NANOWIRE TRANSISTOR WITH SURROUNDING GATE 5Cross
Reference To Related Applications Benefit of priority is hereby
weaimAagdie2 Grown Nanofin Transistors,” U.S. Application Sergd™hgs2007/008123
11/397,430, filed on April 4, 2006; "Etched Nanofin Transistors," U.S.
Application Serial No. 11/397,358, filed on April 4, 2006; "DRAM With
Nanofin Transistors," U.S. Application Serial No. 11/397,413, 10filed on
April 4, 2006; and "Tunneling Transistor With Sublithographic Channel,"
U.S. Application Serial No. 11/397,406, filed April 4, 2006, which
applications are herein incorporated by reference. Technical Field 15This
disclosure relates generally to semiconductor devices, and more
particularly, to nanowire transistors that have a surrounding gate.
Background The semiconductor industry has a market driven need to
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Technical Field
15 This disclosure relates generally to semiconductor devices, and more

particularly, to nanowire transistors that have a surrounding gate.

Background
The semiconductor industry has a market driven need to reduce the size
20  of devices, such as transistors, and increase the device density on a substrate.
Some product goals include lower power consumption, higher performance, and
smaller sizes. FIG. 1 illustrates general trends and relationships for a variety of
device parameters with scaling by a factor k. The continuous scaling of
MOSFET technology to the deep sub-micron region where channel lengths are
25  less than 0.1 micron (100 nm or 1000 A) causes significant problems in the
conventional transistor structures. For example, junction depths should be much
less than the channel length. Thus, with reference to the transistor 100 illustrated
in FIG. 1, the junctions depths 101 should be on the order of a few hundred
Angstroms for channels lengths 102 that are approximately 1000 A long. Such
30 shallow junctions are difficult to form by conventional implantation and
diffusion techniques. Extremely high levels of channel doping are required to

suppress short-channel effects such as drain induced barrier lowering, threshold
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sub-threshold conduction. Sub-threshold conduction is particularly
WQRaplaadtiz in DRAM technology as it reduces the charge stdta§a’S2007/008123

retention time on the capacitor cells. These extremely high doping levels

result in increased leakage and reduced carrier mobility. Thus, the

expected improved 5performance attributed to a shorter channel is

negated by the lower carrier mobility and higher leakage attributed to the

higher doping. Leakage current is a significant issue in low voltage

and lower power battery-operated CMOS circuits and systems, and
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gate Is on three sides of the channel. In the surrounding gate structure,
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transistor dimensions scale down. Dual-gated or double-gated transistor

proved

15  structures also have been proposed to scale down transistors. As commonly used
in the industry, “dual-gate” refers to a transistor with a front gate and a back gate
which can be driven with separate and independent voltages, and *“double-gated™
refers to structures where both gates are driven when the same potential. An
example of a double-gated device structure is the FinFET. “TriGate” structures

20  and surrounding gate structures have also been proposed. In the “TriGate™
structure, the gate is on three sides of the channel. In the surrounding gate
structure, the gate surrounds or encircles the transistor channel. The surrounding
gate structure provides desirable control over the transistor channel, but the
structure has been difficult to realize in practice.

25 FIG. 3 illustrates a dual-gated MOSFET with a drain, a source, and front
and back gates separated from a semiconductor body by gate insulators, and also
illustrates an electric field generated by the drain. Some characteristics of the
dual-gated and/or double-gated MOSFET are better than the conventional bulk
silicon MOSFETs, because compared to a single gate the two gates better screen

30 the electric field generated by the drain electrode from the source-end of the



and back gates separated from a semiconductor body by gate insulators,

and also illustrates an electric field generated by the drain. Some
WQRHEW#Xics of the dual-gated and/or double-gated MOSFEEHESHWG@p8123

than the conventional bulk silicon MOSFETS, because compared to a

single gate the two gates better screen 30the electric field generated by

the drain electrode from the source-end of the channel. The surrounding

gate further screens the electric field generated by the drain electrode

from the source. Thus, sub-threshold leakage current characteristics are

improved, because the sub-threshold current is reduced more quickly as
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15  solid phase epitaxial growth over a polysilicon DRAM capacitor plate to make a

polycrystalline nanowire transistor.

Summary
An embodiment of the present subject matter provides nanowire
20 transistors from amorphous semiconductor nanorods that are recrystallized on
the surface of a semiconductor wafer. The silicon nanorods are formed with
dimensions smaller than lithographic dimensions by a sidewall spacer technique.
The recrystallization of the amorphous nanorods uses solid phase epitaxial
growth. The resulting nanowires can be used as the body regions of transistors
25  where both the thickness of the body of the transistor and channel length have
dimensions smaller than lithographic dimensions. The nanowire transistors have
a wraparound gate. Various nanowire transistor embodiments use silicon
nanowires.
One aspect of the present subject matter relates to a method for forming a

