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SYSTEM AND METHOD FOR RADICAL AND THERMAL PROCESSING OF
SUBSTRATES

BACKGROUND

Field

[00061] Embodiments of the present disclosure generally relate to systems and
methods of manufacturing a semiconductor device. Mare particularly, the present
disclosure is directed to systems and methods of thermally processing channel

structures in semiconductor devices under a hydrogen radical environment.

Description of the Related Art

[0002] The integrated circuit (1C) market is continually demanding greater memory
capacity, faster switch speeds, and greater feature density. In order to enable
fabrication of next generation devices and structures, three dimensional (3D) stacking
of semiconducior memory chips are often used {o improve performance of the
fransistors. By arranging fransistors in three dimensions instead of conventional two
dimensions, multiple transistors may be placed in the integrated circuits very close (o
sach other. Three dimensional stacking of semiconductor chips reduces wire lengths,
keeps wiring delay low and increases area device density on the chip. When forming
flash memory structures, a film stack is disposed on a substrate and an etch process
is performed 1o stch a french in the film stack. The trench is later used to build a
silicon channel structure to electrically communicate betwesn a source and a drain
structure formed nearby. The film stack typically includes repeated alternating layers
of conductive layers and insulating layers. Due to the requirement of the high number
of the repeatedly altemating layers in the film stack for higher device performance,
the film stack with channel structures often have high aspect ratios. Morgover,
manufaciurers are continuously increasing the height of the stacks which increases
the length of the channel. The speed of the device becomes limited by the mobility of

glectrons in the channel and the increased lengths that the electrons must travel.

[0003] In order to increase the mobility of electrons in the channel, conventional
methods use thermal annealing alone to crysiallize and grow semiconductor grains to

aid electron mobility. Such processes, however, are not ideal because annealing
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alone causes high thermal budgets which include running at high temperatures for
fong residence times. Temperature is often limited because axcesding certain
temperaturas can cause defects in the device. Morsover, extending residence times
can affect throughput. If residence time and/or temperature is inadequate, then grain
sizes do not grow o an adequate level and can produce devices with poor

performance.

[0004] Inview of the above, there is a need for systams and methods for thermally

processing a substrate having high aspect ratio features.
SUMMARY

[0005] In an embodiment, a method of processing a substrate is provided that
includes positioning the subsirate in a first procassing chamber having a first
processing volume. The substrate includes a 3D memory structure with high aspect
ratio features having aspect ratios greater than about 20:1. A silicon-containing laver
of a channel structure, such as in a 30D memory structure of the substrate is exposed
to a hydrogen-or-deuterium plasma in the first processing volume at a flow rate of
about 10 scem to about 5000 scom. The substrate is annealed in the first processing
volume at a temperature of about 100°C to about 1100°C during the exposing forming
anucleated substrate. Subsequent to exposing the substrate, the nucleated substraie

is thermally annealed.

[0008] In another embodiment, @ method of making a memory device on a
subsirate is provided that includes forming a channel structure in a film stack by
gtching a channel in the film stack and placing a channel layer on an inner surface
and bottom of the channel The channel and the channel layer forms the channel
structure having a high aspect ratio on the substrate. Each channe! structure has an
aspect ratio greater than about 20:1. The meathod includes exposing the channel
structure to hydrogen radicals in a first processing volume of a first processing
chamber. The channel structure is heated at a temperature of about 100 °C {o about
1100 °C.

[0007]  In ancther embodiment, a method of processing a substrate is provided
including forming an amorphous silicorn-cortaining layer over a bottom and inner

surface of a channel formed in a film stack of the substrate. The film stack includes
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alternating oxide and nitride layers or alternating oxide and polysilicon layers. The
procass includes exposing the amorphous silicon-containing layer to hydrogen
radicals. Thea substrate is heated at a first temperature of about 100°C to about
1100°C to form a nucleated substrate. The nucleated substrate is further heated at a

second temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] So that the manner in which the above reciled features of the present
disciosure can be understood in detail, 8 more particular description of the disclosure,
briefly summarized above, may be had by reference to embodiments, some of which
are illustrated in the appended drawings. It is to be noted, however, that the appended
drawings illustrate only typical embodiments of this disclosure and are therefore not
o be considered limiting of its scope, for the disclosure may admit to other equally

effective embodiments.

[0009]  FIG. 1A depicts an example channel formed in a film stack disposed on a

subsirgte in accordance with certain aspecis of the present disclosure.

(00107  FiG. 1B depicts an sxample channel structure with a channel layer disposed
inside the channel of a memory structure formed on a substrate in accordance with

certzin aspects of the present disclosure.

[0011] FIG. 2 depicts a flow diagram of an example methoed for making a memory

device on a substrate in accordance with certain aspects of the present disclosure.

[0012] FiIG. 3 depicts a schematic of an example thermal processing system used
{0 treat a channel structure on a subsirate in accordance with certain aspects of the

present disciosure.

(00131 FiG. 4A and FIG. 4B depict schematics of example thermal radical
treatment systems used {o heat and freat a8 channel structure on a subsirate with a

radical specias in accordance with certain aspects of the present disclosure.

[0014] FIG. 5 depicts a flow diagram of an example method of processing a
substrate having high aspect ratic features in accordance with cartain aspects of the

present disciosure.

93]
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[00158] To facilitate understanding, identical reference numerals have been used,
where possible, 10 designate identical elements that are common to the figures. ltis
contemplated that elements and features of ong embodiment may be beneficially

incorporated in other embodiments without further recitation.

