a layer of an expendabl

material and a substrate. This photolithographic technique achieves a pitch between
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adjacent lines of 2F, as disclosed above, which pitch is limited by the optical
characteristics of photolithography. In one embodiment, F is within the range of 60 to
00 nm. This range is typical for state-of-the-art photolithographic techniques used to
defige features. In one photolithography system, F equals approximately 86 nm, while, in
anothex system, F equals approximately 78 nm.

10930] The width of each line defined by photolithography is typically also
defined as F\as would be well understood by those skilled in the art. The pattern may
then be transfeled by an etching step (preferably anisotropic) to the lower layer of
expendable materiad, thereby forming placcholders, or mandrels in the lower layer. The
photoresist lines can then be stripped, and the mandrels can be is-otropically etched to
increase the distance between neighboring mandrels. Preferably, the distance between the
neighboring mandrels is incrsased from F to 3F/2. Alternatively, the isotropic “shrink™ or
“trim” etch could have been pesformed at the level of the resist. A conformal layer of
spacer material may then be deposited over the mandrels. This layer of material covers
both horizontal and vertical surfaces Rf the mandrels. Spacers, i.e., material extending
from sidewalls of another material, are therefore formed on the sides of the mandrels by
preferentially etching the spacer material from the horizontal surfaces in a directional
gpacer efch. The remaining mandrels are then selectively removed, leaving behind only
the spucers, which together may act as a mask for patterning. Thus, where a given pitch,
2F, formerly included a pattern defining one feature ayd one space, the same width now
includes two features and two spaces defined by the spacers. As a result, the smallest
feature size achievable with a given photolithographic teclutique is effectively decreased.
This method of pitch doubling, which may be repeated for furtlier reduction in the size of
the features, will be discussed in greater detail below with reference\io Figures 3-9.

{00313 Of course, as would be well known in the art\the extent of the
shrink/trim etch and the thicknesses of the deposited spacers may be vangd to achieve a

variety of feature and pitch sizes. 1In the illustrated embodiments, \whereas the

Meanwhile, as a byproduct- of the pitch-doubling technigue, ihe separation between th:

spaced-aparl word lines 12b, 12¢ is 3F/2. In a preferred embodiment, an isolation trench




is filled with an insulator and lies within this separation between these word lines 12b,
12¢; however, in other embodiments, this isolation trench need not be present.

[0032] For every distance of 3F, there are two word lines, yielding what may

e relerred to as an effective pitch of 3F/2. More generally, the word lines preferably
have an effective pitch between 1.25F and 1.9F. Of course, the particular pitch used to
define\the word lines is only an example. In other embodiments, the word lines may be
[abricateN by more conventional techniques, and pitch doubling need not be used. In one
embodiment, for example, the word lines may each have a width of F and may be
separated by F)\2F, 3F or some other width. In still other embodiments, the word lines
need noi be formad in pairs either. For example, in one embodiment, only one word line
- need pass through each active area.

0033 The ¥ntire length of the word lines 12 is not visible in Figure 1, but, in
a typical implementation,\gach word line 12 may extend across hundreds, thousands or
iillions of transistors. At the edges of the word lines 12, as is well-known to those of
skill in the art, the word lines )2 are typically electrically coupled to a device, such as a
power source, that can place a curkent across the word line 12. Often, the power sources
for the word lines 12 are indirectly cowpled to a CPU through a memory controller.

10034] In one embodime the word lines 12 comprise a p-fype
semiconductor, such as silicon doped with\boron. In other embodiments, the word lines
12 muy comprise an n-type semiconductor, ‘netal silicide, tungsten or other similarly
behaving material, as is wéll—known to those of skill in the art. In some embodiments, the
word lines 12 may comprise a variety of materials, in a layered, mixed or chemically
bonded configuration.

0035] The horizontal lines seen in Figure 1 ark formed by digit lines 14a, 14b.
In one exemplary embodiment, the wlidth of each of these digit lines, illustrated as DL in
Figure 1, is equal to F. No pitch doubling has been used toA rm these exemplary digit
lines 14. Adjacent digit lines 14a, 14b are separated, in a prefexred embodiment, by a
distance, illustrated as S in Figure 1, equal to 2F. The pitch of the dikit lines is preferably
greater than 2.5F, and preferably less than 4F. Without pitch-doubling techniques, the

lower limit is, of course, imposed by the photolithographic technique uskd to form the
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This range represents a desirable balance between the ease of manufacturing and the size
of the chip. In the illustrated embodiment, the digit lines 14 have a pitch of 3F. Of
course, in other embodiments, different widths and spacing are possible.

{0036] As with the word lines 12, the entire length of the digit lines 14 is also

not wgible in Figure 1, and the digit lines 14 typically extend across many transistors. At

to a CPU througlha memory controller. As a resuit of the more relaxed pitch between the
digit lines 14, the sexse amplifiers may be spaced farther from one another, relaxing their
manufacturing tolerandgs, and decreasing the likelihood of capacitance coupling of
adjacent dipit signals.

00371 [n one emkodiment, the digit lines 14 comprise a conducting metal,
such as tungsten, copper, orsilver, In other embodiments, other conductors or
semicenduclors may be used, as is well-known to those of skill in the art.

[0038] The other features Wgible in Figure 1 are the active areas 16, illustrated
within curvilinear rectangles, which form\axes A that are angled relative to the axes B of
the digit lines. These rectangles represent aoped region or well within the substrate 11;
however, in other embodiments, these rectangles need not represent physical structures or
materials within or upon the memory device 10 agd substrate 11. The active areas 16
define those portions of the memory device 10 that coglain field effect transistors and are
typicaily surrounded by field isolation elements (e.g., shallow trench isolation (STI)). In
one preferred embodiment, these active areas each compriscNwo drains 18 and one source
20. The source and drains may be larger or smatler than illustisted in Figure 1, as is well
known to those of skill in the art. They may also be fabricated in agy of 2 number of ways
well-known to those of skill in the art.

[0639] [ another embodiment, the active areas may compriSe one source and
one drain, wherein the source is formed near the digit line, and the drain is deparated from
the source by a word line. In such an embodiment, the memory device 1ﬁay beconfigured
similarly to the memory device 10 in Figure 1, but there need only be one ward line
passing through each active area. Of course, in another embodiment, an active area\may
comprise one source and one drain, and the memory device may further comprise tv

word lines extending near the active area, configured similarly to the paired word lines
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12¢, 12d shown in Figure 1. In such an embodiment, the two word lines may both extend
between the source and drain, and provide redundant control of the transistor.

[0040]  As illustrated, a digit line 14 runs proximal to, and preferably above
ee Figure 2), cach source 20 that lies in the digit line’s row. Meanwhile, each source 20
parated to either side from its adjacent drains 18 by word lines 12. In one
embodiynent, the source 20 and drains 18 comprise an n-type semiconducting material,
such as sNjcon doped with phosphorous or antimony. In other embodiments, the source
20 and draifg 18 may comprise a p-type semiconductor, of they may be fabricated from
other materials\as is well-known to those of skill in the art. In fact, the source 20 and
drains 18 need not¥ye fabricated from the same compounds.

{D041] Thy functioning of memory device 10 is briefly discussed with
reference to Figure 2, which shows a cross-sectional view of one of the active areas 16.
for a further discussion of'the basic manner in which DRAMSs fimction, U.S. Patent No.
3,731,287, issued to Seely et &, which is incorporated by reference herein in its entirety,
discusses DRAMS in greater detai. |

[(042] As shown in Figyre 2, the drains 18 and source 20 may comprise
protrusions from the relatively flat, upper surface of the substrate 11. In one preferred
embodiment, the source 20 and drains 18, are fabricated as one-piece with the substrate
I, and are raised relalive to the surface of the substrate 11 by etching a monolithic wafer
or substrate; in another arrangement, the souice and drain protrusions are formed by
selective epilaxial deposition using techniques wellNcnown to those of skill in the art.

[0043] In one embodiment, at least a portibn of digit line 14b is located above
the upper surface of source 20. As illustrated in Figurg 2, the source 20 is electrically
coupled to the digit line 14b by a digit line plug 22, which plg may be formed in multiple
stages or in a single stage, as shown. Meanwhile, the sowrce 28 is separated from the two
drains {8 by word lines 12a, 12b. The word lines 12a, 12b are preferably embedded in the
substrate 11, extending downwards from the surface. Transistors of\this design are often
referred to as recessed access devices or RADs. The drains 18 are, id turn, electrically
coupled to siorage capacitors 24, and, in parlicular, to the lower electrode 26 of the
storage capacitors 24, by contact plugs 28. In a preferred embodiment,
capacitors 24 comprise a lower electrode 26 separated from a reference electro
dieleciric material 32. In this configuration, these stacked storage capacitors 24 fungtion

in a manner well known to those of skill in the art. As illustrated, the storage capacitars
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24 are preferably located above the plane of the substrate 11, although trench capacitors
can be used in cther arrangements,
[0044] In one embodiment, one side of every storage capacitor 24 forms a
refgrence electrode 30, while the lower electrode 26 is electrically coupled to an
assodigted drain 18. The word lines 12a, 12b fonction as gates in the field effect
transisioxs they pass through, while the digit line 14b functions as a si,:gnal for the sources
to which it\g electrically coupled. Thus, the word lines 12a, 12b preferably control access
to the storage sapacitors 24 coupled to each drain 18, by allowing or preventing the signal
{representing a logic “0” or a logic “1”) carried on the digit line 14b to be writlen to or
read from the storagg capacitors 24. Thus, each of the two capacitors 24 connected to an
associated drain 18 cay contain one bit of data (i.e., a logic “0” or logic “1”). In a
memory array, the combigation of the digit line and word line that are selected can
uniquely identify the storage éqpacitor 24 to or from which data should be written or read.
[0045s) Turning back ¥hen to Figure 1, the design and geometry of the memory
device 10 may be discussed in furlhty detail. In the lower right hand corner of Figure 1, a
mimber of axes have been illustrat These axes are generally aligned with the
longitudinal axes of circuit elements formig the memory device 10, and are illustrated to
morc clemly show the angles formed between, various electrical devices and components.
Axis A represents the longitudinal axis of activé\area 16. The drains 18 and source 20 of
each active area 16 preferably have a substantially Kpear relationship that may be used to
define a longitudinal axis. As illustrated, all of thy active areas |6 are substantially
parallcl. It will be understood, of course, that the drains 1.8 and source 20 need not form
an absolutely straight line, and indeed a substantial angle may be defined by these three
points. In sume embodiments, therefore, the axis A may be defiged by the two drains 18,
or by the source 20 and only one of the drains 18, or in a number oRpther ways that would
be clearly understood by those skilled in the art. In other embodizkents, in which the
active area comprises a single drain and a single source, the axis A maypbe defined by a
line between the single drain and single source.
[0046) Axis B represents the longitudinal axis of digit line 14 In the
illustrated embodiment, the digit line 14b forms a substantially straight line. Jushas the
active areas 16 are preferably parallel, the digit lines 14a, Mbahopmﬁmﬂ§

generally paralle] axes. Thus, in a preferred embodiment, axis A of every active area !
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forms a similar angle with every axis B of the digit lines 14, at least in the region of each
mernory ceil,

[0047] In a preferred embodiment, illusirated in Figure 1, an acute angle is
oymed between axis A and axis B. In the illustrated embodiment, this acute angle, 8,
defided between axis A and axis B, is 45°.