30 transistor. According to an embodiment of the method, a pillar of amorphous



dimensions smaller than lithographic dimensions. The nanowire

transistors have a wraparound gate. Various nanowire transistor
WQRIBYIRA48NMts use silicon nanowires. One aspect of thRCI/ES§2HX7/008123

subject matter relates to a method for forming a 30 transistor. According to

an embodiment of the method, a pillar of amorphous semiconductor

material is formed on a crystalline substrate, and a solid phase epitaxy

process is performed to crystallize the amorphous semiconductor material

using the crystalline substrate to seed the crystalline growth. The pillar

has a sublithographic thickness. A transistor body is formed in the
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has cross-section dimensions less than a minimum feature size.
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matter and the referenced drawings. 20 Brief Description of the Drawings
substrate, and a crystalline semiconductor pillar formed on the substrate in

contact with the first source/drain region. The transistor includes a second
source/drain region formed in a top portion of the pillar, a gate insulator formed
around the pillar, and a surrounding gate formed around and separated from the

15  pillar by the gate insulator. The pillar has cross-section dimensions less than a
minimum feature size.

These and other aspects, embodiments, advantages, and features will
become apparent from the following description of the present subject matter and
the referenced drawings.

20
Brief Description of the Drawings

FIG. 1 illustrates general trends and relationships for a variety of device
parameters with scaling by a factor k. -

FIG. 2 illustrates sub-threshold leakage in a conventional silicon

25 MOSFET.

FIG. 3 illustrates a dual-gated MOSFET with a drain, a source, front and

back gates separated from a semiconductor body by gate insulators, and an

electric field generated by the drain.



FIG. 1 illustrates general trends and relationships for a variety of device
parameters with scaling by a factor k. FIG. 2 illustrates
WQAMTHA4PDId leakage in a conventional silicon 25 MOSFET. B(&U§2007/008123
illustrates a dual-gated MOSFET with a drain, a source, front and back
gates separated from a semiconductor body by gate insulators, and an
electric field generated by the drain. FIG. 4 generally illustrates the
improved sub-threshold characteristics of dual gate, double-gate, or
surrounding gate MOSFETSs in comparison to the subthreshold
characteristics of conventional bulk silicon MOSFETS. FIGS. 5A-5H
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FIG. 8 illustrates a flow diagram for forming a nanowire transistor with
surrounding gates, according to various embodiments of the present subject
matter.

FIG. 9 is a simplified block diagram of a high-level organization of
various embodiments of a memory device according to various embodiments of
the present subject matter.

FIG. 10 illustrates a diagram for an electronic system having nanowire
transistors, according to various embodiments.

FIG. 11 depicts a diagram of an embodiment of a systam having a

controller and a memory.

Detailed Description
The following detailed description refers to the accompanying drawings
which show, by way of illustration, specific aspects and embodiments in which
the present subject matter may be practiced. These embodiments are described
in sufficient detail to enable those skilled in the art to practice the present subject
matter. The various embodiments of the present subject matter are not
necessarily mutually exclusive as aspects of one embodiment can be combined

with aspects of another embodiment. Other embodiments may be utilized and



controller and a memory. Detailed Description The following detailed
description refers to the accompanying drawings 25which show, by way of
WQRMKFRAM2specific aspects and embodiments in which the pRSE#§iS2007/008123
subject matter may be practiced. These embodiments are described in
sufficient detail to enable those skilled in the art to practice the present
subject matter. The various embodiments of the present subject matter
are not necessarily mutually exclusive as aspects of one embodiment can
be combined 30 with aspects of another embodiment. Other embodiments
may be utilized and structural, logical, and electrical changes may be
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or surface being on the top surface of the wafer or substrate, regardless of the

h
plane

15  orientation of the wafer or substrate. The following detailed description is,
therefore, not to be taken in a limiting sense, and the scope of the present
invention is defined only by the appended claims, along with the full scope of
equivalents to which such claims are entitled.

The following discussion refers to silicon nanowire transistor

20 embodiments. Those of ordinary skill in the art will understand, upon reading
and comprehending this disclosure, how to use the teaching contained herein to
form nanowire transistors using other semiconductors.

FIGS. SA-5H illustrate an embodiment of a process to form crystalline
nanorods with surrounding gates. FIG. 5A illustrates a first layer 503 on a

25  substrate S04, with holes 505 formed in the first layer. The first layer is able to
be etched to define the holes within the layer. According to various
embodiments, the holes 505 are formed in a silicon nitride layer 503 on a silicon
substrate 504, such that the holes extend through the silicon nitride layer to the
silicon substrate. In the illustrated embodiment, the holes are formed with

30 dimensions corresponding to the minimum feature size. The center of each hole



The following discussion refers to silicon nanowire transistor
20embodiments. Those of ordinary skill in the art will understand, upon
WO4HTHgAY comprehending this disclosure, how to use the t®&dHIHg007/008123
contained herein to form nanowire transistors using other semiconductors.
FIGS. 5A-5H illustrate an embodiment of a process to form crystalline
nanorods with surrounding gates. FIG. 5A illustrates a first layer 503 on a
25substrate 504, with holes 505 formed in the first layer. The first layer is
able to be etched to define the holes within the layer. According to various
embodiments, the holes 505 are formed in a silicon nitride layer 503 on a
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layer to the silicon substrate. In the illustrated embodiment, the holes are
formRADOVHHSHAARHLPS GAR REYFASHOMETHG TP IEF SATRE RIS QrRand
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mechanical polishing (CMP) process. ) .
transistor will be on the order of 1/3 of the feature size. Some embodiments
planarize the structure using a chemical mechanical polishing (CMP) process.

