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VERTICAL TRANSISTOR FABRICATION FOR MEMORY
APPLICATIONS

BACKGROUND

Field

[0001] Embodiments of the present disclosure generally relate {o methods of
manufacturing a vertical type memory cell semiconductor device, and more
particularly o methods of manufacturing a vertical type memory cell
semiconductor device with stair-like structures for semiconductor manufacturing

applications.
Description of the Related Art

{6002} Reliably producing sub-half micron and smaller features s one of the
key technology challenges for next generation very large scale integration (VLSI)
and ultra large-scale integration (ULS!) of semiconductor devices. However, as
the limits of circuit technology are pushed, the shrinking dimensions of VLS! and
ULS!H interconnect technology have placed additional demands on processing
capabilities. Reliable formation of gate structures on the substrate is important to
VLS! and ULS! success and to the continued effort {0 increase circuit density and

quality of individual substrates and die.

[0003] A patternad mask, such as a photoresist layer, is commonly used in
forming structures, such as gate structure, shallow trench isolation (871}, bite lines
and the like, on a substrate by eiching process. The patterned mask is
conventionally fabricated by using a lithographic process to optically transfer a
pattern having the desired critical dimensions {o a layer of photoresist. The
photoresist layer is then developed to remove undesired portion of the photoresist,

thereby creating openings in the remaining photoresist.

[0004] In order {o enable fabrication of next generation devices and structures,
three dimensional (3D) stacking of semiconductor memeory chips is often utilized
to improve performance of the fransistors. By arranging transistors in three

dimensions instead of conventional two dimensions, multiple transistors may be
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placed in the integrated circuits (ICs) very close to each other. Three dimensional
(3D) stacking of semiconductor chips reduces wire lengths and keeps wiring delay
low. In manufacturing three dimensional (3D) stacking of semiconductor chips,
stair-like structures are often utilized to allow muitiple interconnection structures to

be disposed thereon, forming high-density of vertical transistor devices.

[0005] When forming stair-like structures in a film stack disposed on a
substrate, an etching process along with a photoresist irimming process are
repeatedly performed to etch the film stack with sequentially trimmed photoresist
layer as efching masks. In an exemplary embodiment depicted in Figure 1A, a
frimmed photoresist layer (not shown) may serve as an eiching mask layer {o
transfer structures onto a film stack 120 disposed on a substrate 104 to form stair-
like structures 110 on the substrate 104 for forming a semiconductor device 100.
The film stack 120 typically includes alternating layers of layers 120a, 120b
{(shown as 120at, 120b1, 120a2, 120b2, - . 120a5, 120b5)), either conductive
lavers or insulating layers, as shown in Figure 1B. During etching, the photoresist
layer is sequentially trimmed to different dimensions while serving as an etfch

mask {o form stair-like structures 110 having different widths.

[0006] During manufacturing of the stair-like structures 110 on the substrate
104, sach stair formed in the stair-like structures 110 has its intended width to
allow channels 125 (e.g., openings) to be formed thereon, as sown in Figures 1A
and 1B. In some embodiment whare a higher device performance is required,
different materials of the alternating layers 120a, 120b may be utilized. For
axample, when a higher electric mobility of the device performance 1s required, a
metal conductive material is often utilized in the stair-like structures 110. In one
example, a second layer 120b (shown as 120b1,...... 12005 in Figure 1B) of the
alternating layers 120a, 120b may be removed from the stair-like structures 110
and replaced with a metal containing layer 150, as depicted in Figure 1C, to
improve the electrical performance of the device 100. However, when removing
the original second layer 120b (shown as 120b1,......,120b5 in Figure 1B) from
the stair-like structures 110 to replace or insert with the metal containing layer 150
as depicted in Figure 1C, residuals and/or surface roughness 152 are often found

at the interface 130 between the metal containing laver 150 due {0 elching
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selective at the interface, thus creating poor electrical contact at the interface 130,

aveniually leading to device failure or electrical performance degradation.