048] The angling of the active areas 16 relative to the digit lines 14
facilitates Yge location of the contact plugs 28 extending between drains 18 and associated
storage capacitors 24. Since these contact plags 28 extend from the top surface of the
drains 18 in thd preferred embodiment (illustrated in Figure 2), the engineering is
simplified il the digy{ lines 14 do not extend over the tops of the drains 18. By angling the
active areas 16, the distance between a digit line 14 and drains 18 may be selected to
facilitate electronic contagt between the drains and contact plugs, even while the digit
line 14 substantially overlaphand contacts the source 20 of the same active area 16,

[0049) Of course, the angle, 8, may have any of a number of values chosen to
maximize the pitch of the electrical devices. As will be readily apparent to one of skill in
the art, different angles will yield diffgrent pitches between adjacent active areas. In one
embodiment, the angle, 0, is preferably Detween 10° and 80° degrees. In a more preferred
embodiment, the angle, 9, is between 20° ard 60°. In a still more preferred embodiment,
the angle, @, is between 40° and 50°.

{00501 Turning to Figures 3-10, one iqethod of fabricating the pitch-doubled
word lines 12 of the memory device 10 is illustraled\n greater detail. The skilled arlisan
will readily appreciate that the particular materials of We illustrated embodiment can be
replaced individually or in combination with other grgups of materals. Figure 3
illustrates a semiconductor substrate 11 over which a thin, tetporary layer 40, comprising
oxide in a preferred embodiment, has been formed acéqrding to conventional
semiconductor processing techniques. A hard mask layer 42, suck as silicon nitride, is

then deposited over the substrate 11 and temporary layer 40. The hard\mask layer 42 may

layer 42 comprises silicon nitride in the preferred embodiment, it must be undexstood that
it may also be formed of silicon oxide, for example, or other materials suitableNfor the

selective etch steps described below.
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[0051) Next, in a step not itlustrated in the figures, the hard mask layer 42 is
patterned using a photoresist layer formed over the hard mask layer 42. The photoresist
layer may be patterned to form a mask using conventional photolithographic teclniques,
and the hard mask layer 42 may then be anisotropically etched through the patterned
phoiresist to obtain a plurality of hard mask columns 44 extending in the y-dimension
(as defiped by Figure 1), with trenches 46 separating those columns. The photoresist
layer may then be removed by conventional techniques, such as by using an oxygen-based
plasma.

[0052] - \ With reference to Figure 5A, after the trenches 46 have been formed in
the hard mask layeNd2, a conformal layer of spacer material may be deposited to cover the
entire surface of the memory device 10. Preferably, the spacer material can be selectively
etched with respect to thg substrate 11 and.the temporary layer 40, and the substrate 11
and the temporary layer 40\ can cach be selectively etched with respect to the spacer
material. [n the illustrated emgodiment, the spacer material comprises polysilicon. The
spacer ‘malerial may be deposited] using any suitable deposition process, such as, for
example, CVD or physical vapor depysition (PVD).

00531  After laying the spicer material over the vertical and horizontal
surfuces of the memory device 10, an ahjsotropic etch may be used to preferentially
remove the spacer material from the horizogtal surfaces in a directional spacer etch.
Thus, the spacer material is formed into space 48, i.e.,, material extending trom the
sidewalls of another material. As shown in Figure\5, spacers 48 are formed within the
trench 46 and narrow it.

{0054 With reference to Figure 5B, a second hard mask layer 49 may then be
deposited over the entire surface of the memory device 10. \Jhis layer of hard mask 49,
also silicon nitride in a preferred embodiment, is preferably \deposited to a thickness
suiticient to fill the french 46. Of course, the hard mask material 49 may be deposited by
any of a number of suitable deposition processes, including C or PVD. After
deposition of a sufficient amount of hard mask material 49, the exces that may have
formed over the spacers 48 and over the other portions of previously deposited hard mask
42 may be removed by any of a number of processes well-known to those of'§ldll in the
arl. For example, the surface of the device 10 may be planarized to the level of the dotted

line of Figure SB, such that the sidewalls of the remaining spacers 48 are nearly verkical.
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Any suitable plananization process, such as, for example, chemical mechanical
planarization may be used.
[0055] The spacers 48 that are now exposed at the top surface of the memory
devige 10 may be stripped using any of a number of processes. In the illustrated
embodiynent, a process may be used that selectively strips polysilicon relative to silicon
nitride. Jdg example, in one embodiment, a selective wet etch may be used. The trenches
formed wherd, the spacers 48 have been etched are further deepened by a secondary etch
that selectively o{ches the temporary layer 40 as well as the substrate 11. These trenches
are also preferably rmed using a directional process, such as, for example, ion milling or
reactive jon eiching.
iUOS(&i Figure \Q illusirates the result of these processes, with openings or
recesses in the form of trendhes 50 separated by less than the minimum pitch possible
using photolithographic techniqies alone. Preferably the trenches 50 have a width at top
between about 25 nm and 75 o} Of course, a skilled artisan will appreciate that
numerous other techniques for pitc:h wultiplication may be used to arrive at the stage
shown in TFigure 6. Many such Ecchnim s will generally include a spacer process, by -
which physical deposition can achieve a smaller pitch than photolithographic techniques
alone. The trenches 50 typically also have an asgect ratio greater than 1:1, and preferably
greater than 2:1. Increased depth maximizes avaikable volume and thence conductivity
for the word lines, at the expense of difficulty in filling\wyith a suitable material.
[6057] After formation of these trenches 58, the hard mask layer 42 is
selectively stripped, by any of a number of methods well known to those of skill in the art.
In Figure 7, a gate dielectric layer 54 is blanket deposited or tiermally grown over the
device, lining the inner surfaces of the trenches 50. The illusirated kate dielectric layer 54
comprises silicon oxide formed by thermal oxidation in a preferred empodiment, but can
te material 52,

be blanket

also be a deposited high K material in other embodiments. A layer of
which comprises polysilicon in the illustrated embodiment, may then als
deposited over the entire memory device 10. In one embodiment, the gate\layer 52
completely fills the trenches 50 and forms a top surface of the device 10. In a pryf
embodiment, this polysilicon is tndoped.

[0058] After a series of doping steps to define the drains and sources of
transistors, the undoped polysilicon in the trenches 50 is etched back until the top of the

gate layer 52 resides beneath the top swface of the substrate 11. This stage of the process
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is shown in Figore 8. The recessed polysilicon 52 of Figure 8 can serve as the word lines
and the éelte electrodes for the memory cell transistors if appropriately doped.

[0059] Preferably, however, the gate electrodes in the artays are formed of a
mygre highly conductive material than traditional polysilicon gates. This is due to the fact
that ¥ye recessed gates 12 (see Figures 1 and 2) are more narrow than the typical gate
. Metallic materials compensate, in whole or in part, for the small volume of the
gates in the\array, improving lateral signal propagation speed along the word lines. Thus,
the undoped polysilicon of Figure 8 can be silicided after recessing by depositing metal
thereover and reacting. Metal si]icicle can have better than 10 times the conductivity of
doped polysilicon angd demosnstirate a suitable work function.

J00640] Withy reference to Figures 9-12, in another arrangement, rather than
being recessed, the polysilgcon 52 is initially efched back or planarized down to the gate
oxide 34, fh"us isolating the Wwolysilicon within the trenches 50 without recessing at this
stage. The polysilicon of the'gate layer 52 within the trenches 50 is subjected lo a
.s"%'ljlf'oiclui?ow (selt-aligned silicidatior) reaction to form a layer of conductive material 56.
A metal layer 55 (Figure 9) may be Rlanket deposited and an anneal step may form a
silicide material 56 (Figure 12) wherevdr the metal contacts silicon, such as over the
polysilicon gate layers 52, In one embodiment, the silicided material comprises silicon
and one or more metals, such as, for exampleNfungsten, titanium, ruthenjum, tantalum,
cobalt or nickel. A selective metal etch removes the excess metal but does not remove the
sificide 56. The metal silicide 56 thereby forms a Self-aligned layer that increases the
lateral conductivity along the word line, ;

10061) Preferably, the gate layer 52 is fully Mlicided to maximize lateral
conductivity. Full reaction also assures silicide formation dewn to the boltom of the
trenches 50. In the illustrated recessed access devices (RADs), the\channel extends across
not only the bottom of the gate, but also along the gate’s sidewalls. Accordingly,
incomplete silicidation would result in different work functions along\he length of the
RAD channel. Furthermore, full silicidation ensures similar gate work finctions across
the array, from array to array across a wafer, and from wafer to wafer. It haskeen found
difficult, however, to achieve full silicidation within the light confines of the ill\ystrated
frenches 50, with a single metal to form the conductive material 56. Either nickel or
coball, for example, tends to form voids in the high-aspect ratio tres;ches 50. Other meta

have demonstrated similar difficulties for full silicidation for recessed access devices.
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The skilled artisan will appreciate that full silicidation can be challenging for material
within other types of recesses, such as contact openings or vias, stacked container shapes
for capactiors, capacitor trenches, etc,
10062} Without wanting to be bound by theory, the voiding appears to be
cansagd by diffusion during the silicidation reaction, in combination with the tight confines
of the Mgh aspect ratio trenches 50. Silicon diffuses more readily in cobalt than cobalt
does into siicon. Accordingly, silicon tends to migrate during the reaction, leaving voids
in the trenchds 50. Furthermore, a high temperature phase transformation amneal to
convert the silickle from CoSi to the more stable CoSiz. Nickel, on the other hand,
diffuses more readily into silicon than silicon does into nickel and so also has a tendency
fo create voids during the reaction in which NiSi is converted into the NiSi, phase.

j0063) Accordipgly, the metal layer 55 preferably comprises a mixture of
metals,'where at least two ofthe metals in the mixture have opposing diffusivities relative
to silicon. Tor example, the meal layer 55 can comprise a mixture of nickel and cobalt,
such that the directions of diffusiol tend to balance cach other and minimize the risk of
voiding. In this example, the cobalt preferably comprises less than 50 at. % of the mixed
metal 53, and more prefecably the mixturg comprises about 70-90 at. % Ni and about 10-
30 at. % Co. Such a mixture of nickel dpd cobalt has been found to more readily
accomplish full silicidation of the gate layer\without voiding, thus increasing signal
propagation speeds along the word line. In contragt to partial silicidation, fully silicided
word lines are not only more conductive, but also will ensure consistent work fimction
along the length of the channel. Full silicidation will aldq demonstrate betier consistency
from device to device across an array, from array to airay, og wafer to wafer, since partial
silicidation will tend to Jeave inconsistent compositions dependig upon local temperature
variations, efc,

{0064] In one examp_le, a sputtering tafget comprising 80% Ni and 20% Co is
sputicred over the polysilicon 52 to produce the metal layer 55. Theé\substrate is then
subjected to a silicidation ammeal. While a high temperature (e.g., SOB°C) anneal is
possible for a shorter time, preferably the anneal is conducted at lower tempelatures for a _
longer lime. For example, the substrate is annealed at 400-600°C for 25-35 minytes. In
experiments, the silicidation. anmeal was conducted in a batch fumace under

enviroment at 500°C for 30 minutes.
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[0065] [n view of the disclosure herein, the skilled artisan can readily select
other suitable mixtures of metals for full silicidation within trenches. Examples of metals
that difTuse more readily in silicon than silicon does in that metal include Ni, Pt and Cu.
Examples of metals in which silicon diffuses more readily than the metal diffises in
silicdy include Co, Ti and Ta.