[0016] #t is to be noted, however, that the appended drawings illustrate only
exemplary ambodiments of this disclosure and are therefore not to be considered
fimiting of its scope, for the disclosure may admit o other equally effective

embodiments.

DETAILED DESCRIPTION

[0017] Certain aspects of the present disciosure provide systems and methods for
thermally processing subsirates with high aspect ratio features. |In particular, high
aspect ratio features can be channel structures that are formed in certain three
dimensional devices. As vertical struclures are created with increasingly long channel
fengths, the speed of the device can become limited by the mobility of slactrons in the
channel and the increased lengths that the electrons must travel. Thus, there is a
nead to increase the mobility of electrons in the semiconductor channel in order to
compensate for the increasing length that the electrons must travel.  in particular,
increasing grain sizes of the semiconductor, such as silicon in the channel, using
thermal annealing processes can help reduce electron scatiering at semiconductor

grain boundaries and therefore increase mobility of glectrons.

[0018] Annealing creates a more crystaliing structure from regions of the substrate
that wers previously made amorphous. During crystallization process, semiconductar
atoms, such as silicon atoms, rearange into ordered lattice structures. in order {0
crystalize an amorphous semiconductor film, heat is generally used as an energy
source to provide atoms with necessary Kinetic energy o rearrange the atoms into an
ordered structure. To increase the grain size obtained from amaorphous semiconductor
films, furnace temperature can be increased orfand furnace anneal time can be
increased. Fumnace femperature is greatly limited dus to tighter requirement of
processing thermal budget, while increased furnace anneal time can harm throughput
of the product. In view of the above, there is a need for systems and methods for
procassing a semiconductor substrate having film stacks with high aspect ratio

channel structures to provide uniform and enlarged grain size in the channel with a
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method of high throughput and minimum thermal budget in order to offer increased
performance of the device in an efficient manner. The present disclosure provides for
systems and methods for thermally processing substrates having high aspect ratio

features in order o produce high performance devices.

(00191 In particular, the processes and systems of the present disclosure improve
glectron mobility within channels of three-dimensional memory siructures by
increasing the averags grain size within a semiconductor channel layer disposed in
the channsl. The process includes treating the substrate with a radical species, such
as hydrogen or deulterium radicals, under increased temperature conditions o
promote an environment that faciliiates nucleation and grain growth of the
semiconductor channel layer. The radical treatment, such as hydrogen or deuterium
doping, can be followed by furnace annsaling at temperatures equal or higher than
the radical treatment to promote grain growth of the nucleated semiconductor channel
layer. Furnacs annealing of the nucleated channe! layer results in a morg uniform
grain distribution within the semiconductor channel layer and further grain growth.
The hydragen or deuterium radical treatment enables decreases of the activation
energy required for nucleation and incubation stage of semiconductor grains and

reduces the amount of heat and time necessary during furnace annealing.

[0020] FiG. 1A and FiG. 1B depict memory structures 110 formed on a substrate
100 at various stages of formation in accordance with certain aspects of the present
disclosure. As shown in an example embadiment dapicted in FIG. 1A and FIG.18,
the substrate 100 has a substantially planar surface, but may alternatively have an
uneven surface, or a substantially planar surface having a structure formed theraon.
A film stack 101 is disposed on the substrate 100 that is used to form memory cell
structures in the film stack 101, The manufacturing process of 8 3D NAND device
starts with depositing multiple alternating film layers, which are collectively referred to
as a "film stack”. Creating the film stack includes depositing multiple, thin layers of an
oxide/nitride (ON) pair of layers or an oxide/polysilicon (OP) pair of layers. The
substrate 100 is a silicon based material, but may also be a germanium based
material, a silicon-germanium  aglloy, or any suitable insulating materials,
semiconductor materials or conductive materials, such as a material with a periodic
group L IV orV element. In some embodiments, the substrate 100 can be a material

such as doped or undoped single crystalline silicon, silicon oxide, strained silicon,
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silicon germanium, doped or undoped polysilicon, doped or undoped silicon wafers
and patterned or non-patternsed wafers silicon on insulator (SO1), carbon doped silicon
oxides, silicon nitride, doped silicon, germanium, galliium arsenide, glass, sapphire.
The substrate 100 can have various dimensions, such as about 200 mm, about 300
mim, about 450 mm, or other diametsar substrates, as well as, rectangular or square

panels.

[0021] In at least one embodiment, the film stack 101 disposed on the subsirate
100 has a number of vertical stacked layers, such as 34 pairs of layers or more. The
film stack 101 includes pairs of layers including a first layer 102 (shown from 102a1 to
102an) and a second layer 104 (shown from 104a: {o 104an) that alternate and are
sandwiched between two nitride layers 103a and 103b. The sandwiched layers are
stackad on an aluminum oxygen compound layer 108 disposed on the substrate fo
form the film stack 101. The pairs of layers include alternating first layver 102 and
sacond layer 104 repeaatedly for n number of pairs of the first layers and the second
tayers. The film stack 101 is part of a memory cell device, such as a three-dimensional
(3D) memaory device and any predetarmined number of repeating pairs of the first and

second layers 102, 104 can be used as needed.

(00221 In at least one embodiment, which may be combined with other
embodiments, the film stack 101 is used to form multiple memaory cell structures for a
three-dimensional (3D) memory device. Ths film stack 101 is composed of altermating
oxide and nitride layers (ON) or of allernating oxide and polysilicon layers (OPF). For
example, the film stack 101 can include polycrystalline silicon, silicon oxide, silicon
nitride,  silicon  oxynitride,  silicon carbide, silicon oxycarbide, titanium nitride,
composite of oxide and nitride, at least one or more oxide layers sandwiching a nitride
layer, and combinations thereof, among others. As can be seen in FIG. 1A and FIG.
1B, the alternating layers of the film stack 101 include first layers 102, which function
as insulating dielectric lavers, such as silicon oxide. The alternating layers of the film
stack 101 also include second layers 104, which are functional layers within which
memory storage cells are built. The functional lavers include one or more of silicon,

poly silicon, and silicon nitride.