[0007] Thus, there is a need for improved methods and apparatus for forming
stair-like structures with accurate profiles and dimension control for three

dimensional (3D) stacking of semiconductor devices.
SUMMARY

[0008] Embodiments of the present disclosure provide an apparatus and
methods for forming stair-like structures with accurate profiles and dimension
control  for manufacturing three dimensional (3D) stacked memory cell
semiconductor devices. In one embodiment, a memory cell device includes a film
stack comprising altermnating pairs of dielectric layers and conductive structures
horizontally formed on a substrate, an opening formed in the film stack, wherein
the opening is filled with a channel layer and a center filling layer, and a protective

liner layer disposed between the conductive structure and the channel layer.

[6003] in another embodiment, a method of memory device on a substrate
includes forming an opening in a film stack including a first layer and a second
layer, filling the opening with one or more layers, whersin the one or more layers
comprise a channel layer, selectively removing the first layer from the film stack o
expose a portion of the channel layer, selectively oxidizing the portion of the
channel layer to form a protective liner layer, and filling the space with a

conductive structure.

[6014] in yvet another embodiment, a meathod of forming stair-like structures on
a substrate includes seleclively oxidizing a portion of a channel layer exposed by
a space defined between dielectric layers formed in a film stack, wherein the film
stack has a center opening filled by a multi-layer structure comprising the channel
layer, forming a protective liner layer on the portion of the channel layer, and
forming a ferroelectric layer in contact with the protective liner layer, wherein the

barrier layer is a high diglectric constant material.
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BRIEF DESCRIPTION OF THE DRAWINGS

(0011} So that the manner in which the above recited features of the present
disclosure can be undersiood in detail, a 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 {0 be noled,
howeaver, that the appended drawings illustrate only typical embodiments of this
disclosure and are therefore not to be considered limiting of iis scope, for the

disclosure may admit to othear equally effective embodiments.

[6012] Figure 1A depicts a schematic cross-sectional view of conventional

stair-like structures formed on a substrate;

[6013] Figure 1B and 1C depict partial schematic cross-sectional views of the

conventional stair-like structures formed on the substrate of Figure 1A,

[0014] Figure 2 depicts an apparatus utilized to form a metal containing layer in
stair-like structures on a substrate in accordance with one embodiment of the

present disclosure;

[0015] Figure 3 depicts an apparatus utihzed to form siair-like struciures on a

substrate in accordance with one embodiment of the present disclosure;

[0016] Figure 4 depicts a schematic view of a cluster processing system that

includes the apparatus of Figures 2 and 3;

0017} Figure 5 depicts a flow diagram of a method for memory cell structures
formed on a subsirate in accordance with one embodiment of the present

disclosure: and

[0018] Figures BA-BE, 7, 8, 9 and 10 depict a sequence for manufacturing
memory cell structures formed on a substrate in accordance with the embodiment

depicted in Figure 5.

[0019] To facilitate understanding, identical reference numerals have been

used, where possible, to designate identical elements that are common to the
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figures. It is contemplated that elements and features of one embodiment may be

beneficially incorporated in other embodiments without further recitation.

[80620] it is {0 be noted, however, that the appended drawings illustrate only
axemplary embodiments of this disclosure and are therefore not {0 be considered
imiting of its scope, for the disclosure may admit to other egually effective

embodiments.
DETAILED DESCRIPTION

[0021] The present disclosure provides methods for forming  stair-like
structures on a substrate for three dimensional (3D} memory cells of
semiconductor devices. In one example, good interface management, superior
glectrical performance and good process control during manufacturing may be
ohtained by ulilizing a protective interface layer {e.¢., an interface oxidation layer)
at the interface along with a selective deposition and selective patterning/etching
process. In one example, a method of forming memory cells for three dimensional
(3D} stacked semiconductor devices may utilizes a protective oxidation layer
when removing a certain type of the material from the film stack for forming the
stair-like structures. Furthermore, a high dielectric constant material is utilized to
form with a conductive material to replace a portion of the stair-like structures with
conductive structures. The interface/protective oxidation layer remains protected
and intact during the removal process, thus providing a good control of the
interface profile and topography. Thus, a good electrical contact at the interface
may be oblained after the conductive structure including the high dielectric
constant material as well as the conductive material is formed in the stair-like

structures, thus providing a desired electrical performance to the memory cells.