066] Figores 10A-11B are micrographs showing recessed, fully silicided
Ni,Co,Si,

and [0B show cross sections across the width of twin trenches, at two different

te matertal within 50 nm wide trenches lined with silicon oxide. Figures [0A
magnitications. Kigures 11A and 11B show cross sections along the length of one of the
trenches, at two diffqrent magnifications. The trenches have a width at the top of about
50 nm and a clepﬂ1 of about 150 nm, such that the aspect ratio of these trenches was about
3:1. A smooth, uniform domposition is observed, filling at least a lower portion of the
trenches without voiding. NIn the example of Figures 11-12, after depositing the
potysilicon 52 (Figure 7), the polysilicon can be etched back only to the gate dielectric top
swrface 54, lhuiisolating the silicom\within the trenches withiout recessing.

{0067] Referring now to Fgure 12, the silicided layers 56 can be recessed
within the trenches and are then covered Yy a second insulating layer 58, such as silicon
niiride. These insulating layers 58 may be deposited and then etched or planarized. The
conductive material 56 theseby forms the word\{ines 12a, 12b of the completed memory
device 10, and the word lines 12a, 12b are separated from the other circuit elements by the
insulating Jayers 58. Thus, as would be well nnderstood by those of skill in the art, the
word lines 12 have been pitch-multiplied, and have a\pitch roughly one half of that
possible simply using photolithographic techniques. Note, Yowever, that certain aspects
of the disclosure herein provide advantages whether or notNhe word lines are pitch-
multiphied.

[0068{ Of course, in other embodiments, the pitch-mulNplication may take
place by any of a variety of processes well-known to those skilled in the

[6069] The silicided layers 56 of the illustrated embodiment

about 70-90 4t % of metal in the metal silicide 56 is nickel and about 10-30 at % of tketal

in the meial silicide is cobalt,
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{0070} As will be appreciated by the skilled artisan, in a preferred
embodiment, the logic in the periphery is prg‘f'erabiy simultaneously defined as certain of
e above steps are completed, thereby making the chip-making process more efficient. n
paxticular, the silicon and metal deposition steps to define recessed word lines preferably

simulaneously deline gate electrodes over the substrate for the CMOS transistors in the

Referring to Figures 13-21, in accordance with anather embodiment,
different worl\ functions and resistivity can be established for the simultanecously
processed pale elgtrodes in the array and the logic regions in the periphery. In the
illustrated embodimuynt, this is facilitated by etching array RAD trenches through a
polysilicon layer, which\orms part of the gate stack in the periphery.

[0072] With refgrence to Figure 13, a polysilicon layer 60 can be deposited
over the substrate 11 prior to Yorming the trenches. The polysilicon layer 60 can be first
deposited over a thin dielectric 5¢a (e.g., grown gate oxide). The substrate can then be
palletied with a pitch-doubled masls (not shown), such as that described with respect to
Figures 3-6. An etch stop layer 61\is also formed, in the illustrated embodiment
comprising about 100-200 A of TEOS-depwgsited oxide.

[0073] With reference to Figure W4, the trenches 50 are eiched through the
overlying etch stop layer 61, the polysilicon layeNg0, the underlying dielectric 54a and the
substruwe 11, The gate dielectric 54b can then be foxmed over the exposed portions of the
substrate 11, such as by oxidation of the trench walls.\ Due to the pre-existing etch stop
layer 61, no significant further oxide grows over the top dyrface of the polysilicon 60, as
shown.

[0074] Subsequently, as shown in Figure 15, a metallic material 62 can be
deposited over the polysilicon 60 and into the trenches 50. As dedgribed with respect to
Figures 9-12, the trenches 50 are preferably filled with material moxe conductive than
polysilicon. In the iltustrated embodiment, the metallic material 62 cotgprises titanium
nitride (TiN).

[6075] With reference to Figure 16, the metallic material 62 is wreferably
etched back or planarized to leave isolated lines of the conductive material 62\in the
irenches 50, stopping on the oxide eich stop layer 61 (see Figure 15). Following ¥ch
back, the eich stop layer 61 overlying the polysilicon layer 60 is removed (e.g., using &

HE dip for the preferred oxide material of the etch stop layer 61), while the dielectric layer
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54b within the trenches 50 is protected by the metallic material 62. Subsequently,
metallic layers 64, 66 are deposited over the silicon layer 60. As will be appreciated by
he skilled artisan, the first dielectric layer 54a, the polysilicon layer 60, and the overlying
m{allic layers 64, 66 can serve as the transistor gate stack in the periphery. All these
S\are deposited in both regions of interest {in the memory example, in both periphery
and meory avray regions). Polysilicon can be variably doped to establish a desired
transistor

can be used to¥efine gates for both NMOS and PMOS of a CMOS circuit. The overlying

vk function, such that a single material deposition, and different doping steps,
metallic layer 66\can serve to improve lateral signal propagation speeds along lines
éonlrc;:lling the gatesy and comprises tungsten (W) in the illustrated embodiment. The
intervening wmetallic layer 64 can ensure physical and electrical compatibility {e.g.,
fulfilling adhesion and bamNer functions) at the juncture between the polysilicon layer 60
and the overlying metallic layeg 66, and in the ustrated embodiment comprises titanium
nitride, and more particularly metal-rich metal mitride.

[0076] Referring to Figixg 17, the gate stack also includes a cap layer 68,
formed of silicon nitride in the illustrated embodiment. Figure 17 shows the trenches 50,
[illed with the metallic material 62, in a fizgl or memory array region 70 of the substrate.
The gate stacks layers 54a, 60, 64, 66 and 68\extend across both the array region 70 and
the second or periphery or logic region 72 of the substrate. A photoresist mask 76 is
coutigured for patterming transistor gates in the periphery 72.

[0077] As shown in Figure 18, a series of &ch steps etches first through the
cap layer 68, including a metal etch to remove the metalic layer(s) 64, 66. Chlorine-
based reactive ion etch (RIE), for example, can selectively remove typical metallic
materials, such as the illustrated tungsten sirapping layer 66 and\pterveming metal nitride
layer 64, while stopping on the underlying polysilicon layer 60\ A high degree of
selectivity enables continuing the metal etch after exposure of the polysilicon 60 until the
metallic material 62 is recessed in the trenches 50, as shown.

[0078) Referring now to Figure 19, the etch chemistry can

for the periphery 72.
[0079] Referring now to Figure 20, following removals of the mask, a spacer

layer 84 is deposited gver the substrate, coating the gate stacks 80 conformally but filling
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the recesses at the top of the array trenches 50. In the illustrated embodiment, the spacer
layer 84 comprises silicon nitride, but the skilled artisan will appreciate that a number of
different insulating materials can be used.

[0080] As shown in Figure 21, a subsequent spacer etch (directional etch)
sidewall spacers 86 along sidewalls of the gate stacks 80, allowing self-aligned
doping gl source/drain areas. In the array 72, however, because the shallow recesses at
the fop ofthe trenches are {illed with the spacer layer 84 (see Figure 20), the spacer etch
merely etches\the spacer material back in the array 72, leaving an insulating cap layer 88
burying the gate\paterial 62 within the tren‘ches 50.

[0081] he skilled artisan will appreciate that various doping steps for CMOS
transistors, including ‘source/drain, chanmel enhancement, gate electrode, lightly doped
drain (LDD) and halo dojxjng, are omitted in the description herein for simplicity.

{0082) The embodiment of Figures 13-21 thus facilitates simultaneous
processing of transistoss in the'qrray and the periphery. In the illustrated embodiment, the
array transistors are recessed access devices (RADs), whereas the peripheral gates are
formed above the substrate 11 as colyventional planar MOS transistors. While described
in the context of conventional CMOS Yijrcuitry in the periphery, the skilled artisan will
appreciate that the peripheral transistors ¢gn take other forms. Advantageously, in the
iHustrmed embodiment, the metallic layer im\the RAD trenches can be recessed at the
same time as patterning the peripheral gate stacks. Furthermore, the peripheral sidewall
spacers ave simultaneously formed with the insulaiing cap on the RAD gates or word
lines.

(6083} Alihough not shown, it will be undersfood that conventional DRAM
fabrication techniques may be used to create the other circuiteglements shown in Figure 2.
For example, different levels of doping may be used to form the drains 18 and source 20
of Figure 2, and the stacked storage capacitors 24 may be fonmed secording 1o a plurality
of deposition and masking steps.

(0084} As a result of the device layout and its method of ypanufacture, the
completed memory device 10 shown in Figures I and 2 possesses a numbenpfl advantages
in comparison to conventional DRAM. For example, the size of each memoxy cell and
the overall size of the memory device 10 may be substantially reduced Wi

corresponding, substantial reduction in the distance between adjacent sense amplitiers.

Moreover, the word lines 12 and digit lines 14 may have substantially different pitch
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which enables the digit lines 14 to have far greater separation than the word lines 12. For
example, in the preferred embodiment, the word lines 12 have an effective pitch of 1.5F,
while the digit lines 14 may have a pitch of 3F. In addition, the steps for fornting the digit
lings 14 and word lines 12 are simplified by making them substantially linear and
Iy perpendicular to one another, while realizing space~savings by placing the active
t an angle to these elements. The word lines 12 in the preferred embodiment are
also recessey, and, unlike the layout in conventional DRAM, there is no spacer using up
valuable space\between the gates and the sources or drains of the active areas (as may be
easily seen in Figtye 2). Thus, the memory device 10 may be made more dense.

- [0085] Fugthermore, the use of a mixture of metals Facilitates full silicidation
of the silicon buried “within trenches 50 withoul the hammful formation of voids.
Accordingly, a high condugtivity can be achieved for the relatively small volume word
lines,

[0086] While certain\embodiments of the inventions have been described,
these embodiments have been presented by way of example only, and are not intended to
lLimit the scope of the invention. Indeed, the novel methods and devices described herein
may be embodied in a variety of other forms; firthermore, various omissions,
substitutions and changes in the form of the myethods and devices described herein may be
made withoul departing from the spirit of the ihyention. The accompanying claims and

their equivalents are intended to cover such forms or modifications as would fall within

the scope wid spinit of the invention.