[00623] The second layers 104 include memory store cells of different structures,

such as a charge-trap davice (not shown), or a flosting gate device. The floating gate
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device includes a control gate 109, an interpoly diglectric (IPD) layer 106, a floating
gate 107, a tunnel oxide layer 105, and a channel layer 170. The floating gate is
composed of silicon and the tunnel oxids layer is composed of silicon axide. Howsver,
cther materials are also contemplated. The IPD layer 106 is a stack of layers, such
as stack of three layers. The IPD laver 108 is a stack of one or more of a silicon oxide
layer, a silicon nitride layer, and a silicon oxide layer. The alternating first layers 102
and second layers 104 are disposed batween nitride layers {&.g. 103a, 103b), such

as betwesn a cap laver 103a and a stop layer 103b.

i0024] The film stack 101 is patterned to form a channel 150 therein, as shown in
FIG. 1A, A hardmask layer {(not shown in drawings) is formed on the film stack 101
to facilitate forming channels 150 in the film stack 101, The channsls 150 are used to
farm channel structures 160 in the device structure when the manufacturing process
is done. Channel structures 180 as used herein include the channel 150, and channel
fayer 170. It is noted that the device structures and configurations can be varied as

needed for different device performance requirements.

[0028] The patterning process includes forming a channel 180, shown in FIG. 1A,
in the film stack 101, which is later used as a channel structure 160, shown in FiG.
1B. The patterning process uses any suitable patterning gas mixture {o eich the first
and the second layers 102, 104 in the film stack 101, The channellayer 170 is formed
in the channel 150 to form the channel structurs 160, The channsl layer 170 is formed
in the inner surface of the channel, along the entire length of the channel, and at the
bottom of the channel. The channel layer 170 is formed by a chemical vapor
deposition (CVD) process, but may alternatively be formed by atomic layer depaosition
{ALD)} process, sputtering process, coating process, or other suilable processes. The
channel layer 170 is amorphous after deposition and crystallized into poly-Si after
hydrogen or deuterium radical treatment, and may additionally or alternatively include
single crystal silicon, group IH-V semiconductors or other semiconductors with high
electron mobility and low random telegraph noise. The channel layer 170 is
crystallized to increase conductivity of the channe! structure 160 and enhance overall
device performance. The channel 150 formed in the film stack 101 can have a sloped
sidewall (e.g., non-perpendicular or angled relative 1o the horizontal surface or plane
of the substrate 100) during the patterning and etching process. An oxide layer (not

shown) can fill the remaining space in the channel structure 160 after the channel
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layer 170 is placed and after thermally treating the channel! structure 160 according to

the methods of the present disclosure.

[00268] In at least one embodiment, which may be combined with other
embodiments, the substrate of the present disclosure includes high aspect ratio
features. For example, the channel 150 formed in the film stack 101 ¢an be referred
to as a high aspect ratio feature, or the channel 150 and channel layer 170 togsther
farm a3 high aspect ratio feature. High aspect ratio features have aspeact ratios above
about 20:1, 30:1, 43:1, or 50:1, such as from 50:1 to about 1000:1, such as about 50:1
to about 300:1, such as about 1001 to about 300:1, or about 200:1 to about 300:1.

[0027] Although a 3D NAND siructure is depicted in Figures 1A and 1B, the
methods of the present disclosure can be applied 1o any semiconductor device with
channel structures such as resistive RAM (ReRAM), and 3D-DRAM.

[0628] FIG. 2 depicts a flow diagram of an example method 200 for making a
memory device on a substrate in accordance with certain aspeacts of the present
disclosure. QOperation 202 of the method 200 includes forming a channel structure in
afilm stack 101. The channel structure 160 is formed by stching a channel 150 inthe
filmn stack 101 and forming a channel layer 170 in an inner surface and bottom of the
channel 150 of the film stack 101. The channel structure 180 forming a high aspect
ratio feature having aspect ratios above about 20:1. The channel layer 170 is about

100 Angstroms to about 200 Angstroms.

[0028] The method 200 includes, in operation 204, treating the channel structure
160 with hydrogen-or-deuterium radicals in a first processing volume {(2.g., 308 shown
in FIG. 3 and FIG. 4) of a first processing chamber (e.g., 328 shown in FIG. 3 and
FIG. 4). Channel structures having high aspect ratios are a challenge o treat using
conventional processes because conventional processes using high energy plasma
cause unintentional ion etching from ion bombardment and poor uniformity along the
channetl length. In conventional processes, high energy plasma ions are directed
straight to the bottom of the channel rather than the sidewalls. Although conventional
processes are used for horizontal surfaces, conventional processes are not suitable
for vartical structures such as channels. it has bsen discovered that the hydrogen

process disclosed herein provide non-directional radical treatment along the entire
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channel length, resulting in improved uniformity for nucleation and grain growth. In
particilar, the hydrogen radicals are delivered {o the processing volume {(e.q., 308
shown in FIG. 3 and FiG. 4) via a shower head disposed above the substrate. Inone
example the shower head is configured o provide uniform distribution of radicais over
the substrate, facilitating improved diffusion into the channel150 formed in operation
202.