15 FIG. 5C illustrates a thick layer of an amorphous semiconductor material
507 formed over the resulting structure. The amorphous material fills the hole
defined by the sidewalls 506. Various embodiments deposit amorphous silicon
as the amorphous material. FIG. 5D illustrates the resulting structure after it is
planarized, such as by CMP, to leave amorphous semiconductor material only in
20  the holes.

FIG. 5E illustrates the resulting structure after the sidewalls (e.g. silicon
oxide sidewalls) are removed. The structure is heat treated to crystallize the
amorphous semiconductor 507 (e.g. a-silicon) into crystalline nanorods
(represented as 507-C) using a process known as solid phase epitaxy (SPE). The

25  amorphous semiconductor pillar 507 is in contact with the semiconductor wafer
(e.g. silicon wafer), and crystal growth in the amorphous semiconductor pillar is
seeded by the crystals in the wafer. The crystal formation from the SPE process
is illustrated by the arrows 508 in FIG. 5E.

FIG. SF illustrates the structure after the first layer (e.g. silicon nitride) is

30 removed, leaving crystalline nanorods 507-C extending away from the substrate

7



15 FIG. 5C illustrates a thick layer of an amorphous semiconductor

material 507 formed over the resulting structure. The amorphous material
WORSKHE2MM® defined by the sidewalls 506. Various embodimePfd /degesit008123

amorphous silicon as the amorphous material. FIG. 5D illustrates the

resulting structure after it is planarized, such as by CMP, to leave

amorphous semiconductor material only in 20the holes. FIG. 5E

illustrates the resulting structure after the sidewalls (e.g. silicon oxide

sidewalls) are removed. The structure is heat treated to crystallize the

amorphous semiconductor 507 (e.g. a-silicon) into crystalline nanorods
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deposit polysilicon to function as gate contacts for the wraparound gates. Both
25  the wraparound gate and the gate contact, also referred to as a gate pad, are
recessed below the top of the nanowire. A directional etching process may be
used to recess the wraparound gate and the gate pad. As illustrated in FIG. 6B,
the resulting structure is filled with an insulator fill (e.g. oxide) 612 and
planarized to the top of the nanowires. The top of the nanowires are exposed by

30 removing the gate insulator from the top of the nanowire. For example, an etch



25 the wraparound gate and the gate contact, also referred to as a gate

pad, are recessed below the top of the nanowire. A directional etching
WQR88EEYMAY be used to recess the wraparound gate and theR§RA HAY7/0$123

illustrated in FIG. 6B, the resulting structure is filled with an insulator fill

(e.g. oxide) 612 and planarized to the top of the nanowires. The top of the

nanowires are exposed by 30 removing the gate insulator from the top of

the nanowire. For example, an etch can be used to remove silicon oxide

from the top of the nanowire. The top of the nanowires can be doped and

contact areas defined. The doped top portion 613 of the nanowires can
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wraparound gates 710 of each transisior 718 bn thewrow arg in contact with

the SAGEERAFOTRES RS AR R 1R5188 Ao BRI BreAa cBR e ransisior

cen
trangigiipss ithayrbestanother embodiment of a transistor array. According

13pate wiringt KBk oA T 4 Lo Ao o T e of
soutemeiiiony, Alina et metatRBosittasts 722 wnbigatesal lustrdtéor it EIGi 3 A-
Wiri%q{?zl;’[d.n 7R Wﬁ&@%%%%%@?ev%er adjacent transistors in a row of an
embodiment of a transistor array. According to the illustrated embodiment, one
word line 719 is formed adjacent to one row of transistors, such that the
20  wraparound gates 710 of each transistor 718 in the row are in contact with the
adjacent word line. FIB. 7B illustrates a top view of adjacent transistors in a row
of another embodiment of a transistor array. According to various embodiments,
polysilicon or gate material can be used for the gate wiring, a buried doped
region can form a source region 720 and the source wiring 721, and metal
25 contacts 722 and metal used for the drain wiring 723. In some embodiments, the
nanowire structure with only wraparound gates is then backfilled with oxide and
patterned and etched to leave oxide 724 between the pillars in one direction and
expose the wrap around gates on the side. Polysilicon can be deposited and

directionally etched to leave only on the sidewalls of the oxide blocks and

30 exposed gate sides. As described with respect to FIG. 6C, the wraparound gates



nanowire structure with only wraparound gates is then backfilled with

oxide and patterned and etched to leave oxide 724 between the pillars in
WQRRWURABN and expose the wrap around gates on the side. FeJKIEHRBGIH008123

can be deposited and directionally etched to leave only on the sidewalls of

the oxide blocks and 30 exposed gate sides. As described with respect to

FIG. 6C, the wraparound gates can be further directionally etched to

recess them below the top of the nanowire transistors. This will form the

gate contacts and wiring. The structure can be planarized and backfilled

with oxide and the top of the nanowires doped and contacted for the drain

WiriRgn/ s EARBY ARYENGhABG a0 ThesS HeaidioRyy Bskibjohtharanowire
will understand, upon reading and comprehending this dis¢losuyre, that
othSFARSHRRor TRIA) LT RSP LR R 1Pl al S ARATE can be