We claim:

1. A memory device, comprising:
a substantially linear active area comprising a source and at least two
drainsndefining a first axis;

akleast two substantially parallel word lines defined by a first pitch, at
least a pyriion of a first word line located hetween a first of the at least two
drains and\the source, and at least a portion of a second word line located
between a second of the at least two drains and the source; and

at least\two digit lines defined by a second pitch, one of the at least
two digit lines bging coupled to the source and forming a second axis;

wherein ak acute angle between the first and second axes is within
the range of 10 80 degrees, and wherein one of the first and second
pitches is greater than two and a half times a minimum resolution (F) of a
photolithographic technique used to form the memory device, and the other
of the first and second, pitches of the memory device is less than two times
the minimum resolution.

2. The m-emory deyvice of Claim 1, wherein the second pitch is
between 2.75 and 3.25 times§ the minimum resolution.

3. The memory device\ of Claim 2, wherein the second pitch is
approximately equal to three timas the minimum resolution.

im 1, wherein the acute angle between
range of 20 to 60 degrees.

4. The memory device of C
the first and second axes is within th

5. The memory device of Claim ¥, wherein the acute angle between
the first and second axes is within the range of 40 to 50 degrees.

6. The memory device of Claim 5, erein the acute angle between
the first and second axes is about 45 degrees.

7. The memeory device of Claim 1, wherelq the first pitch is less than

two times the minimum resolution,

8. The memory device of Claim 1, wherein thesword lines are defined
by a width that is less than the minimum resolution.

9. The memory device of Claim 8, wherein the width of the word

lines is less than 60nm.

of the word
resolution.

10. The memory device of Claim 1, wherein at least o
lines has a width equal to approximately one half of the minimu
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11. The memory device of Claim 10, wherein the width of at least one
f the word lines is between about 30 and 50 nm.

12. The memory device of Claim 1, wherein the word lines are formed
itch-doubling technique.

. The memory device of Claim 1, wherein the word lines are fully

14.
located belo

& memory device of Claim 13, wherein a top of the word lines is
a top of the source and tops of the at least two drains.

15. An intggrated circuit, comprising:

at least two, memory cells comprising at least two drains sharing a
source, the at leagt two memory cells defining a first longitudinal axis
extending between al least one of the at least two drains and the source;

at least two substantially paraliel, recessed word lines intersecting the
at least two memory cells; and

at least two digit lines defined by a pitch between 2.75 and 3.25 times
a minimum resolution (F) af a photolithographic technique used to form the
integrated circuit, one of the at least two digit lines being coupled to the
source and extending along a\second axis;

wherein the first and secynd axes form an acute angle between them
and wherein the word lines are \defined by an effective pitch between 1.25
and 1.9 times the minimum resclubon.

16. The integrated circuit of €laim 15, wherein the acute angle is
between 20 and 60 degrees.

17. The integrated circuit of Clairq 16, wherein the acute angle is
between 40 and 50 degrees.

18. The integrated circuit of Claim 1A, wherein the acute angle is
about 45 degrees.

19. The integrated circuit of Claim 15, whexein the pitch of the digit
lines is approximately three times the minimum resolution.
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20. A system, comprising:

an active area comprising a source and a drain; ,
a word line formed by a pitch-doubling technique, at least a portion of
intersects the active area; and

t least two digit lines having a pitch of greater than two and a half
ttmes a\minimum resoiution (F) of a photolithographic technique used to
form the system, one of the at least two digit lines being electrically coupled
to the sourke.

21. The\system of Claim 20, wherein the pitch is about three times
the minimum regolution (F) of the photolithographic technique used to form
the system.

of Claim 20, wherein the active area defines a first
axis substantially along a line extending between the source and the drain,
the one of the at leas\two digit lines extends along a second axis, and
wherein an acute angle Retween the first and second axes is between 10
and 80 degrees.

22. The syste

23. The system of Claily 22, wherein the acute angle is between 20

and 60 degrees.

24. The system of Claim 23\wherein the acute angle is between 40

and 50 degrees.

25. The system of Claim 24, wherein the acute angle is about 45

degrees.
26. The system of Claim 20, wherein thg word line is fully recessed.

27. The system of Claim 20, wherein the\word line forms an angle of

about 90 degrees with the at least two digit lines.

28. The system of Claim 20, wherein no spaser separaies the word
line and the drain.
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29. A memory device, comprising:
a substantially linear active area comprising a source and at [east two
drams defining a first axis;
t least two substantially parallel word lines forming a second axis, at
least a\portion of a first word line located between a first of the at least two
drains and the source, and at least a portion of a second word line located
between a\second of the at |least two drains and the source; and:

a digitNine coupled to the source and forming a third axis;

wherein\the second and third axes are generally perpendicuiar, and
wherein an acutg angle between the first and third axes is within the range

of 40 to 50 degregs.

30. The memoyy device of Claim 29, wherein the acute angle between
the first and third axes\is approximately 45 degrees.




MEMORY CELL LAYQUT AND PROCESS FLOW

Cross-Reference To Related Applications
j0001] This application is related to U.S. Application No. 11/219,304, filed on
even date herewith, entitled PERIPHERAL GATE STACKS AND RECESSED ARRAY
GATES [attomey docket No. MICRON.338A] and U.S. Application No. 11/219,303,
filed on even date herewith entitled SILICIDED RECESSED SILICON [attorney docket
No. MICRON.339A].

Field of the Invention

10002] This invention relates generally to integrated circuit design and, more
particularly, lo a layout for minimizing area while maximizing feature size. .

Background of the Invention

10003] As a consequence of many factors, including demands for increased
portability, computing power, memory capacity, and energy eofficiency in modern
electronics, infegrated cirewits are continuously being reduced in size. To facilitate these
size reductions, the sizes of the constituent features, such as electrical devices and
interconnect line widths, that form the integrated circuits, are also constantly being
decreased.

{000] The trend of decreasing feature size is most evident in memeory circuits
or devices, such as cl}meimic random access mamories {DRAMSs), static random access
memories (SRAMs), ferroelectric (FE) memories, ete. To take one example, DRAM
typically comprises milljons of identical circuit elements, known as memory cells. In one
application, a pair of memory cells comprises three electrical devices: lwo storage.
capacitors and an access field transistor having a single source shared by the memory
cells, two gates, two &mxmels, and two drains. The pair of memory cells, therefore, has
two addressable locations that can each store one bit (binary digif) of data. A bit can be
writlen to one of the cells” locations through the transistor and read by sensiﬁg charge on
the drain electrode from-the sonrce electrode sité._, .

[0005] By decreasing the sizes of constituent elecirical devices and the
conducting lines that access them, the sizes of the memory devices incorporating these
features can be decreased. Storage capacities for a given chip area can thus be increased

by fitting more memory cells onto memory devices.




[(6006] The continual reduction in feature size places ever greater demands on
the techniques used to form the features. One well-known technique is photolithography,
commonly used to pattern features, such as conductive lines, on a substrate. The concept
of pitch can be used to describe the size of these features. For the repeating patterns
typical of memory arrays, pitch is defined as the distance between an identical point in
two neighboring features. Adjacent features are typically separated by a material, such as
an insulator. As a resulf, pitch can be viewed as the sum of the width of the feature and of
the width of the space or material separating that feature from a neighboring feature. Due
to optical factors, such as lens limitations and light or radiation wavelength,
photolithographic techmniques have minimum pitches below which a parlicular
photolithographic technique cannot reliably form features. This minimum pitch is
commonly referred to by a variable defining one half of the minimum pitch, or feature
size ¥, This variable is often referred to as a “resolution.” The minimum pitch, 2F,

places a theoretical hmit on feature size reduction.

[0007] Pitch doubling is one method for extending the capabilities of photolithographic -
techniques beyond their minimum pitch, achieving a pitch of less than 2F. Two pitch doubling
Fechniques are illustrated and described in U.S. Patent No. 5,328,810, issued to Lowrey et al., and
in U.S. Patent Application No. 10/934,778, filed September 2, 2004 (now U.S. Patent= No.
7,115,525) by Abatchev et al., the disclosures of which are incorporated herein by reference ir;
their entirety. Such techniques can successfully reduce the potential photolithographic pitch;
however, they also increase the cost of manufacturing. ,

[0008] Another method for improving the density possible using conventional
photolithographic techniques is {o change the layout of a memory device in order to fit
more memory cells in the same area without changing the pitch. Using such a method,
the size of the memory device can be reduced without exceeding the minimum pitch, 2F,
dictated by optical limitations. Alternatively, the memory device may be configured to
hold more memory cells, while maintaining a constant pitch.

[0009] These two methods, pitch doubling and meﬁlory layout changes, have
rarely been used harmoniously. Accordingly, there is a need for a method of forming
memory devices that have greater pitch between certain elements, even while the size of
the memory devices shrinks or the density of the memory devices increases. Such a
memory design or layout is especially desirable in conjunction with pitch multiplication,

when the small pitch of the pitch-muliiplied elements can potentially strain the
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capabilities of photolithographic techniques to adequately define and separate other
elements of the memory devices. h
Summary of the Invention

10010} According to one aspect of the invention, a memory device is
disclosed. The memory device comprises a substantially linear active area comprising 2
source and at least two drains defining a first axis. The memory further comprises at least
two substantially parallel word lines defined by a frst piteh, at least a portion of a first
word line located between a first of the at least two drains and the source, and at least a
portion of a second word line located between a second of the at least two drains and the
source. The memory device further comprises at least two digit lines defined by a second
pitch, one of the at least two digit lines being coupled to the source and forming a second
axis. An acute angle between the first and second axes is within the range of 10 to 80
degrees, and one of the first and second pitches is greater than two and a half times a
minimum resolution (F) of a photolithographic technique used to form the memory
device, and the other of the first and second pitches of the memory device is less than two
limes (he mintmum resolution.

16011) According to another aspect of the present invention, an integrated
cirenit is provided. The integrated circnit comprises at least two memory cells comprising
at least two drains sharing a source, the at least two memory cells defining a first
longitudinal axis extending between at least one of the at least two drains and the source.
The integrated circuit f‘m’the} comprises at least two substantially parallel, recessed word
lines inlersecting the at least two memory cells. The integrated circuit further comprises
at least two digit lines defined by a pitch between 2.75 and 3.25 times a minimum
resolution (F) of a photolithographic technique used to form the integrated circuit, one of
the at least two digit lines being coupled to the source and extending along a second axis.
Preferably, the first and second axes form an acute angle between them, and the word
lines are defined by an effective pitch between 1.25 and 1.9 times the minimum
resclution.

[0012] According to another aspect of the present invention, a system is
provided. The system preferably comprises an active area comprising a source and a
drain, and a word line formed by a pitch-doubling technique, at least a portion of which
intersects the active area. The system further comprises at east two digit lines having a

pitch of greater than two and a half times a minimum resolution (F} of a photolithographic
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teclmique used to form the system, one of the at least two digit lines being electrically
coupled to the source.