{6622} Figure 2 is a cross sectional view of a plasma processing chamber 232
suitable for performing a plasma deposition process {e.qg., a plasma enhanced
CVD or a metal organic CVD) that may be utilized as semiconductor
interconnection  structures  for  semiconductor  devices manufacture. The
processing chamber 232 may be a suitably adapted CENTURA®, PRODUCER®
SE or PRODUCER® GT or PRODUCER® XP processing system available from

Applied Materials, Inc., of Santa Clara, California. It is contemplated that other
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processing systems, including those produced by other manufacturers, may

benefit from embodiments described herain.

[00623] The processing chamber 232 includes a chamber body 251. The
chamber body 251 includes a lid 225, a sidewall 201 and a bottom wall 222 that

define an interior volume 226.

[0024] A substrate support pedestal 250 is provided in the interior volume 126
of the chamber body 251, The pedestal 250 may be fabricated from aluminum,
ceramic, aluminum nitride, and other suitable materials. In one embodiment, the
pedestal 250 is fabricated by a ceramic material, such as aluminum nitride, which
is a matenial suitable for use in a high temperature environment, such as a plasma
process environment, without causing thermal damage {o the pedestal 250. The
pedestal 250 may be moved in a vertical direction inside the chamber body 251

using a lift mechanism (not shown).

[0025] The pedestal 250 may include an embedded heater element 270
suitable for controlling the temperature of a substrate 290 supported on the
pedestal 250. in one embodiment, the pedestal 250 may be resistively heated by
applying an electric current from a power supply 206 o the heater element 270. In
one embodiment, the heater element 270 may be made of a nickel-chromium wire
encapsulated in a nickel-iron-chromium alloy (e.g., INCOLOY®) sheath tube. The
glectric current supplied from the power supply 206 is regulated by the controlier
210 to control the heat generated by the heater element 270, thus maintaining the
substrate 290 and the pedestal 250 at a substantially constant tempaerature during
film deposition at any suitable temperature range. In another embodiment, the
pedestal may be maintained at room temperature as needed. In yet anocther
embodiment, the pedestal 250 may also include a chilier (not shown) as needed
to cool the pedestal 250 at a range lower than room temperature as needed. The
supplied electric current may be adjusted {0 selectively control the temperature of
the pedestal 250 betwegen about 100 degrees Celsius to about 700 degrees

Celsius.

[0026] A temperature sensor 272, such as a thermocouple, may be embedded

in the substrate support pedestal 250 to monitor the temperature of the pedestal

6
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250 in a conventional manner. The measured temperature is used by the
controller 210 to control the power supplied o the heater element 270 to maintain

the substrate at g desired temperature.

{6027} The pedestal 250 generally includes a plurality of ift pins {(not shown)
disposed therethrough that are configured to lift the substrate 290 from the
padestal 250 and facilitate exchange of the substrate 290 with a robot (not shown)

in a conventional manner.

[0028] The pedestal 250 comprises at least one electrode 2592 for retaining the
substrate 280 on the pedestal 250. The electrode 292 is driven by a chucking
power source 208 to develop an electrostatic force that holds the substrate 290 to
the pedestal surface, as is conventionally known. Alternatively, the substrate 290

may be retained to the pedestal 250 by clamping, vacuum or gravity.