(00307  In some embodiments which may be combined with other embodiments, at
operation 204, the first processing chamber (e.g., 328 shown in FIG. 3and FIG. 4) is
heated at a temperature of about 100 °C fo about 1100 °C, such as about 200 °C to
about 800 °C, such as about 300 °C to about 700 °C, about 400 °C to about 600 °C,
such as about 500 °C. In at least one embodiment which may be combined with other
embodiments, the substrate having high aspect features, is exposed to the hydrogen
or deuterium radical spacias for at ieast about 1 minute, such as about 1 minuts to 30
minutes, alternatively about 10 minutes to about 1 hour, such as about 20 minutes to
40 minutes, such as about 30 minutes. Treating the high aspect ratio features with
the hydrogen or deuterium radical species al temperatures described above can be
done in a thermal radical treatment systemn 400 described with reference o FIG. 4A
and FIG. 4B. However, the use of other thermal processing sysiems is also

cortemplated.

[0031] Referring back to FIG. 2, operation 206 includes heating the high aspect
ratio features after hydrogen or deuterium radical species exposure at a temperalure
of about 400 °C to about 1100 °C. In some embodiments, which can be combined
with other embodiments described herein, the high aspect ratio features are heated
in a second processing volume 358 of a second processing chamber 352, as depicted
in FIG. 3. Alternatively, high aspect ratio features are heated in the first processing

volume 308 of the first processing chamber 328.

[0032] FiG. 3 depicts a schematic of an example thermal processing system used
o treat a channe! structure on a substrate in accordance with certain aspects of the
present disclosure. The second processing chamber 352, can be a thermal
processing chamber that can be heated at a temperature range from room
temperature to about 1100 °C or greater, such as a furnace. In some embodiments,

which can be combined with other embodiments, the substrate having high aspect
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ratio features is heated in the second processing chamber at a temperature of about
400 °C to about 1100 °C, such as about 800 °C to about 1000 °C | such as about 700
°C. The substrate having high aspect ratio features is annealed in the second
processing chamber 352 for at least about 1 minute, such as about 10 minutes to
about 1 hour, such as about 20 minutes to 40 minutes, such as about 30 minutes. In
at least one embodiment which may be combined with other embodiments, the
second processing chamber 352 is operated at a pressure of about 1 Torr to about
3800 Torr, such as atmaspheric or reduced pressure, such as about 1 Torr {0 about
760 Torr. In some embodiments, the second processing chamber 352 includes
nitrogen gas. Pressure is conirolled by flowing inert gas, such as a noble gas, for

axample, argon.

[0033] FIG. 4A depicts a schematic of an example thermal radical freatment
system 400 used to treat a channel structure 160 on a subsirate 100 in accordance
with certain aspects of the present disclosure. The tharmal radical reatment system
400 includes a first thermal processing chamber 328, a remote plasma source (RPS)
308, and a gas line 307 coupling the remote plasma source 306 to the first thermal
processing chamber 328, The first thermal processing chamber 328 can be &
conventional heater based anneal chamber, or a rapid thermal processing (RTP)
chamber such as a rapid thermal anneal (RTA) chamber. In some embodiments, the
first thermal processing chamber 328 can be any thermal processing chamber where
delivery of at least metastable radical molecular species and/or radical atomic species
to a processing volume is desired. For example, in some embodiments, the
processing chamber is a plasma treatment chamber, or a plasma enhanced or plasma
assisted deposition chamber, such as a plasma enhanced chemical vapor deposition

{(PECVD) chamber or a plasma enhanced atomic layer deposition chamber (PEALD).

[0034] A control module 318 can be couplad to the thermal radical treatment
system 400 to control the operating parameters of the first thermal processing volume
308, the RPS 306, the pump 318, and the gas flow in the gas line 307 to the first
thermal processing chamber 328. The control module 318 can include a central
procassing unit (CPU) 324, a memory 320, and support circuits 322 for the OPU 324,
The control madule 318 controls the thermal pre-process system 300 directly, or via
other computers and/or controllers {not shown) coupled to the first thermal processing
chamber 328, the RPS 306, andfor the gas line 307. The control module 318 is of

10
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any form of a general-purpose computer processor that is used in an industrial setting
for conitrolling various chambers and equipment, and sub-processors thereon or
therein. The memory 320, or computerreadable medium, is one or more of readily
available memory such as random access memory (RAM), read only memory (ROM),
floppy disk, hard disk, flash drive, or any othar form of digital storage, local or remote.
The support circuits 322 are coupled to the CPU 324 for supporting the processor.
The support circuits 322 include cache, power supplies, clock circuits, input/output
circuitry and subsystems, and the like. Subsirate processing parameters are stored
in the memory 320 as a software routine that is executed or invoked {o turn the control
moduie 318 info a specific purpose controlier to control the operations of the thermal
radical tfreatment system 300. The control module 318 is configurad to perform any
of the methods described herein. In some embodiments, a vacuum pump 316 is used
to maintain a gas pressure in the first thermal processing volume 308. The vacuum
pump 316 evacuates post-processing gases and/or by-products of the process via an
exhaust 309. In some embodiments, the vacuum pump 318 is controlied by the

control module 318.

[00358] The RPS 306 is coupled to a power supply 338, The power supply 338 is
used as an excitation source o ignite and mainiain a plasma in the RPS 306, In at
least one embodiment, the RPS 306 includes an inductively coupled plasma (ICP)
source, a transformer coupled plasma {(TCP) source, and/or a capacitively coupled
plasma (CCP) source. In some embodiments which may be combined with other
ambodiments, the power supply 338 is a radio frequency (RF) source. For exampile,

the RF source delivers power between about a 5 kW to about 9kW, such as a 7 kW.