{0013} According to another embodiment of the present invention, a method
of manufacluring a memory device is disclosed. According to this method, a substrate is
provided, and at least one active area is defined within the substrate, said active area
comprising a source and two drains, the source and at least one of the drains forming a
line along which a first axis is defined. At least one pair of word lines is also defined
within the substrate by a pitch-doubling technique. At least two digit lines are defined
above (he subsfrate as well, at least a portion of one of the at least two digit lines
extending above the source and defining a second axis that forms an acute angle with the
first axis, and the at least two digit lines having a pitch of between 2.75 and 3.25 times a
minimum resolution (F) of a photolithographic technique used to form the memory
device.

{0014] According to another aspect of the present invention, a memory device
is provided. The memory device comprises a substantially linear active area comprising &
source and at least two drains defining a first axis. The memory device further comprises
at least (wo substantially parallel word lines forming a second axis, at least a portion of a
first word line located between a first of the at least two drains and the source, and at least
a portion of a second word line located between a second of the at least two drains and the
source. The memory device further comprises a digit line coupled to the source and
forming a third axis, wherein the second and third axes are generally perpendicular, and
wherein an acute angle between the first and third axes is within the range of 40 to 50
degrees.

{0013) According to another aspect of the present invention, a method of
forming a memory device is disclosed. A substrate is provided, and at least one active
area is defined within the substrate, said active area comprising a source and two drains,
the source and at least one of the drains forming a line along which a first axis is defined.
At least one pair of word lines is also defined within the substrate, the pair of word lines
interseciing the at least one active area and the pair of word lines having a pitch of less
than two times a minimum resolution (F) of a photolithographic technique used to form
the memory device. At least two digit lines are also defined above the substrate along a

second axis generally perpendicular to the at least one pair of word lines, at least a portion




of one of the at least two digit lines extending above the source, and the at Jeast two digit
lines having a pitch of between 2.75 and 3.25 times the mininmum resolution.

Brief Description of the Drawings

[0016] The mvention will be better understood {rom the detailed description
of the preferred embodiments and from the appended drawings, which are meant to
illustrate and not to limit the invention. ;

[0017] Figure 1 is a schematic plan view of a memory device, laid out in
accordance with a preferred embodiment of the invention.

{0018] Figure 2 is a schematic, cross-sectional side view of the memory device
of Figure 1 taken along lines 2-2, in accordance with a preferred embodiment of the
invention.

{0019} Figures 3-7 are a series of cross-sectional views of a portion of a
semiconductor device, illustrating formation of DRAM access transistors similar to those
of Figures 1 and 2, according to & preferred embodiment of the present invention.

[0020] Figure 8 is a schemalic, cross-sectional view of the device of Figure 7
after recessing silicon within the trench, and prior to deposition of mietal for silicidation,
in accordance with one embodiment of the present invention,

[0021] Figure 9 is a schematic, cross-sectional view of the device of Figure 7
after planarizing silicon within the trench and depositing metal for silicidation, in
accordunce with another embodiment of the present invention. -

10022 Tigures 10A-11B are micrographs illustrating fully silicided, recessed
gates for memory access devices after a silicidation anneal is performed on the device of
Figure 9, i

{0023] Figure 12 1s a schematic cross-section showing the partially fabricated
semiconductor device of Figures 10A-11B after recessing and burying the fully silicided
gates within their renches.

(0024} Figures 13-21 are a series of cross-sectional views of a portion of a
semiconductor device, illustrating simultaneous formation of peripheral i{ransistor gate
stacks and recessed access devices (similar to those of Figures 1 and 2) in the array,
according to another embodiment of the invention.

Detailed Description of the Preferred Embodiment

10025] While the preferred embodiments of the present invention are

illustrated in combination with a pitch doubling technique, it should be understood that
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the circuit design of these preferred embodiments may be incorporated into any integrated
circuit. In particular, they may be advantageously applied to form any device having an
array of electrical devices, including logic or gate arrays and volatile or.non—volatile
memory devices, such.as DRAMs, RAMSs, or flash memory. The integrated circuits
formed by the methods described herein can be incorporated in any of a number of larger
systems, such as motherboards, deskiop or laptop computers, digital cameras, personal
digital assistants, or any of a number of devices for which memory is useful.

[0026]  The design and functioning of one memory device, a DRAM, laid out
according to one embodiment of the present invention, is illustrated in the figures, and
described in greater detail below.

10027} . Figure 1 shows a view of a portion of a memory device 10. This
schematic layout iflustrates the various electrical devices and other components that form
the memory device 10, Of course, many of these components would be indistinguishable
in a purely visual representation, and some of the components shown in Figure 1 are
artificially distinguished from other components in order to highlight their functionality.
The memory device 10 is built on and in a substrate 11, which forms the lowest level of
semiconductor malerial in which electrical devices are formed. The substrate 11 typically
comprises silicon. Of course, other suitable materials (e.g., other group NI-V clements)
may also be used, as is well-known to those skilled in the art. When describing the other
components, their depth or height may be most easily understood with reference (o the top
surface of the substrate 11, best seen in Figure 2.

{0028} Four elongate word lines 12a, 12b, 12¢, 12d are also shown in Figure 1
extending along the memory device 10. Tn a preferred embodiment, these word lines 12
were formed using a pitch doubling technique. In particular, these word lines 12 are
preferably formed by a method that will be discussed in greater detail with reference to
Figures 3-9. Using such a technique, the pitch of the resulting features may be less than
the minimum pitch defined by the photolithographic techmique, For example, in one
embodiment, the pitch of the resulting features may equal one half the minimum pitch
defined by the photolithographic technique.

[0029] In general, pitch doubling may be performed by the following sequence
of steps, as is well understood by those skilled in the art. First, photolithography may be
used 1o form a pattern of lines in a photoresist layer overlying a layer of an expendable

material and a substrate. This photolithographic technique achieves a pitch between
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adjacent lines of 2F, as disclosed above, which pitch is limited by the optical
characteristics of photolithography. In one embodiment, F is within the range of 60 to
100 nm. This range is typical for state-of-the-art photolithographic technigues used to
define features. In one photolithography system, F equals approximately 86 nm, while, in
another system, F equals approximately 78 nm.

(6030} The width of each line defined by photolithography is typically also
defined as F, as would be well understood by those skilled in the ait. The pattermn may
then be transferred by an etching step (preferably anisotropic) to the lower layer of
expendable material, thereby forming placeholders, or mandrels in the lower layer. The
photoresist lines can then be stripped, and the mandrels can be isbtropically etched to
increase the distance between neighboring mandrels. Preferably, the distance between the
neighboring mandrels is increased from F to 3F/2. Alternatively, the isotropic “shrink” or
“trim” etch could have been performed at the level of the resist. A conformal layer of
spacer material may then be deposited over the mandrels. This layer of material covers
both horizontal and vertical surfaces of the mandrels. Spacers, i.e., material extending
from sidewalls of another material, are therefore formed on the sides of the mandrels by
preferentially etching the spacer material from the horizontal surfaces in a directional
spacer etch. The remaining mandrels are then selectively removed, leaving behind only
the spucers, which together may act as a mask for patterning. Thus, where a given pitch,
2F, formerly included a pattern defining one feature and one space, the same width now
includes two features and two spaces defined by the spacers. As a result, the smallest
feature size achievable with a given photolithographic technique is effectively decreased.
This method of pitch doubling, which may be repeated for further reduction in the size of
the features, will be discussed in greater detail below with reference to Figures 3-9.

[0031] Of course, as would be well known in the art, the extent of the
shrink/trim etch and the thicknesses of the deposited spacers may be varied to achieve a
variety of feature and pitch sizes. In the illustrated embodiments, whereas the
photolithographic technique may resolve a pitcﬁ of 2F, the features, 7.e. word lines 12 in
the instant example, have a pitch of F. The word lines 12 are defined by a width of about
F/2, and ‘adjacent word lines 12a, 12b or 12¢, 124 are separated by the same width, F/2.
Meanwhile, as a byproduct: of the pitch-doubling technique, the separation beiween the

spaced-aparl word lines 12b, 12¢ is 3F/2. In a preferred embodinent, an isolation trench
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s filled with gn insulator and lies within this separation between these word lines 12b,
12¢; however, in other embodiments, this isolation trench need not be present.

[0032] For every distance of 3F, there are two word lines, vielding what may
be referred to as an effective pitch of 3F/2. More generally, the word lines preferably
have an effective pitch between 1.25F and 1.9F. Of course, the particular pitch used 1o
define the word lines is only an example. In other embodiments, the word Iines may be
tabricated by more conventional techniques, and pitch doubling need not he used. In one
embodiment, for example, the word lines may each have a width of F and may be
separated by ¥, 2F, 3F or some other widih. In still other embodiments, the word lines
need noi be formed in pairs either. For example, in one embodiment, only one word line
- need pass through each active area.

[0033) The entire Jength of the word lines 12 is not visible in Figure 1, but, in
a typical implementation, each word line 12 may extend across hundreds, thousands or
millions of (ransistors. At the edges of the word lines 12, as is well-known to those of
skill in the art, the word lines 12 are typically electrically coupled to a device, such as a
power source, that can place a current across the word line 12. Often, the power sources
for the word lines 12 are indirectly coupled to a CPU through a memory controller.

0034] In one embodiment, the word lines 12 comprisc a p-lype
semiconductor, such as silicon doped with boron. In other embodiments, the word lines
|2 may comprise an n-type semiconductor, metal silicide, tungsten or other similarly
behaving material, as is well-known to those of skill in the art. 1n some embodiments, the
word lines 12 may comprise a variety of materials, in a layered, mixed or chemically
bonded configuration.

[0035] The horizontal lines seen in Figure 1 are formed by digit lines 14a, 14b.
In one exemplary embodiment, the width of each of these digit lines, illnstrated as DL in
Figure 1, is equal to F. No pitch doubling has been used to form these exemplary digit
lines 14. Adjacent digit lines 14a, 14b are separated, in a preferred embodunent, by a
distance, illustrated as S in Figure I, equal to 2F. The pitch of the digit lines is preferably
greater than 2.5F, and preferably less than 4F. Without pitch-doubling techniques, the
lower limit is, of course, imposed by the photolithographic technique used to form the

- digit lines. On the other hand, near the upper end of this range, the photolithography is
less precise, and therefore less expensive, but the memory itself begins to grow too large.

In a more preferred embodiment, the pitch of the digit lines is between 2.75F and 3.25F.




This range represents a desirable balance between the ease of manufacturing and the size
of the chip. In the illustrated embodiment, the digit lines 14 have a pitch of 3F. Of
course, in other embodiments, different widths and spacing are possible.