[0029] in one embodiment, the pedestal 250 is configured as a cathode having
the elecirode 292 embedded therein coupled to at least one RF bias power
source, shown in Figure 2 as two RF bias power sources 284, 286. Although the
example depicied in Figure 2 shows two RF bias power sources, 284, 286, it is
noted that the number of the RF bias power sources may be any number as
needed. The RF bias power sources 284, 286 are coupled between the electrode
292 disposed in the pedestal 250 and another electrode, such as a gas
distribution plate 242 or lid 225 of the processing chamber 232, The RF bias
power source 284, 286 excites and sustains a plasma discharge formed from the

gases disposed in the processing region of the processing chamber 232,

[0030] in the embodiment depicted in Figure 2, the dual RF bias power
sources 284, 286 are coupled {o the elecirode 292 disposed in the pedestal 250
through a matching circuit 204. The signal generated by the RF bias power source
284, 286 is delivered through matching circuit 204 to the pedestal 250 through a
single feed to ionize the gas mixiure provided in the plasma processing chamber
232, thereby providing ion energy necessary for performing a deposition or other
plasma enhanced process. The RF bias power sources 284, 286 are generally
capable of producing an RF signal having a frequency of from about 50 kHz to
about 200 MHz and a power between about O Watls and about 5000 Watls.
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0031} A vacuum pump 202 is coupled to a port formed in the bottom 222 of
the chamber body 251. The vacuum pump 202 is used to maintain a desired gas
pressure in the chamber body 251, The vacuum pump 202 also evacuates post-

processing gases and by-products of the process from the chamber body 251,

[0032] The processing chamber 232 includes one or more gas delivery
passages 244 coupled through the hd 225 of the processing chamber 232. The
gas delivery passages 244 and the vacuum pump 202 are positioned at opposite
gnds of the processing chamber 232 to induce laminar flow within the interior

volume 226 to minimize particulate contamination.

[0033] The gas delivery passage 244 is coupied {o the gas panel 2893 through
a remote plasma source (RPS) 248 to provide a gas mixture into the interior
volume 226, In one embodiment, the gas mixiure supplied through the gas
delivery passage 244 may be further delivered through a gas distribution plate 242
disposed below the gas delivery passage 244, In one example, the gas
distribution plate 242 having a plurality of apertures 243 is coupled to the lid 225
of the chamber body 251 above the pedestal 250. The apertures 243 of the gas
distribution plate 242 are utilized to introduce process gases from the gas panel
293 into the chamber body 251, The apertures 243 may have different sizes,
number, distributions, shape, design, and diameters to facilitate the flow of the
various process gases for different process requirements. A plasma is formed
from the process gas mixture exiting the gas distribution plate 242 {0 enhance
thermal decomposition of the process gases resulting in the deposition of material
on the surface 201 of the substrate 280

[0034] The gas distribution plate 242 and substrate support pedestal 250 may
be formed a pair of spaced apart electrodes in the interior volume 226, One or
more RF sources 247 provide a bias potential through a matching network 245 to
the gas distribution plate 242 to facilitate generation of a plasma between the gas
distribution plate 242 and the pedestal 250. Alternatively, the RF sources 247 and
matching network 245 may be coupled o the gas distribution plate 242, subsirate
support pedestal 250, or coupled o both the gas distribution plate 242 and the
substrate support pedestal 250, or coupled o an antenna (not shown) disposed

exterior to the chamber body 251. In one embodiment, the RF sources 247 may

8
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provide between about 10 Watts and about 3000 Watlts at a frequency of about 30
kiHz 1o about 13.6 MHz. Alternatively, the RF source 247 may be a microwave
generator that provide microwave power o the gas distribution plate 242 that

assists generation of the plasma in the interior volume 220.

[0035] Examples of gases that may be supplied from the gas panel 293 may
include a silicon containing gas, fluoring continuing gas, oxygen containing gas,
hydrogen containing gas inert gas and carrier gases. Suitable examples of the
reacting gases includes a silicon containing gas, such as SiH4, Si2HSG, SiF4,
SIH2CI2, SKdH10, SiBH12, TEOQS and the like. Suilable carrier gas includes
nitrogen (N2), argon {(Ar), hydrogen (H2), alkanes, alkenes, helium {He}, oxygen
(02), ozone (O3), water vapor (H20), and the like.