[0036] The RPS 306 operates at about 50 mT to about 10T, such as about 1060 mT
to about 1 T. The RPS 3086 is coupled to a first gas source 302 via first gas conduit
203 and a second gas source 304 via second gas conduit 305, For example, the first
gas source 202 can include a first gas, the first gas can include a nonreactive gas
such as He, Ne, Ar, Kr, Xe, and N2, For example, the first gas scurce 302 can include
Ar gas. In some embaodiments, the second gas source 304 can include a hydrogen,
nitrogen, or deuterium cortaining species, Hz, De, NHs or 2 combination thereof. Inat
least one embodiment, the thermal radical treatment system is a twin chamber as set
forth in FIG. 4B. The twin chamber procasses two substrates concurrently in a

chamber body having two process regions. The fwo volumes are not isolated with

11
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respect to one ancther. However, other configurations are contemplaied. The flow
rate of the second gas source into the first thermal processing volume 308 is about
10 scom to about 5000 scom, such as from about 100 scom to about 1500 scom. The
total flow rate of the first and second gas into the first thermal processing volume 308
is about 10 scom to about 5000 scom, such as from about 100 scom to about 1500

SCOM.

[0037] FIG. 4B depicts a cross-sectional view of an example thermal radical
treatment system 400 having a iwo chambers in accordance with certain aspects of
the present disclosure. In particular, FIG. 4B depicts an example of a first thermal
processing chamber having two thermal processing chambers 3284, 328B. Each of
the thermal processing chambers 328A, 328B of the first thermal processing system
400 includes a substrate holder 3124, 3128, The substrates having high aspect ratio
features are positioned on one of the substrate holders (e.g., 312A, 312B) in one of

the first processing volumes (e.g., 308A, 308B8).

[0038] Each of the thermal processing chambers 3284, 328B includes remote
plasma sources 308A, 3088B. in some embodiments, the thermal processing
chambers 3284, 3288 can share a single RPS (not shown in figure). In some
embodiments, sach RPS 3064, 3088 is coupled to a shared first gas source 302 and
a shared second gas source 304, In at least one embodiment, each RPS 3084, 3068
can be coupled {0 a distinct first gas sourcs (not shown) and a distinct second gas
source {not shown). Each of the substrate holders 3124, 3128 has embadded heater
glements 314A, 3148 suitable for controliing the temperature of the substrate
supported on the substrate holders 3124, 312B. In at least one embaodiment which
may be combined with other embodiments, the substrate holder 3124, 3128 can be
resistively heated by applying an slectric current from a power supply to the heater
glement 314A, 314B. Each of the thermal processing chambers 328A, 3288 also
includes process kits 310A, 310B. A process kit is one or more components inside
the thermal processing chambers 3284, 3288 used for on-wafer performance, such

as liners. The liners can be made from guartz, ceramic, or metal.

(00397 FiG. 5 depicts a flow diagram of an example method 500 of processing a
substrate having high aspect ratio features in accordance with certain aspects of the

present disclosure. The high aspect ratio features have aspect ratios of greater than

12
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about 20:1, such as from agbout 20:1 to about 10001, such as from about 50:1 o
about 5001, such as from about 100:1 to about 300:1. The msthod 500 includss, at
operation 502, forming a semiconductor fayer (e.q., semiconductor channel layer
1703, such a silicon-containing layer over a substrale. The substrate with the

semiconductor layer is positionad in a first thermal processing chamber having a first

processing volume, the first processing being in fluid communication with a gas line.

[0040] Al operstion 504, the substrate is exposed to a hydrogen or deuterium
radical specigs. Forming the hydrogen or deuterium radical species includes forming
a plasma from a first gas in a remote plasma source 306, flowing the plasma into the
first thermal processing chamber 328 via gas line 307, and flowing a second gas to
the remote plasma source 306 prior to, simultaneously with, or after ignition of the first
gas in the remote plasma source 306, In some ambodiments, the plasma and the
second gas can mix in the first thermal processing volume 308. The first gas from the
first gas source 302, such as argon, flows into the remote plasma source 3086 via first
gas conduit 303. The power supply 338 is turmed on and the mixture in remote plasma
source 306 flows into the first thermal processing volume 308. The second gas, such
as hydrogen gas, enters the RPS 308 via the second gas conduit 305, mixes with the
plasma, and flows to the first thermal processing volume 308 via the gas line 307. The
flow rate of the second gas is about 5% to about 100% of the total flow rate of the first
and second gas to the remote plasma source 306. The first gas is ignited into plasma
in the RPS 306 and used to dissociate the molecules of the second gas into a radical
species, such as hydrogen radical in the remote plasma source and in a mixing
volume of the gas line 307, In some embodiments which may be combined with othar
embodiments, the first gas can be turned off and the radical species produced from
the second gas can flow into the first thermal processing volume 308, In some
embodiments which may be combined with other embodiments, the first gas can
continug to flow into the first thermal processing volume concurrantly with the radical
species produced from the second gas. The hydrogen-or-deuterium radical species
is flowed into the first thermal processing volume 308 to nucleate the amorphous layer
of the 3D memory structures of the substrate with the radical species as dascribed in

operation 506.