WS
diagppmatesde uninsaakiHRavvineh i distoxivilid eproftintinmoaies doped and

according to,variqus embodiments. of the present.subject matt 10ﬁt .

i A f ordinary
825?381@%%%3 oaﬁ%eda}h"é" dUB&HStES £8? e?nah%rﬁ?é,t?ﬁiéné%%stra 05,1 ordin
Snclisitdl larditselagtovitiuadeefand ugivasadayeand stivprehindimgthis disclosure,

silicgn er, and the hal for in the first layer to expose the
Waftgrl.ai?ﬁgl %fot%ag%%oagﬁﬁg(? %%%éﬁls?%érgnﬁggegy the first layer. At 826, .
spacer siddiGHS iHoduatoed Ranidisgramoifs SoamRe theanandrfoliRREIHY With
the firstdawante SifectiRliRab s SR RUMESINRAR IR pleSe Rubject

- example of a spacer sidewall IS silicon oxide. At 827, the holes are filled
by amataBrphous semiconductor (e.g. a-silicon). The spacer sidewalls are

10eMavead §t RA8s lea\tiheil s Qlssatehees semipa)dvetaberiepduiginclude a
awaéfrom the wafer. The resultingastructu_re_ is heat-treated gr annealed at

820 HESIdRANFE M2 B T HERATR LREEBHANRBIT RS thit hrarnggier and the
20sepibthrcrysialiing giewibt ihher iocsyptakizing onfI0CERS Inlafaredefined by

T
insuliles apainsstheouviliifgrgaié byate finedayaundffeetivgbtatiduece the
lSnn 22 %%%%%ﬁgﬁ%ﬁ%?%?g-?rgsx%{gpfl%ro adsggges;lsi e@aﬁqggmcqnﬂa;ide. At
827, the holes are filled by an amorphous semiconductor (e.g. a-silicon). The
spacer sidewalls are removed at 828, leaving pillars of amorphous semiconductor
extending away from the wafer. The resulting structure is heat-treated or
annealed at 829 to recrystallize the amorphous semiconductor, using the wafer to
20  seed the crystalline growth. The recrystallization process is referred to as solid
phase epitaxy (SPE). The resulting structure includes crystalline nanowires
extending away from the wafer. At 830, a surrounding gate insulator and a
surrounding gate are formed around the crystalline nanowires. Source/drain
regions are formed at 831. The bottom of the nanowire is doped to form a first
25  source/drain region, and the top of the nanowire is doped to form a second .
source/drain region. The first source/drain region can be formed by doping the
substrate before depositing the first layer and patterning and etching the holes.

The first source/drain can also be formed by implanting dopants adjacent to the

nanorod before the gate is formed. These implanted dopants are capable of
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25source/drain region, and the top of the nanowire is doped to form a
second source/drain region. The first source/drain region can be formed

W damdohe substrate before depositing the first layer and JitsHiYy7/008123
and etching the holes. The first source/drain can also be formed by
implanting dopants adjacent to the nanorod before the gate is formed.
These implanted dopants are capable of diffusing completely under the
nanorod because the nanorods are very thin. This doping can be
performed after the first layer is removed off of the substrate. FIG.9is
a simplified block diagram of a high-level organization of various

embggineniscohipBRM I MicthacRIE bt 40seatio U RoRbdinRends/ dhin. This
5the present subject matter. The ijlusirated memory devic inclydes a
o8 38 G AP AT TR AR R R P91 8 BT substae
operations BIGhe inaRiaiylHisdyblbalcdrngramiofitidi dindéselosrghainatiis)of

935. The iIIustratéd memoty device 932 may be a.memaory card or.a

menYSPyoﬁ?o%fﬂPeo eREE sair%j e e ‘r’ﬁceemgcr:f/) rmlcr)lgutf)e‘( )egr? a %‘tﬂ%ﬁms of
$nlinehmpreseyt subglede rittdn/ TiRndustrattd miieraors Kdviee 193 2uinelilides a

und(—%'rrl%tr%nd a3y 953 %‘(9 r%QQ/ %%pcfg,{}?&dgﬁg‘m?n%ﬁl{a frold?bperations on

semicon l%tor (?c')mponents int e memqry array / or the contro .
circuhpmacmatyaumay ¥ itaboomanicatiog et eswhrnnelei§dss Whe illustrated

surrglnding gales: 850536 REAAORYEY 1419 B HGHURAYHIBRRIAURA as a single

methods for these devices have been described above. 15The memor

arrajndizs memepsmadwsHSIYM) arbAitbmiog semenn@eiie (BIMM). One
16he YFBYIMEFIRIORAIR HoNSi AN GRS uPbHaHasm £ TIRPEUMBRiRending this

word lines 937 connect the memory cells in the rows, and bit lines 938

conbeqlasuTn Ehb SPRdaeniUrer PR R B S RGIRE SR FL(1RRhe
934 ioaleEs werehine sBlech QECMbECIRA Whighthewilensite aaledétars with