[0036] As with the word lines 12, the entire length of the digit lines 14 is also
not visible in Figure 1, and the digit lines 14 typically extend across many transistors. At
the edges of the digit kines 14, as is well-known to those of skill in the art, the digit lines
[4 are typically electrically coupled to current sense amplifiers, and thereby to a power or
voltage source. Often, the power sources for the digit lines 14 are also indirectly coupled
to a CPU through a memory controlier. As a result of the more relaxed pitch between the
digit hnes 14, the sense amplifiers may be spaced farther from one another, relaxing their
manufacturing tolerances, and decreasing the likelihood of capacitance coupling of
adjacent dipit signais. .

[0037] In one embodiment, the digit lines 14 comprise a conducting meral,
such as tungsten, copper, or silver. In other embodiments, other conductors or
semiconduclors may be used, as is well-known to those of skill in the art.

[0038] The other features visible in Figure 1 are the active areas 16, illustrated
within curvilinear rectangles, which form axes A that are angled relative to the axes B of
the digil lines. These rectangles represent a doped region or well within the substrate 11;
however, in other embodiments, these rectangles need not represent physical structures or
materials within or upon the memory device 10 and substrate 11. The active areas 16
delime those portions of the memory device 10 that contain field effect transistors and are
typically surrounded by field isolation elements (e.g., shallow trench isolation (STI)). In
one preferred embodiment, these active areas each comprise two drains 18 and one source
20. The source and drains may be larger or smaller than illustrated in Figure 1, as is well
known to those of skill in the art. They may also be fabricated in any of a number of ways
well-known to those of skill in the art.

[0039) In another embodiment, the active areas may comprise one source and
one drain, wherein the source is formed near the digit line, and the drain is separated from
the source by a word line. In such an embodiment, the memory device may be configured
similarly to the memory device 10 in Figure 1, but there need only be one word line
passing through each active area. Of course, in another embodiment, an active area may
comprise one source and one drain, and the memory device may further comprise two

word lines extending near the active area, configured similarly to the paired word lines
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12¢, 12d shown in Figure 1. In such an embodiment, the two word lines may both extend
between the source and drain, and provide redundant control of the transistor.

10040] As illustrated, 2 digit line 14 runs proximal to, and preferably above
(see Figure 2), cach source 20 that lies in the digit line’s row. Meanwhile, each source 20
is scparated o either side from its adjacent drains 18 by word lines 12. In one
embodiment, the source 20 and drains 18 comprise an n-type semiconducting material,
such as silicon doped with phosphorous or antimony. In other embodiments, the source
20 and drains 1§ may comprise a p-type semiconducior, of they may be fabricated from
other materials, as is well-known to those of skill in the art. In fact, the source 20 and
drains 18 need not be fabricated from the same compounds.

{0041) The functioning of memory device 10 is briefly discussed with
reference 10 Figure 2, which shows a cross-sectional view of one of the active areas 16,
For a further discussion of the basic manner in which DRAMs function, U.S. Patent No.
3,731,287, issued to Seely et al., which is incorporated by reference herein in its entivety,
discusses DRAMSs in greater detail. |

[(0042] As shown in Figure 2, the drains i8 and source 20 may comprise
protrusions from the relatively flat, upper surface of the substrate 11. In one preferred
embodiment, the source 20 and drains 18 are fabricated as one-piece with the subsirate
V1, and are raised relalive to the surface of the substrate 11 by etching a monolithic wafer
or substrate; in another arrangement, the source and drain protrusions are formed by
selective epitaxial deposition using techniques well-known to those of skill in the art.

[6043] In one embodiment, at least a8 portion of digit line 14b is located above
the upper surface of source 20. As illustrated i Figure 2, the source 20 is electrically
coupled to the digit line 14b by a digit line plug 22, which plug may be formed in muitiple
stages or in a single stage, as shown. Meanwhile, the source 20 is separated from the two
drains 18 by word lines 12a, 12b. The word lines 12a, 12b are preferably embedded in the
substrale 11, extending downwards from the surface. Transistors of this design are often
referred to as recessed access devices or RADs. The drains 18 are, in turn, electrically
coupled to siorage capacitors 24, and, in particular, to the lower electrode 26 of the
storage capacitors 24, by contact plugs 28. In a preferred embodiment, the storage
capacitors 24 comprise a lower electrode 26 separated from a reference electrodé 30 by a
dielectric material 32. In this configuration, these stacked storage capacitors 24 function

in a manner well known to those of skill in the art, As iliustrated, the storage capacitors
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24 are preferably located above the plane of the substrate 11, although trench capacitors
can be used in other arrangements.

[004:4] In one embodiment, one side of every storage capacitor 24 forms a
reference electrode 30, while the lower electrode 26 is electrically coupled to an
associaled drain 18. The word lines 12a, 12b function as gates in the field effect
transistors they pass througly, while the digit line 14b functions as 2 siglaal for the sources
to which tt 15 electrically coupled. Thus, the word lines 12a, 12b preferably control access
to the storage capacitors 24 coupled to each drain 18, by allowing or preventing the signal
(representing a logic “0” or a logic “1”) carried on the digit line 14b to be written to or
read from the storage capacitors 24. Thus, each of the two capacitors 24 connected to an
associated drain 18 can contain one bit of data (i.e., a logic “0” or logic “1"). In a
memory array, the combination q‘f‘ the digit line and word line that are selected can
uniquely identity the storage capacitor 24 to or from which data should be written or read,

{00453) Turning back then to Figure 1, the design and geometry of the memory
device 10 may be discussed in further detail. In the lower right hand corner of Figure 1, a
number of axes have been illustrated. These axes are generally aligned with the
tongitudinal axes of circuit elements forming the memory device 10, and are illustrated to
more clearly show the angles formed between various elecirical devices and components.
Axis A represents the longitudinal axis of active area 16. The drains 18 and source 20 of
sach active area 10 preferably have a substantially linear relationship that may be used to
defing a longitudinal axis. As illustrated, all of the active areas 16 are substantially
parallcl. 1t will be understood, of course, that the drains 18 and source 20 need not form
an absolutely straight line, and indeed a substantial angle may be defined by these three
points. In some embodiments, therefore, the axis A may be defined by the two drains 18,
or by the source 20 and only one of the drains 18, or in a number of other ways that would
be clearly undersicod by those skilled in the art. In other embodiments, in which the
aclive area comprises a single drain and a single source, the axis A may be defined by a
tine between the single drain and single source.

[0046] Axis B represents the longitudinal axis of digit line 14b. In the
illustrated embodiment, the digit line 14b forms a substantially straight line. Just as the
active areas 16 are preferably parallel, the digit lines 14a, 14b also preferably form

generally parallel axes. Thus, in a preferred embodiment, axis A of every active area 16
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forms a similar angle with every axis B of the digit lines 14, at least in the region of each
memory cell,

[6047] In a preferred embodiment, illustrated in Figure 1, an acute angle is
formed between axis A and axis B. In the illustrated embodiment, this acute angle, 8,
defined between axis A and axis B, is 45°.

[0048] The angling of the active areas 16 relative to the digit knes 14
facilitates the location of the contact plugs 28 extending between drains 18 and associated
storage capacitors 24.  Since these contact plugs 28 extend from the top surface of the
drains 18 in the preferred embodiment (illustrated in Figure 2), the engineering is
simplified i’ the digit lines 14 do not extend over the tops of the drains 1§. By angling the
active areas 16, the distance between a digit line 14 and 'drains 18 may be selected to
facilitate electronic contact between the drains and contact plugs, even while the digit
line 14 substantially overlaps and contacts the source 20 of the same active area 16.

{G049) Of course, the angle, 0, may have any of a number of values chosen to
maximize the pitch of the electrical devices. As will be readily apparent to one of skill in
the art, different angles will yield different pitches between adjacent active areas. In one
embodiment, the angle, 8, is preferably between 10° and 80° degrees. In a more preferred
embodiment, the angle, 0, is between 20° and 60°. In a still more preferred embodiment,
the angle, 8, is between 40° and 50°.

10050] Turning to Figures 3-10, one method of fabricating the pitch-doubled
word lines 12 of the memory device 10 is illusirated in greater detail. The skilled artisan
will readily appreciate that the particular materials of the illustrated embodiment can be
replaced individually or in combination with other groups of materials. Figure 3
Hlustrates a semiconductor substrate 11 over which a thin, temporary layer 40, comprising
oxide in a preferred embodiment, has been formed according to conventional
semiconductor processing techniques. A hard mask layer 42, such as silicon nitride, is
then deposited over the substrate 11 and temporary layer 40. The hard mask layer 42 may
be formed by any well-known deposition process, such as spuitering, chemical vapor
deposition (CVD) or low-temperature deposition, among others. Although the hard mask
layer 42 comprises silicon nitride in the preferred embodiment, it must be understood that
it may also be formed of silicon oxide, for example, or other materials suitable for the

seleciive elch steps described below.
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{0051} Next, in a step not illustrated in the figures, the hard mask layer 42 is
patterned using a photoresist layer formed over the hard mask layer 42. The photoresist
tayer may be patterned to form a mask using conventional photolithographic teclhniques,
and the hard mask layer 42 may then be anisotropically etched through the patterned
photoresist to obtain a plurality of hard mask columns 44 extending in the y-dimension
(as defined by Figure 1), with trenches 46 separating those columns. The photoresist
layer may then be removed by conventional techniques, such as by using an oxygen-based
plasma.

10052) - With reference to Figure 5A, afier the trenches 46 have been formed in
the hard mask layer 42, a conformal layer of spacer material may be deposited to cover the
entire suwface of the mentory device 10. Preferably, the spacer material can be selectively
etched with respect to the substrate 11 and.the temporary layer 40, and the substrate 11
and the temporary layer 40 can each be selectively etched with respect to the spacer
material. [n the illustrated embodiment, the spacer material comprises polysilicon. The
spacer ‘material may be deposiled using any suitable deposition process, such as, for
example, CVD or physical vapor deposition (PVD). _

[0053] After laying the spacer material over the vertical and horizontal surfaces of the

memory device 10, an anisotropic etch may be used to preferentially remove the spacer material
from the horizontal surfaces in a directional spacer etch. Thus, the spacer material is formed into

spacers 48, i.e., material extending from the sidewalls of another material. As shown in Figure
3A, spacers 48 are formed within the trench 46 and narrow it.

[0054] With reference to Figure 5B, a second hard mask layer 49 may then be
depesited over the entire surface of the memory device 10. This layer of hard mask 49,
also silicon nitride in a preferred embodiment, is preferably deposited to a thickness
sulficient to [il] the french 46. Of course, the hard mask material 49 may be deposited by
any of a number of suitable deposition processes, including CVD or PVD. After
deposition of a sufficient amount of hard mask material 49, the excess that may have
formed over the spacers 48 and over the other portions of previously deposited hard mask
42 may be removed by any of a number of processes well-known to those of skill in the
art. For example, the surface of the device 10 may be planarized to the level of the dotied

line of Figure 5B, such that the sidewalls of the remaining spacers 48 are nearly vertical,
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Any suitable planarization process, such as, for example, chemical mechanical
planarization may be used,

[0055] The spacers 48 that are now exposed at the top surface of the memory
device 10 may be stripped using any of a number of processes. In the illustrated
embodiment, a process mnay be used that selectively strips polysilicon relative to silicon
nifride. For example, in one embodiment, a selective wet etch may be used. The irenches
formed where the spacers 48 have been etched are further deepened by a secondary cich
that selectively etches the temporary layer 40 as well as the substrate 11. These trenches
are also preferably formed using a directional process, such as, for example, ion milling or
reactive ton eiching.