100411  Although the plasma source is depicted in the figures as a remote plasma

source 308, other excitation sources are contemplated. In some embaodiments, which

13
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can be combined with other embodiments described herein, the second gas flows into
an inductively coupled plasma (ICP) source before flowing into the first thermal
procassing voluma or the second gas is energized by ICP in sifu within the first thermal
processing volume. In some embodiments, the second gas can flow into a microwave
plasma source before flowing into the first thermal processing velume or the second
gas i5 energized by the microwave plasma source in gify within the first thermal
processing volume.  In some embodiments which may be combined with other
embodiments, the thermal process of the present disclosure is free of all non-
hydrogen and/or non-deuterium radical species. it has been discovered that forming
the plasma in the remote plasma source uses less energy to form and sustain the

plasma than forming the plasma directly in the processing volume.

[0042] In certain aspects of the present disclosure which may be combined with
other embodiments, forming the hydrogen or deuterium radical species, includas
turning on the power supply 338 o the RPS 306 and flowing the second gas from a
second gas source 304, such as hydrogen-containing gas, into the RPS 306 via
second gas conduit 305, The flow rate of the second gas can be about 100% of the
total gas flow rate to the remote plasma souwrce 308, The molecules of the second
gas are dissociated to a radical species, such as hydrogen radical, in remote plasma
source 306 and in the gas line 307. The hydrogen or deuterium radical species is

flowed into the first thermal processing volume 308 as described in operation 504,

[0043] Flowing the hydrogen and/or deuterium radical species to the first thermal
processing volume 308 includes nucleating the semiconductor channel layer 170, In
particular, before the hyvdrogen andfor deuterium radical species freatment, the
semiconductor channel layer is an amorphous layer, such as an amorphous layer
andfor semi-crystalline layer used to produce 30 memory structures. After exposing
the substrate having the amorphous semiconductor channel fayer, the semiconductor
{e.g., silicon) within the channel layer 170 is nucleated to form a nucleated subsirate.
Nucleating the substrate includes heating the substrate during the hydrogen and/or

deuterium radical species exposure.

[0044]  In some embodiments, the substrate in the first processing chamber (&.9.,
328 shown in FiG. 4A and FIG. 4B) is heated at a first temperature of about 100 °C to
about 1100 °C, such as about 400 °C to about 1100 °C, such as about 200 °C o
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about 800 °C, such as about 300 °C to about 700 “C, about 400 °C to about 800 *C,
such as about 500 °C. In at least one embodiment, the substrate having high aspect
features, is exposed to the hydrogen andfor deuterium radical species at about 100
°C to about 1100 °C | such as about 400 °C to about 800 °C for a first amount of time,
such as about 1 minute to about 80 minutes, such as aboul 5 minutes (o about 20
minutes, such as about 5 minutes to about 10 minutes, or from about 10 minutes to

about 15 minutes.

[0045] The flow rate of hydrogen or deuterium radical species into the first thermal
procassing volume 308 is about 10 scem o about 5000 scom, such as from about 100
scem {o about 1500 scem. The total flow rate of gas including the radical species into
the first thermal processing volume 308 is about 10 scom to about 5000 scem, such
as from about 100 scom to about 1500 scom. The first temperature of the first thermal
processing chamber is at about 100 °C to about 1100 °C. In at least one embodiment,
the subsirate having high aspsact ratio features is treated with tha radical species at
about 450 °C to about 550 °C for about 5 minutes {o about 10 minutes.

[0048] The pressure in the first thermal processing chamber is at least about 10
mTorr to about 530 Torr, such as about 10 mTorr to about 10 Torr. Pressure in the
first thermal processing chamber is controlled by increasing the gas flow rate from the
gas line to the first thermal processing chamber and/or decreasing the gas flow rate
pumped out of tha first thermal processing chamber. In some embodiments, which
can be combined with be combined with other embaodiments described herein, a
hydrogen gas flow is fixed and pressure is controlled by adjusting {e.g., increasing)
the flow rate of inert gas into the first tharmal processing chamber. An increased
amount of inert gas in the first thermal processing increases the chamber pressure in
the first thermal processing chamber which can absarb the radical species in the
thermal processing chamber and cause the radical species to combine. Under certain
conditions, this reduces etching of the channel layer of the chamnel struciture caused

by high amounts of hydrogen and/or deuterium radical species.

[0047]  Without being bound by theory, it is believed that treating the amorphous or
polycrystaliine semiconductor material of the semiconducior channel layer 170 with &
radical species such as hydrogen and/or deuterium radicals, can lower the activation

anergy required for nucleation and grain growth of the semiconductor material. In
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particular, it is believed that the radical inserts into the semiconductor lattice structure
and creates “seeds” for grain growth and can increase crystallinity of the
samiconductor material during annealing. The insertion of the hydrogen or deuterum
radical species can cause semiconductor atom bonds, such as Si-Si bonds, to
break/relax and rearrange. These rearrangsaments can reduce the activation energy
for nucleation and thus reduce the amourit of heat that typically reguired to crystallize
the material. It has been discoverad that using high temperatures of about 400 °C to
about 1100 °C, such as 400 °C to about 600 °C during radical annealing results in

good semiconductor grain growth for several reasons.

[0048] First, high temperatures will increase dis-absorption efficiency of H radical
on semiconductor surface, therefore, minimize etching of semiconductor caused by
the radical species. Without being bound by theory, it is believed that the radical
species (e.g., hydrogen and/or deuterium) can react with semiconductor atoms to form
a volatile hydrogen, semiconductor compound (e.9., silicon compound) that can stch
the semiconductor channel layer 170 (s.g., Si layer). At high temperatures, dis-
absorption of radicals such as hydrogen radicals is increased so that the radicals do
not have time o react with the semiconductor material before leaving the surface of

the semiconductor material.