des@red 20row, bit line select circuitry 940 \ hich functiong select a
et s R e
stateteyealseleai ¢éd vadmardaeltibednsbavemory array 933. FIG. 10
1 anowire (ARG RISt o g e s puase g S DS The
25emisotiryeetls ifhheasonic aysigad inclodssadcorivoiis: 1D4GrpBS
104%h%%ments, word lines 937 connect the memory cells in the rows, and bit lines
938 connect the memory cells in the columns. The read/write control circuitry
934 includes word line select circuitry 939 which functions to select a desired
20  row, bit line select circuitry 940 which functions to select a desired column, and
read circuitry 941 which functions to detect a memory state for a selected
memory cell in the memory array 933.
FIG. 10 illustrates a diagram for an electronic system 1042 having one or
more nanowire transistors with surrounding gates, according to various
25 embodiments. The electronic system includes a controller 1043, a bus 1044, and
an electronic device 1045, where the bus provides communication channels
between the controller and the electronic device. In various embodiments, the
controller and/or electronic device include nanowire transistors as previously
discussed herein. The illustrated electronic system may include, but is not

30 limited to, information handling devices, wireless systems, telecommunication
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an electronic device 1045, where the bus provides communication

channels between the controller and the electronic device. In various
WQRMBHHA8Ats, the controller and/or electronic device include RaRARA®7/008123

transistors as previously discussed herein. The illustrated electronic

system may include, but is not 30limited to, information handling devices,

wireless systems, telecommunication systems, fiber optic systems,

electro-optic systems, and computers. FIG. 11 depicts a diagram of

an embodiment of a system 1146 having a controller 1147 and a memory

1148. The controller and/or memory may include nanowire transistors.

The Jluairatedisistpiicalsadnsllesnopliecis pniamppadatompiibdd and a

bus 1150 to provide,communication channel(s) between the contrqller.and

the electronfd GpphATRIS'SA ' AEHREA M %lg’ﬁ?glg)rﬁgrrlta?\%at%sgr%%lni%ﬁ fying a
bus gwitrisiiddde 4handdresemargtatddisusT e coatcoliérallier smrhory may include

independently configured:.por may use .common,communicatio Ig t
o O AR Tort, The IR ed SO S IINACPR IS Boparatus
fhe 1101 40nindlkebutnid s Grolprdinderto thm wiesttioni clgnpattLibetwaenrthg,

be additjonal memory confiqured si i{ gtg @gmy&}ﬁ@ @fﬂgﬁ@%@ﬁ@t
may?ﬁgltﬂ?;lge a%nélr:}%hé;e;fgfq gq\}llcc:eagé%léﬁc’esnlﬁl cgupledcto trr1e bus.
Peripherminteibednsapindrduddiaplagdresacitiniabum epbasenielbes, each

Othe5&@3@9&%@#@&#@1@%99&3@&%&remm%mmmmmﬁauers to

and/or the memory. In an 15embodiment, the controller is a processor.

Any Bravisle afdisier date ansos sonreletberspriapshit ceeniesA by the

1 0erinhRiRb HeViaS A @vboaith N IO W EANSE Pifatld € INBHAAY Biydditional
include, but is not limited to, information handling device

telo B AN ESRBR S5 LS IR BERN A A SR ST drtude 2
nangyiprepilsisidce as dedacededsn dbipibidatthy ®usc/Pdaptiectdeidces may

systems f réo se in memory modules, device driyers, power.modul
R e e O
modujesatid teayunalictewithlthayentrolikicimd/oatie lesnsugh bireaitry
1520 LTinR A SR MROHENE o SoQely ARSI A SHESIED R HcRRory,
a cloCk, a'television, a'cell' phone, a pefsonal computer, an autofnobile, an
indusheallegnorot sygtemtpsrad chefpeaipd @Bbteaises mayThelwde mang winegy
be r‘?@i{é‘?ﬁo%%agﬂgg%?{&g%A%%&cﬁ{}&%'ﬂ&ﬂgiQ%‘&?W}B%@{b?'ﬁ’]%ﬁﬁﬁﬁ%q{&%ling
to various embodiments. It will be understood that embodiments are
equallyvigsplitdetensramjoatiensusteps srdrrampYiFcUPRhGatiens sontaining
intended nRe Umiiad 0.2 fasdishlarity R sl RSNy ifeNae MamRi¥ systems for
20  use in memory modules, device drivers, power modules, communication
‘modems, processor modules, and application-specific modules, and may include
multilayer, multichip modules. Such circuitry can further be a subcomponent of
a variety of electronic systems, such as a clock, a television, a cell phone, a
personal computer, an automobile, an industrial control system, an aircraft, and
25  others.
The memory may be realized as a memory device containing nanowire
transistors according to various embodiments. It will be understood that
embodiments are equally applicable to any size and type of memory circuit and

are not intended to be limited to a particular type of memory device. Memory

30 types include a DRAM, SRAM (Static Random Access Memory) or Flash
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30 types include a DRAM, SRAM (Static Random Access Memory) or

Flash memories. Additionally, the DRAM could be a synchronous DRAM
WeaMmeAN Yeferred to as SGRAM (Synchronous Graphics RaPfdbiis2007/008123

Access Memory), SDRAM (Synchronous Dynamic Random Access

Memory), SDRAM II, and DDR SDRAM (Double Data Rate SDRAM).