[00656] Figure 6 illustrates the result of these processes, with openings or
recesses in the form of trenches 50 separated by less than the minimum pitch possible
using phoiolithographic techniques alone. Preferably the trenches S0 have a width al top
between about 25 nm and 75 nm. Of course, a skilled artisan will appreciate that

numerous other techniques for pitch multiplication may be used to arrive at the slage

shown in Figure 6. Many such techniques will generally include a spacer process, by -

which physical deposition can achieve a smaller pitch than photolithographic techniques
alone. The trenches 50 typicaily also have an aspect ratio greater than 1:1, and preferably
grealer than 2:1. Increased depth maximizes available volume and thence conduetivity
for the word lines, at the expense of difficulty in filling with a suitable material.

{0571 After formation of these trel;ches 50, the hard mask layer 42 is

selectively stripped, by any of a number of methods well known to those of skill in the art.

In Figure 7, a gate dielectric layer 54 is blanket deposited or thermally grown over the

device, lining the inner surfaces of the trenches 50. The illusirated gate dieleclric layer 54
comprises silicon oxide formed by thermal oxidation in a preferred embodiment, but can
also be a deposited high K material in other embodiments. A layer of gate material 52,
which comprises polysilicon in the illustrated embodiment, may then also be blanket
deposited over the entire memory device 10. In one embodiment, the gate layer 52
completely fills the trenches 50 and forms a top surface of the device 10. In a preferred
embodiment, this polysilicon is undoped.

[0058] After a series of doping steps to define the drains and sources of
transistors, the undoped polysilicon in the trenches 50 is etched back until the top of the

gate layer 52 resides beneath the top surface of the substrate 11, This stage of the process
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is shown in Figure 8. The recessed polysilicon 52 of Figure § can serve as the word lines
and the éate electrodes for the memory cell transistors if appropriately doped.

10059] Preferably, however, the gate electrodes in the arrays are formed of a
more highly conductive material than traditional polysilicon gates. This is dve to the fact
that the recessed gates 12 (see Figures | and 2) are more narrow than the typical gate
electrode. Metallic materials compensate, in whole or in part, for the small volume of the
gales 1 (e array, improving lateral signal propagation speed along the word lines. Thus,
the undoped polysilicon of Figure 8 can be silicided after recessing by depositing metal
thereover and reacting. Metal siﬁcide can have better than 10 times the conductivity of
doped polysilicon and demonsirale a suitable work fimction.

|60 With reference to Figures 9-12, in another arrangement, rather than
being recessed, the polysilicon 52 is initially etched back or planarized down to the gate
oxide 34, thus isolating the polysilicon within the trenches 50 without recessing at this
stage. The polystlicon of the gate layer 52 within the renches 50 is subjected 10 a
salicidation (self-aligned silicidalion) reaction to form a layer of conductive material 56.
A metal layer 55 (Figure 9) may be blanket deposited and an anmneal step may form a
siticide material 56 (Figure 12) wherever the metal contacts silicon, such as over the
polysilicon gate layers 52. In one embodiment, the silicided material comprises silicon
and one or more metals, such as, for example, tungsten, titanivm, ruthenium, tantalum,
cobalt or nickel. A selective metal etch removes the excess metal but does not remove the
silicide 56. The metal silicide 56 thereby forms a self-aligned layer that increases the

lateral conduetivity along the word line.

[0061] Preferably, the gate layer 52 is fully silicided to maximize lateral conductivity.
Full reaction also assures silicide formation down to the bottom of the trenches 50. In the
illustrated recessed access devices (RADs), the channel extends across not only along the bottom
of the gate, but also along the gate’s sidewalls. Accordingly, incomplete silicidation would result
in different work functions along the length of the RAD channel, Furthermore, full silicidation
ensures similar gate work functions across the array, from array to array across a wafer, and from
wafer to wafer. It has been found difficult, however, to achieve full silicidation within the tight
confines of the illustrated trenches 50, with a single metal to form the conductive material 56.
Either nickel or cobalt, for example, tends to form voids in the high-aspect ratio trenches 50,
Other metals have demonstrated similar difficulties for full silicidation for recessed access
devices. The skilled artisan will appreciate that full silicidation can be challenging for material
within other types of recesses, such as contact openings or vias, stacked container shapes for
capacitors, capacitor trenches, etc. o
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[0062] Without wanting to be bound by theory, the voiding appears to be caused by
diffusion during the silicidation reaction, in combination with the tight confines of the high aspect
ratio trenches 50,  Silicon diffuses more readily in cobalt than cobalt does into silicon.
Accordingly, silicon tends to migrate during the reaction, leaving voids in the trenches 50.
Furthermore, a high temperature phase transformation anneal may convert the silicide from CoSi
to the more stable CoSi2. Nickel, on the other hand, diffuses more readily into silicon than
silicon does into nickel and so also has a tendency to create voids during the reaction in which
NiSi is converted into the NiSi2 phase.

J00463) Accordingly, the metal layer 55 preferably comprises a mixture of
metals, where at least two of the metals in the mixture have opposing diffusivities relative
to silicon. For example, the metal layer 55 can comprise a mixture of nickel and cobalt,
such that the directions of diffusion tend to balance each other and minimize the risk of
voiding. In this example, the cobalt preferably comprises less than 50 at. % of the mixed
metal 33, and more preferably the mixtare comprises about 70-90 at. % Ni and about 10-
30 at. % Co. Such a mixture of nickel and cobalt has been found to more readily
accomplish tull silicidation of the gate layer without voiding, thus increasing signal
propagation speeds along the word line. In contrast to partial silicidation, fully silicided
word lines are not only more conductive, but also will ensure consistent work function
along the length of the channel. Full silicidation will also demonstrate better consistency
from device to device across an array, from array to array, or wafer to wafer, since partial
sificidation will tend to leave inconsistent compositions depending upon local temperature
variations, eic.

[0064)] In one example, a sputtering target comprising 80% Ni and 20% Co is
sputtered over the polysilicon 52 to produce the metal layer 55. The substrate is then
subjected to a silicidation anneal. While a high temperature (e.g., 800°C) amneal is
possible for a shorter time, preferably the auneal is conducted at lower temperatures {or a _
longer thme. For example, the substrate is annealed at 400-600°C for 25-35 minutes. In
experiments, the silicidation. anmeal was conducted in a batch fumace under an Na

envirowment at 500°C for 30 nunutes.
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[0065] In view of the disclosure herein, the skilled artisan can readily select
other suitable mixtures of metals for full silicidation within trenches. Examples of metals
that diffuse more readily in silicon than silicon does in that metal include Ni, Pt and Cu.
Examples of metals in which silicon diffuses more readily than the metal diffuses in
siicon include Co, Ti and Ta.

{0066] Figwres 10A-11B are micrographs showing recessed, fully silicided
Ni;Co,Si, gate matertal within 50 nm wide trenches lined with silicon oxide. Figuwres 10A
and 10B show cross sections across the width of twin trenches, at two different

magnitications. Figures 11A and 11B show cross sections along the length of one of the

trenches, at two different magnifications. The trenches have a width at the top of about

50 nm and a dep;rh of about 150 nm, such that the aspect ratio of these trenches was about
3:1. A smooth, uniform composition is observed, filling at least a lower porlion of the
trenches without voiding. In the example of Figures 11-12, after depositing the
polysilivon 52 (Figure 7), the polysilicon can be etched back only to the gate dielectric top
surface 54, thus isolating the silicon within the trenches without recessing.

{0067] Referring now to Figure 12, the silicided layers 56 can be recessed
within the trenches and are then covered by a second insulating layer 58, such as silicon
nitride. These insulating layers 58 may be deposited and then etched or planarized. The
conductive material 56 thereby forms the word lines 12a, 12b of the completed memory
device 10, and the word lines 12a, 12b are separated from the other circuit elements by the
msulating layers 58. Thus, as would be well understood by those of skill in the art, the
word lines 12 have been pitch-multiplied, and have a pitch roughly one half of that
possible simply using photolithographic techniques. Note, however, that certain aspects
of the disclosure herein provide advantages whether or not the word lines are pitch-
multiplisd.

{0068 Of course, in other embodiments, the pitch-multiplication may take
place by uny of a variety of processes well-known to those skilled in the art.

10069]  The silicided layers 56 of the illustrated embodiment thus fill lower
portions of the irenches 50, preferably filling greater than 50% of the trench heights, more
preferably filling greater than 75% of the trench height. In the illustrated embodiment,
about 70-90 at % of metal in the metal silicide 56 is nickel and about 10-30 at % of metal

in the metal silicide is cobalt.
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{0070} As will be appreciated by the skilled artisan, in a preferred
embodiment, the logic in the periphery is prgferably simultaneously defined as certain of
the above steps are completed, thereby making the chip-making process more efficient. In
particular, the silicon and metal deposition steps to define recessed word lines preferably
simultancously define gate electrodes over the substrate for the CMOS transistors in the
periphery.

[0071) Referring to Figures 13-21, in accordance with anather embodiment,
different work functions and resistivity can be established for the simultaneously
processed pale elechodes in the array and the logic regions in the periphery. In the
illustrated embodiment, this is facilitated by etching array RAD irenches through a
polysilicon layer, which forms part of the gate stack in the periphery.

[0072] With reference to Figure 13, a polysilicon layer 60 can be deposited
over the substrate 11 prior to forming the trenches. The polysilicon layer 60 can be first
deposited over a thin dielectric 54a (e.g., grown gate oxide). The substrate can then be
pallerned with a pitch-donbled mask (not shown}), such as that described with respect to
Figures 3-6. An ectch stop layer 61 is also formed, in the illustrated embodiment
comprising about 100-200 A of TEOS-depasited oxide.

[6073] With reference to Figure 14, the trenches 50 are etched through the
overlying etch stop layer 61, the polysilicon layer 60, the undeylying dielectric 54a and the
substruwe 11, The gate dieleclric 54b can then be formed over the exposed portions of the
substrate 11, such as by oxidation of the trench walls. Due to the pre-existing etch stop
layer 61, no significant further oxide grows over the top surface of the polysilicon 60, as
shown.

[0074) Subsequently, as shown in Figore 15, a metallic material 62 can be
deposited over the polysilicon 60 and into the trenches 50. As described with respect to
Figures 9-12, the trenches 50 are preferably filled with material more conductive than
polysilicon. In the illustrated embodiment, the metallic material 62 compriges titaniwmn
nitride (TiN).