[0048] Second, using high temperatures during radical annealing can increase
both diffusion coefficient and diffusion length for the hydrogen or deuterium radical
species to diffuse into the semiconductor laver, therefore increasing the efficiency of
nuclteation inside the amorphous semiconductor layer. Third, high temperature during
annealing provides more thermal energy for semiconductor atoms {o move and
rearrange themselves into crystalline structures.  Silicon, germanium, germanium
alloys, silicon alloys, and a combination thereof benefit similarly. The method 500 can
optionaily include, at operation 508, heating the nucleated substrate in the first
processing volume or a second thermal processing chamber having a second
processing volume. The second thermal processing chamber is an oven or a furnace,
such as a large industrial furnace, a box furnace, a split box furnace, a tube furnace,
a split tube fumace, a multi-zone sphit twbe furnace, andf/or a small baich furmace. In
some embodiments, which can be combined with any of the embodiments of the
present disclosure, the second thermal processing chamber is the same as the first

thermal processing chamber. For example, the radical species treatment of operation
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506 of method 500 occur in the same chamber as heating in operation 504. Heating
the substrate in the second processing volume enables heating several substrates
simuitaneously, allowing additional substrates to be processed in the first processing

chamber and therefore increasing overall process throughput.

[G0B0]  The nucleatad substrate having high aspect ratio features is heated in the
second processing chamber at a second temperature of about 100 °C to about 1100
o, such as about 400 °C to about 400 °C, or about 600 °C to about 800 °C | such as
about 700 °C. As used herein, the term “nucleated substrate,” refers {0 a substrais
that has been treated with a hydrogen or deuterium radical species ¢ form nucleation
sites. A nucleation site is a site upon which additional atoms are deposited as the
crystal grows to form a struciure pattern characteristic of a crystalline solid. A
nucleated substrate can be partially crystallized or fully crystalized depending on the
degree of crystallization introduced by the treatment. The nucleated substrate having
high aspect ratio features is annealed in the second processing chamber 352 for a
second amount of time, such as at least about 1 minute, such as about 16 minutes to
about 1 hour, such as about 20 minutes to 40 minutes, such as about 30 minutes. In
at least one embodiment, the second processing chamber can be operated at
atmospheric or reduced pressure, such as about 1 Torr to about 780 Torr. In some
embodiments which may be combined with other embodiments, operation 508 can
occur in the first thermal processing volume 308, In some embodiments, the first
thermal processing volume 308 can be evacuated via pump 316 of gases and the
nucieated substrate can be heated in the first thermal processing volume. The total
procassing time from operation 504 to operation 506 is less than about 3 hours, such
as about 0.5 hour to about 2 hours, such as gbout 1.5 hours. In some embodiments,
operation 504 and 506 can occur in the first processing chamber and the total
processing time of operations 504 and 506 can be at least about 1 minute, such as
about 10 minutes to about 1 hour, such as about 20 minutas to 40 minutes, such as

about 30 minutes.

(00511  In some embodiments, which can be combined with other embodiments
described herein, a high dosing of hydrogen or deuterium radical species, such as at
a about 300 scom to about 1500 scom is used in the first thermal processing volume
308 while heating the substrate at the first temperature of the first thermal processing

chamber for the first amount of time, such as about 5 minutes {0 about 10 minutes,
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before the substrate is transferred to the second thermal processing volume for
additional heating at the second temperature for the second amount of time.
Alternatively, a high dosing of hydrogen or deuterium radical species, such as at a
flow rate of about 300 scom to about 1500 scoem is used in the first thermal processing
volumea 308 while haaling the substrate at the first temperature of the first thermal
processing chamber for the first amount of time, the flow rate of the radical species is
turned off or reduced for additional heating at a second temperature for the second
amount of time. The dose of the hydrogen or deuterium radical species provided
herein is high enough and the duration provided harein is long enough for hydrogen
to insert into the substrate o nucleate the substirate without substantially eiching the
substrate. The dosing provided herein is also high enough to account for potential
aoutgassing of hydrogen while the substrate is heating at the second temperature.
Hydrogen outgassing from the substrate inhibits grain growth. Heating the subsirate
in the second process volume such as in a furnace, provides the additional banefit of

processing numerous substrates simultaneously in the furmnace.

[00582] In some embodiments, which can be combined with other embodiments
described herein, a low dosing of hydrogen or deuterium radical species, such as at
a about 10 scom to about 100 scem is used in the first thermal processing volume 308
while heating the substrate at the first temperature of the first thermal procsssing
chamber for a third amount of time, such as the total processing time from operation

504 to operation from 508, such as about 5 minutes to about 1 hour.

[0653] In some embodiments, which can be combined with other embodiments
describad hergin, the second temperatura is lower than the first temperature. |t has
been discovered that the second temperature disclosed herein is high encugh to
promote grain growth and low enough to reduce the likelihood of over-nucleation. The
“nucieation” refers to the formation of nucleating sites and the term “over-nucleation”
refers to the formation of more than the intended number of nucleating sites. H has
been discovered that over-nucleation within a volume of substrate results in a lower
average grain size.  In some embodiments, which can be combined with other
embodimenis described herein, the second temperature is about 5% to 50% lower
than the first temperature, such as about 10% to about 30 % lower, such as about
20% lower. The procass disclosed herein provides conformal grain size from {op (o