Various emerging memory 5Stechnologies are capable of using nanowire

transistors. This disclosure includes several processes, circuit

diagrams, and structures. The present subject matter is not limited to a

particular process order or logical arrangement. Although specific

emhadimens hRy@&BseN YRt Frhand slaauibedyhereihobIIRIEM commenly
appreciated by those of ordinary skill in the art 10 that anké arrangement

whidrfriTed LR SPRAM(SyBthwears Srrppissdandp EHIBY)
the gpaRiivE@RRdiFORoiS BiRwnid Risnapplipaiiess MeigRGORAN, and
adaptations or variations of the present subject matter. It is ta be

and B A 4TS BRI e

ot testrclvgieCarmbapatnnsfafsing aheveismubandisaensts, and other

embodiments, 15 will be apparent to thase of skill in the.art.upon
reviewing %Su‘g‘ (ezzfros%lllﬁc %%ﬁff%sa lereglso%rgccﬁfﬁ%h.le‘ﬁltlelfls((};lggggg?sfhagd
pressnicsutee cThraptes sitculj ¢ oeteeminest Witited fererpastiowlas process order

appengied CRIMS, SONAWIL NG| ”%&%ﬂ%%ﬂ%ﬂ%ﬂ@ﬂ&%‘&b%&% fitifrated

claims are entl 3'&56 atis claimed fs: 1. A method for forming a
tranaisteiescorptibamgingoitrill e epprsiekeie® baryihirsel odiprgtingmn ik bim hsrart
uﬁf 29 RRY S SELRIRERAWHIRR Ralatal fRua SRRV the WRRIEA B BS R be

aving a sublithographic thickness; and performing a solid phase epitaxy

(SPEYYstisutaskfoy By spansictRmbedinmsusheamicSA ARBIAIERRIL Frged to
the e&w&dﬁtaaeﬁya}evzeiﬁﬁsﬂstbﬁtﬁéyﬁt@fiaﬂesqwmmimsisst@robody

being formed in the crystallized semiconductor pillar between a first
souRRIEFIRP ARSI AP S AGTRRURR 8 AN P dfoRe 1flustrative, and not

restrictive. Combinations of the above embodiments, and other embodiments,
15  will be apparent to those of skill in the art upon reviewing and understanding the

above description. The scope of the present subject matter should be determined

with reference to the appended claims, along with the full scope of equivalents to

which such claims are entitled.
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forming a surrounding gate insulator around the semiconductor pillar; and
forming a surrounding gate around and separated from the semiconductor
pillar by the surrounding gate insulator. 2. The method of claim 1, wherein
forming a pillar of amorphous semiconductor material on a crystalline
substrate includes forming a pillar of amorphous silicon on a crystalline
silicon substrate. 3. The method of claim 1, wherein forming the
surrounding gate insulator includes forming a silicon oxide. 4. The
method of claim 1, wherein forming a surrounding gate includes forming a
polysilicon gate. 5. The method of claim 1, wherein forming a surrounding
gate includes forming a metal gate. 6. The method of claim 1, further
What &2 eé1%1recessing the sgrrounding gate such that the surrounc_iing gate
ﬁas a height less than a height of the pillar. 7. The method of claim 1,
further comprising forming the first source/drain region in the substrate

L S A B o o e e
nﬁgrmmgga transi stor body, including:
forming a pillar of amorphous semiconductor material on a crystalline substrate,
the pillar having a sublithographic thickness; and
performing a solid phase epitaxy (SPE) process to crystallize the amorphous
semiconductor material using the crystalline substrate to seed the
crystalline growth, the transistor body being formed in the crystallized
semiconductor pillar between afirst source/drain region and a second
source/drain region;
forming a surrounding gate insulator around the semiconductor pillar; and
forming a surrounding gate around and separated from the semiconductor pillar by the
surrounding gate insulator.

2. The method of claim 1, wherein forming a pillar of amorphous semiconductor material
on acrystalline substrate includes forming a pillar of amorphous silicon on a crystalline silicon
substrate.

3. The method of claim 1, wherein forming the surrounding gate insulator includes forming

asilicon oxide.

4. The method of claim 1, wherein forming a surrounding gate includes forming a
polysilicon gate.

5. The method of claim 1, wherein forming a surrounding gate includes forming a metal
gate.
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forming silicon nitride on a silicon wafer; etching a hole in the silicon
nitride, the hole having a minimum feature size and extending through the
silicon nitride to the silicon wafer; reducing a dimension of the hole to less
than the minimum feature size, including forming silicon oxide sidewall
spacers on sides of the silicon nitride that define the hole; filling the hole
with an amorphous silicon; removing the silicon oxide sidewall spacers to
leave an amorphous silicon pillar in contact with and extending from the
wafer; and crystallizing the silicon pillar to form a crystalline silicon pillar,
the transistor body being formed in the crystalline silicon pillar between a
first source/drain region and a second source/drain region; forming a
oundin e. around the silicon. pillar; and

o PR S Ao AR B e R et tt the

&Jrrouedmgtgamrhugsgaamelgmmahargafﬁenghmﬁhmbdfarlaim 8, wherein the height
of the crystalline silicon pillar is less than the minimum feature size. 10.
The method of claim 8, wherein forming a surrounding gate insulator