{0075] With reference to Figure 16, the metallic material 62 is preferably
etched back or planarized to leave isolated lines of the conductive material 62 m the
irenches 50, stopping on the oxide etch stop layer 61 (see Figure 15). Following etch
back, the etch stop layer 61 overlying the polysilicon layer 60 is removed {e.g., using an

HF dip for the preferred oxide material of the etch stop layer 61), while the dielectric layer
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54b within the trenches 50 is protected by the metallic material 62. Subsequently,
metallic layers 64, 66 are deposited over the silicon layer 60. As will be appreciated by
the skilled artisan, the first dielectric layer 54a, the polysilicon layer 60, and the overlying
metallic layers 64, 66 can serve as the transistor gate stack in the periphery. All fhese
layers are deposited in both regions of interest {in the memory example, in both periphery
and memory array regions). Polysilicon can be variably doped to establish a desired
transistor work function, such that a single material deposition, and different doping steps,
can be used o define gates for both NMOS and PMOS of « CMOS circuit. The overlying
metallic layer 66 can serve to improve lateral signal propagation speeds along lines
controlling the gates, and comprises tungsten (W) in the illustrated embodiment. The
intervening uetallic layer 64 can ensure physical and clectrical compatibility {(e.g.,
fulfilling adhesion and barrier functions) at the juncture between the polysilicon layer 60
and the overlying metallic layer 66, and in the illustrated embodiment comprises titanium
nitride, and more particulacly metal-rich metal nitride,

[0076) Referring to Figure 17, the gate stack also includes a cap layer 68,
formed of silicon nitride in the illustrated embodiment. Figure 17 shows the trenches 50,
[{led with the metallic material 62, in a first or memory array region 70 of the substrate.
The gate stacks layers 548, 60, 64, 66 and 68 extend across both the array region 70 and
the second or periphery or logic region 72 of the substrate. A photoresist mask 76 is
configured for patterming transistor gates in the periphery 72.

{00771 As shown in Figure 18, a series of efch steps etches first through the
cap fayer 68, including a metal etch to remove the metallic layer(s) 64, 66. Chlorine-
based reactive ion etch (RIE), for example, can selectively remove typical metallic
materials, such as the illustrated fungsten strapping layer 66 and intervening metal nitride
layer 64, while stopping on the wnderlying polysilicon layer 60. A high degree of
selectivity enables continuing the metal etch after exposure of the polysilicon 60 unti] the
metallic material 62 is recessed in the trenches 50, as shown.

{0078} Referring now to Figure 19, the etch chemistry can be switched
following recessing of the metallic gate material 62 in the array trenches, and the silicon
60 can be palterned using the same mask 76, completing patterning of the gate stacks 80
for the periphery 72.

10079] Referring now to Figure 20, following removals of the mask, a spacer

layer 84 is deposited aver the substrate, coating the gate stacks 80 conformally but filling
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the recesses at the top of the array trenches 50. In the illustrated embodiment, the spacer
layer 84 comprises silicon nitride, but the skilled artisan will appreciate that a number of
different imsulating materials can be used.

[0080] As shown in Figure 21, a subsequent spacer etch (directional etch)
leaves sidewall spacers 86 along sidewalls of the gate stacks 80, allowing self-aligned
doping ol source/drain areas. In the array 72, however, because the shallow recesses at
the {op ot the trenches are filled with the spacer layer 84 (see Figure 20), the spacer etch
merely etches the spacer material back in the array 72, leaving an insulating cap layer 88
burying the gate material 62 within the l‘ren.ches 50.

(0081} The skiiled artisan will appreciate that various doping steps for CMOS
transistors, including source/drain, chammel enhancement, gate electrode, lightly doped
drain (L.DD) and halo doping, are omitted in the description herein for simplicity.

{00821 The embodiment of Figures 13-21 thus facilitates simuitaneous
processing of transistors in the arvay and the periphery. In the illustrated embodiment, the
array transistors are recessed access devices (RADs), whereas the peripheral pates are
formed above the substrate 11 as conventional planar MOS transistors. While described
In the context of conventional CMOS circuitry in the periphery, the skilled artisan will
appreciate that the peripheral transistors can take other forms. Advantageously, in the
Hlusirmed embodiment, the metallic layer in the RAD trenches can be recessed at the
same time as patterning the peripheral gate stacks. Furthermore, the peripheral sidewall
spacers ave simultancously formed with the insulating cap on the RAD gaies or word
lines.

[0083] Alihough not shown, it will be understood that conventional DRAM
fabrication techniques may be used to create the other circuit elements shown in Figire 2.
For example, different levels of doping may be used to form the drains 18 and source 20
of Figure 2, and the stacked storage capacitors 24 may be formed according lo a phurality
of deposition and masking steps.

[0084) As a result of the device layout and its method of manufacture, the
completed memory device 10 shown in Figures 1 and 2 possesses a number of advantages
in comparison to conventional DRAM. For example, the size of each memory cell and
the overall size of the memory device 10 majf be substantially reduced without a
corresponding, substantial reduction in the distance between adjacent sense ampliliers.

Moreover, the word lines 12 and digit lines 14 may have substantially different pitches,
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which enables the digit lines 14 to have far greater separation than the word lines 12. For
example, in the preferred embodiment, the word lines 12 have an effective pitch of 1.5F,
while the digit lines 14 may have a pitch of 3F. In addition, the steps for forming the digit
lines 14 and word lines 12 are simplified by making them substantially linear and
generally perpendicular to one another, while realizing space-savings by placing the active
areas 16 at an angle to these elements. The word lines 12 in the preferred embodiment are
also recessed, and, unlike the layout in conventional DRAM, there is no spacer using up
valuable space between the gates and the sources or drains of the active areas (as may be
easily seen in Figure 2). Thus, the memory device 10 may be made more dense,

[0085] Furthermore, the use of a mixture of metals facilitates full silicidation
of the silicon buried within trenches 50 without the harmful formation of voids.
Accordingly, a high conductivity can be achieved for the relatively small volume word
lines.

[Q084] While certain embodiments of the inventions have been described,
these embodiments have been presented by way of example only, and are not intended to
Timit the scope of the invention. Indeed, the novel methods and devices described herein
may be embodied in a variety of other forms; furthermore, various omissions,
substifutions and changes in the form of the methods and devices described herein may be
made without departing from the spirit of the invention. The accompanying claims and
their equivalents are intended to cover such forms or modifications as would fall within

the scope und spirnt of the invention.
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Claims

1. A memory device, comprising:

a substantially linear active area comprising a source and at least twe drains defining a
first axis;

at least two substantially parallel word lines defined by a first pitch, at least a portion of a
first word line located between a first of the at least two drains and the source, and at least a
portion of a second word line located between a second of the at least two drains and the source;
and

at least two digit lines defined by a second pitch, one of the at least two digit lines being
coupled to the source and forming a second axis;

wherein an acute angle between the first and second axes is within the range of 10 to 80
degrees, and wherein one of the first and second pitches is greater than two and a half times a
minimum resolution (F) of a photolithographic technigue used te form the memory device, and the
other of the first and second pitches of the memory device is less than two times the minimum
resolution.

2. The memory device of Claim 1, wherein the second pitch is between 2.75 and 3.25
times the minimum resolution,

3. The memory device of Claim 2, wherein the second pitch is approximately equal to
three times the minimum resolution.

4, The memory device of Claim 1, wherein the acute angle between the first and
second axes is within the range of 20 to 60 degrees.

5. The memory device of Claim 4, wherein the acute angle between the first and
second axes is within the range of 40 to 50 degrees.

8. The memory device of Claim 5, wherein the acute angle between the first and
second axes is about 45 degrees.

7.  The memory device of Claim 1, wherein the first pitch is less than two times the
minimum resolution.

8. The memory device of Claim 1, wherein the word lines are defined by a width that
is less than the minimum resolution.

9. The memory device of Claim 8, wherein the width of the word lines is less than
60nm.

10. The memory device of Claim 1, wherein at least one of the word lines has a width
equal to approximately one half of the minimum resolution.

11.  The memory device of Claim 10, wherein the width of at least one of the word lines
is between about 30 and 50 nm.

12. The memory device of Claim 1, wherein the word lines are formed by a pitch-
doubling technique.

13.  The memory device of Claim 1, whergin the word lines are fully recessed.

14. The memory device of Claim 13, wherein a top of the word lines is located below a
top of the source and tops of the at least two drains.
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15.  An integrated circuit, comprising:

at least two memory cells comprising at least two drains sharing a source, the at least
twoe memory cells defining a first longitudinal axis extending between at least one of the at least
two drains and the source;

at least two substantially parallel, recessed word lines intersecting the at least two
memory cells; and

at least two digit lines defined by a pitch between 2.75 and 3.25 times a minimum
resolution (F) of a photolithographic technique used to form the integrated circuit, one of the at
least two digit lines being coupled to the scurce and extending along a second axis;

wherein the first and second axes form an acute angle between them and wherein the
word lines are defined by an effective pitch between 1.25 and 1.9 times the minimum resolution.

168. The integrated circuit of Claim 15, wherein the acute angle is between 20 and 60
degrees.

17. The integrated circuit of Claim 16, wherein the acuie angle is between 40 and 50
degrees.

18. The integrated circuit of Claim 17, wherein the acute angle is about 45 degrees.

19. The integrated circuit of Claim 15, wherein the pitch of the digit lines is
approximately three times the minimum resolution.

20. A system, comprising:

an active area comprising a source and a drain;

a word line formed by a pitch-doubling technique, at least a porticn of which intersects
the active area; and

at least two digit lines having a pitch of greater than two and a half times a minimum
resolution (F}) of a photolithographic technique used to form the system, one of the at least two
digit lines being electrically coupled to the source, the word line forming an angle of about 90
degrees with the at least two digit lines,

21. The system of Claim 20, wherein the pitch is about three times the minimum
resolution (F) of the photolithographic technique used to form the system.

22. The system of Claim 20, wherein the active area defines a first axis substantially
along a line extending between the source and the drain, the one of the at least two digit lines
extends along a second axis, and wherein an acute angle between the first and second axes is
between 10 and 80 degrees.

23. The system of Claim 22, wherein the acute angle is between 20 and 60 degrees,

24, The system of Claim 23, wherein the acute angle is between 40 and 50 degrees.

25, The system of Claim 24, wherein the acute angle is about 45 degrees.

26. The system of Claim 20, wherein the word line is fully recessed.

27. The system of Claim 20, wherein the word line forms an angle of 90 degrees with
the at least two digit lines.

28. The system of Claim 20, wherein no spacer separates the word line and the drain.
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29. A memory device, comprising:

a substantially linear active area comprising a source and at least two drains defining a
first axis;

at least two substantially parallel word lines forming a second axis, at least a portion of a
first word line located between a first of the at least two drains and the source, and at least a
portion of a second word line located between a second of the at least two drains and the source;
and

a digit line coupled to the source and forming a third axis;

wherein the second and third axes are generally perpendicular, and wherein an acute
angle between the first and third axes is within the range of 40 to 50 degrees.

30. The memory device of Claim 29, wherein the acute angle between the first and
third axes is approximately 45 degrees.

31.  The system of Claim 29, wherein the second and third axes are perpendicular.
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