bottom of the channel structure.
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[0054] According to at least ong embodiment which may be combined with other
ambodiments, one or more operations of the methods described above may be
included as instructions in a computer-readable medium for execution by a control
unit (e.g., controller module) or any other processing system. The compuier-readable
medium can include any suitable memory for storing instructions, such as random
access memory {(RAM), read only memory (ROM), floppy disk, hard disk, flash drive,
or any other form of digital storags, local or remote. As an example, and in some
aspects of the present disclosure, a system programmed to perform a method
including an algorithm stored in a memary of the system is provided. The algorithm
can have a number of instructions which, when executed by a processor, causes &
method 1o be performed. The method can include positioning the substrats in a first
processing chamber having a first processing volume, the first processing volume
being in fluid communication with a gas line and the substrate having high aspect ratio
features having aspect ratios of greater than about 20:1, such as from about 201 to
about 1000:1, such as from about 50:1 o about 500:1, such as from about 100:1 to
about 300:1. The method 500 can further include forming a radical species in the
remote plasma source and exposing the substrate to the radical species in the first
processing chamber {0 form a nucleated substrate. The nucleated substrate can be
positionad in a second processing chamber having a second processing volume and
the substrate can be heated in the second processing chamber at, e.¢., a temperature

higher or lower than the temperature of the first processing chamber.
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What is claimed is:

1. A method of processing a substrate, comprising:

positioning the substrate in a first processing chamber comprising a first
processing volume, the substrate comprising a channel structure having an aspect
ratio greater than about 20:1;

exposing a silicon-containing layer of the channsl structure to a hydrogen-or-
deuterium plasma in the first processing volume at a flow rate of about 10 scom to
about 5000 scem, the substrate maintained at a temperature of about 100°C {o about
1100°C during the exposing, the exposing forming a nucieated subsirate; and

subsequent to the exposing, performing a thermal anneal operation on the

subsirate.

2. The method of claim 1, wherein the hydrogen-or-deuterium plasma is formed

frormn a hydrogen-or-deuterium containing gas in a remote plasma source.

3. The method of claim 2, wherein:
the hydrogen-or-deuterium containing gas comprises a He, Ne, Ar, Kr, Xe, Nz,
or a combination thereof, and

Ho, Dz, NHs, or & combination thareof.

4. The method of claim 1, further comprising positioning the nucleated substrate
in a second processing chamber comprising a second processing volume; and

performing the thermal anneal operation on the substrate.

5. The method of claim 4, wherein performing the thermal anneal operation
comprises a temperature of about 400 °C to about 1100 °C for about 10 minutes to
about 2 hours, at a pressure of about 1 Torr to about 3800 Torr.

8. The method of claim 1, axposing the siticon-containing layer to the hydrogen-
or-deuterium plasma in the first processing volume comprises flowing the hydrogen-
or-deuterium plasma into the first processing volume at a flow rate of about 100 scem

to about 1500 scom.
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7. The method of claim 1, wherein the exposing the substrate in the first
procassing volume ocours for about 1 minute to about 30 minutes, at a pressura of

about 10 mTorr to about 530 Torr.

8. The method of claim 1, wherein the hydrogen-or-deuterium plasma is formed

using an inductively coupled plasma source.

9. A system comprising an algorithm stored in a memory of the system, wherein
the algorithm comprises a number of instructions which, when executed by a

processor, causes the method of claim 1 to be performed.

10. A method of making a memaory davice on a substrate comprising:

forming a channel structure in a film stack by etching a channel in the film stack
and placing a channel layer at a bottom and in an inner surface of the channel, the
channel structure in the film stack having aspect ratios greater than about 20:1;

exposing the channel structure with hydrogen radicals in a first processing
valume of a first processing chamber, and

heating the channel structure at a temperature of about 100 °C to about 1100
*C.

11, The method of claim 10, wherein exposing the channel structurs to hydrogen
radicals and heating the channel structure comprises heating the channel structure in
the first processing volume at a temperature of about 400 °C to about 1100 *C for

about 1 minute to about 30 minuies.

12, The method of claim 10, further comprising heating the channel structure at a

temperature of about 400 °C to about 1100 °C in 2 second process volume.

13. The methoed of claim 10, wherein the film stack is a 3D NAND film stack, and
the channel layer is an amorphous or polycrystalline layer comprising from about G
wt. % to about 100 wi. % of silicon and about 0 wi. % to about 100 wt % of a group

H, IV and V slement.
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14, The method of claim 10, further comprising forming the film stack, wherein
forming the film stack comprises depaositing alternating oxide layers and nitride layers,

or alternating oxide layers and polysilicon layers.

15, A method of processing a substrate comprising:

forming an amorphous silicon-containing layer over a bottom and inner surface
of a channel formed in a film stack of the substrate, the film stack comprising
alternating oxide and nitride layers (ON) or of alternating oxide and polysilicon layers
(OP);

exposing the amorphous silicon-containing layer to hydrogen radicals;

heating the substrate at a first temperature of about 100°C to about 1100°C {o
form a nucleated silicon-containing layer of the substrate; and

heating the nucleated silicon-containing layer at a second temperature different

from the first temperatura.

16.  The method of claim 15, wherein the silicon-containing layer and channel of
the substrate form high aspect ratio features having aspect ratios greater than about
20:1.

17, The method of claim 15, wherein the substrate is heated at the first temperature
in a first process volume of a first process chamber and the nucleated silicon-
containing layer of the substrate is heated to the second temperature in a second

process voiume of a second process chamber.

18. The method of claim 17, wherein a flow rate of the hydrogen radicals into the

first process volume is from about 10 scem to about 5000 scem.
19, The method of claim 17, further comprising heating the substrate in the first
process volume at a temperature of about 400°C 10 about 1100°C, for about 1 minute

{0 about 30 minutes.

20, The method of claim 15, further comprising heating the nucleated silicon-

containing layer of the substrate at a temperature of about 400 °C to about 1100 °C
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for about 10 minutes to about 2 hours and a pressure of about 1 Torr to about 3800

Torr.
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