7. indiedghodoiza@innb tultbeiliaeilibos fpmaing 1he fiise wwieaetiiabn ctgindn the
wbstr%%rfﬁﬂﬁ‘ﬂgﬁﬁ%m%ﬁeéi%n%&?oﬂr?ﬂ I LEABATSHR Rl ar,

stand-alone fransistor. 12. The method of claim 8, further comprising
forming a source line, at least one gate line, and a drain contact for a

8 URNsiseH @&%mq,ﬁ% A trREed fepiqsming: a transistor, comprising:
forming a transistor body, including:
forming atransistor body, including:
forming silicon nitride on a silicon wafer;
etching ahole in the silicon nitride, the hole having a minimum feature size and
extending through the silicon nitride to the silicon wefer;
reducing a dimension of the hole to less than the minimum feature size, including
forming silicon oxide sidewall spacers on sides of the silicon nitride that
define the hole;
filling the hole with an amorphous silicon;
removing the silicon oxide sidewal | spacers to leave an amorphous silicon pillar
in contact with and extending from the wafer; and
crystallizing the silicon pillar to form a crystalline silicon pillar, the transistor
body being formed in the crystalline silicon pillar between afirst
source/drain region and a second source/drain region;
forming a surrounding gate insulator around the silicon pillar; and
forming a surrounding gate around and separated from the silicon pillar by the

surrounding gate insulator.

9. The method of claim 8, wherein the height of the crystalline silicon pillar is less than the

minimum feature size.
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forming silicon nitride on a silicon wafer; etching a hole in the silicon
nitride, the hole having a minimum feature size and extending through the
silicon nitride to the silicon wafer; forming silicon oxide sidewall spacers
on sides of the silicon nitride that define the hole; filling the hole with an
amorphous silicon, the amorphous silicon being in contact with the silicon
wafer; removing the silicon oxide sidewall spacers to leave an amorphous
silicon pillar in contact with and extending from the wafer; and crystallizing
the silicon pillar to form a crystalline silicon pillar, the transistor body being
formed in the crystalline silicon pillar between a first source/drain region
and a second source/drain region; forming a surrounding gate insulator

und the silicon pillar; and . forming a surrqunding gate around and . . .

0. A SR o) S R SRR ovicing
the crybtaHl inestti@dropidiaim 13, further comprising forming a first contact on the

wafer in contact with the first source/drain region, forming a gate contact

in contact with the surrounding gate, and forming a second contact on the
11 silieomghed ah dehtedt fwitherreomposing stalirog/sdieer gie Andidamteentacts for a
stand-A5RdRfflpim 13, wherein forming a surrounding gate insulator includes

oxidizing the silicon pillar. 16. A method, comprising: forming a silicon

nitride layer on a silicon wafer; etching a hole in the silicon nitride

12.  layrnibadnde baving %ﬁﬂ@%f%%rﬁﬁ%@é@ﬁ\%ﬂ& fBrausHe thee line,

silicon nitride to the silicon wafer; forming silicon oxide sidewall spacers

and a QAR RAMEch 576 ' EBAER: i -the silicon nitride; filling the hole with an
amorphous silicon, the amorphous silicon being in contact with the silicon
wafer; removing the silicon oxide sjdewall spacers to leave an

13. aﬁ]ﬂ}%ﬂ%@%ﬁfwﬂ A R MREF 2 extending from the wafer;

forming atransistor body, including:
forming silicon nitride on a silicon wefer;
etching ahole in the silicon nitride, the hole having a minimum feature size and
extending through the silicon nitride to the silicon wefer;
forming silicon oxide sidewall spacers on sides of the silicon nitride that define
the hole;
filling the hole with an amorphous silicon, the amorphous silicon being in contact
with the silicon wafer;
removing the silicon oxide sidewall spacers to leave an amorphous silicon pillar
in contact with and extending from the wafer; and
crystallizing the silicon pillar to form a crystalline silicon pillar, the transistor
body being formed in the crystalline silicon pillar between afirst
source/drain region and a second source/drain region,
forming a surrounding gate insulator around the silicon pillar; and
forming a surrounding gate around and separated from the silicon pillar by the
surrounding gate insulator.
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crystallizing the silicon pillar to form a crystalline silicon pillar; removing
the silicon nitride from the wafer; forming an insulator layer on the wafer
and the silicon pillar; forming a surrounding gate around and
separated from the silicon pillar by the surrounding gate insulator; forming
a first source/drain diffusion region in the wafer; forming a gate contact
adjacent to the surround gate; etching a top surface of the
surrounding gate and a top surface of the gate contact to be below a top
surface of the pillar; filling the structure with an insulator; forming a
second source/drain diffusion region in a top portion of the pillar; and
forming contacts through the insulator to the first source/drain region, the
second source/drain region and the gate contact. 17. The method of
claim 16, wherein forming an insulator on the wafer and the silicon pillar
includes oxidizing the wafer and the silicon pillar. 18. The method of claim

1 o . ! < formi | |
14 PR s B Rt A T A B e i
contactpidUbek st SosiReli avaregi Garfarng R Sigencaniagel gentas withghranrounding
gate, ABFming a second contact on the silicon pillar in contact with the second source/drain

region.

15.  Themethod of claim 13, wherein forming a surrounding gate insulator includes oxidizing

the silicon pillar.

16. A method, comprising:

forming a silicon nitride layer on asilicon wafer;

etching ahole in the silicon nitride layer, the hole having a minimum feature size and
extending through the silicon nitride to the silicon wefer;

forming silicon oxide sidewall spacers within the hole in contact with the silicon nitride;

filling the hole with an amorphous silicon, the amorphous silicon being in contact with
the silicon wafer;

removing the silicon oxide sidewa | spacersto leave an amorphous silicon pillar in
contact with and extending from the wafer;

crystallizing the silicon pillar to form a crystaline silicon pillar;

removing the silicon nitride from the wafer;

forming an insulator layer on the wafer and the silicon pillar;

forming a surrounding gate around and separated from the silicon pillar by the
surrounding gate insulator;

forming afirst source/drain diffusion region in the wafer;

forming a gate contact adjacent to the surround gate;

etching atop surface of the surrounding gate and atop surface of the gate contact to be

below atop surface of the pillar;
17



etching a plurality of holes in the silicon nitride, the plurality of holes being
arranged in an array of rows and columns, each hole having a minimum
feature size and extending through the silicon nitride to the silicon wafer,
at least two of the plurality of holes being formed over the buried source
conductor; forming silicon oxide sidewall spacers within each hole in
contact with the silicon nitride;  filling each hole with an amorphous
silicon, the amorphous silicon being in contact with the silicon wafer, the
amorphous silicon in at least two of the plurality of holes being in contact
with the buried source conductor in the silicon wafer;  removing the
silicon oxide sidewall spacers to leave amorphous silicon pillar in contact
ith and extending from the wafer, the amorphous silicon pillar having
g@ﬂ@%@&%ﬁf&‘i%ﬁ%ﬁ?&dﬁi@o{han the minimum feature size; and
crystatig angpchiedsshooe/dittem dif fosiona egigst ail mogibodoptibihe ertaviagd
t i il wafer. ' [ ront
T e SRR PR A B R e 0l
sourceidpiar sggidrand thegsicesnisitfar by the surrounding gate insulator;
forming at least one gate line adjacent to each row, the at least one gate
line being in contact with each surrounding gate in the row; etching a
17, idhemeHs of fha SukPonnernd i na dr sy Aarar EemAieryae bestaeen pillar
includil 88 el WarsusfRaRS thepilak filling the structure with an insulator;
forming a second source/drain diffusion region in a top portion of the pillar;
and forming a contact to the second source/drain region. 20. The method
18. ofeéaimetAd vihespinipWhegiaTonsitgiasarolirivg et e thiesibnamgidar
.Includes oxidizing the wafer and the silicon pillar. 21. The method of claim
poWS”i@P,W\ﬂ’:?‘EGrein forming a surrounding gate includes forming a polysilicon
gate. 22. The method of claim 19, wherein forming at least one buried
SRur{q%?hggngéjrﬁt?{smga silicon wafer includes implanting a dopant in the
silicon wafer. '
forming at least one buried source conductor in asilicon wafer;

19.

forming asilicon nitride layer on the silicon wafer;

etching aplurality of holesin the silicon nitride, the plurality of holes being arranged in
an array of rows and columns, each hole having a minimum feature size and extending through
the silicon nitride to the silicon wafer, at least two of the plurality of holes being formed over the
buried source conductor;

forming silicon oxide sidewall spacers within each holein contact with the silicon nitride;

filling each hole with an amorphous silicon, the amorphous silicon being in contact with
the silicon wafer, the amorphous silicon in at least two of the plurality of holes being in contact
with the buried source conductor in the silicon wafer;

removing the silicon oxide sidewall spacers to leave amorphous silicon pillar in contact
with and extending from the wafer, the amorphous silicon pillar having cross-sectional
dimensions | ess than the minimum feature size; and

crystallizing the silicon pillar to form a crystalline silicon pillar;

removing the silicon nitride from the wafer;

forming an insulator layer on the wafer and the silicon pillar;

18



forming a surrounding gate around and separated from the silicon pillar by the
surrounding gate insulator;

forming at least one gate line adjacent to each row, the at least one gate line being in
contact with each surrounding gate in the row;

etching atop surface of the surrounding gate and a top surface of the gate contact to be
below atop surface of the pillar;

filling the structure with an insulator;

forming a second source/drain diffusion region in atop portion of the pillar; and

forming a contact to the second source/drain region.

20.  Themethod of claim 19, wherein forming an insulator on the wafer and the silicon pillar

includes oxidizing the wafer and the silicon pillar.

21.  Themethod of claim 19, wherein forming a surrounding gate includes forming a
polysilicon gate.

22.  Themethod of claim 19, wherein forming at least one buried source conductor in a

silicon wafer includes implanting a dopant in the silicon wafer.
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