[00386] in one embodiment, the remole plasma source (RPS) 248 may be
alternatively coupled 1o the gas delivery passages 244 to assist in forming a
plasma from the gases supplied from the gas panel 293 into the In the interor
volume 226, The remote plasma source 248 provides plasma formed from the gas

mixture provided by the gas panel 293 to the processing chamber 232,

[0037] The controller 210 includes a central processing unit {(CPU) 212, a
memory 216, and a support circuit 214 utilized to control the process sequence
and regulate the gas flows from the gas panel 283, The CPU 212 may be of any
form of a general purpose computer processor that may be used in an industrial
setting. The software routines can be stored in the memory 216, such as random
access memory, read only memory, floppy, or hard disk drive, or other form of
digital storage. The support circuit 214 is conventionally coupled to the CPU 212
and may include cache, clock circuits, input/output systems, power supplies, and
the like. Bi-directional communications between the controller 210 and the various
components of the processing chamber 232 are handled through numerous signal
cables collectively referred to as signal buses 218, some of which are iliustrated in

Figure 2.

[00638] Figure 3 158 a simplified cutaway view for an exemplary processing
chamber 300 for etching a metal layer. The exemplary processing chamber 300 is

suitable for removing one or more film layers from the substrate 280, One

9
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example of the process chamber that may be adapted to benefit from the
invention is an Advantkdge Mesa Eich processing chamber, available from
Applied Materials, Inc., located in Santa Clara, California. It is contemplated that
other process chambers, including those from other manufactures, may be

adapted to practice embodiments of the invention.

[0039] The processing chamber 300 includes a chamber body 305 having a
chamber volume 301 defined therein. The chamber body 305 has sidewalls 312
and a bottom 318 which are coupled to ground 326. The sidewalls 312 have a
iner 315 to protect the sidewalls 312 and extend the time between maintenance
cycles of the processing chamber 300. The dimensions of the chamber body 305
and related components of the processing chamber 300 are not limited and
generally are proportionally larger than the size of the substrate 290 {0 be
procassed therein. Examples of substrate sizes include 200 mm diameter, 250

mm diameter, 300 mm diameter and 450 mm diameter, among others.

[0040] The chamber body 305 supports a chamber lid assembly 310 to
enclose the chamber volume 301. The chamber body 305 may be fabricated from
aluminum or other suitable materials. A substrate access port 313 is formed
through the sidewall 312 of the chamber body 105, facilitating the transfer of the
substrate 290 into and out of the processing chamber 300. The access port 313
may be coupled to a transfer chamber and/or other chambers of a subsirate

processing system (not shown).

[0041] A pumping port 345 is formed through the sidewall 312 of the chamber
body 305 and connected o the chamber volume 301, A pumping device (not
shown} is coupled through the pumping port 345 to the chamber volume 301 to
gvacuate and control the pressure therein. The pumping device may include one

or more pumps and throttle valves.

[0042] A gas panel 360 is coupled by a gas line 367 to the chamber body 305
to supply process gases into the chamber volume 301, The gas panel 360 may
incliude one or more process gas sources 361, 362, 363, 364 and may additionally
nclude inert gases, non-reactive gases, and reactive gases, if desired. Examples

of process gases that may be provided by the gas panel 360 include, but are not

10
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limited to, hydrocarbon containing gas including methane (CH4), sulfur
hexafluoride (SFB), carbon tetrafluoride (CF4), hydrogen bromide (HBr)

hydrocarbon containing gas, argon gas (Ar), chiorine {C12), nitrogen (N2), and

oxygen gas (02} Additionally, process gasses may include chiorine, fluorine,
oxygen and hydrogen containing gases such as BCI3, C4F8, C4F6, CHF3,
CH2F2, CH3F, NF3, C0O2, 502, CO, and H2 among others.

[6043] Valves 366 control the flow of the process gases from the sources 361,
362, 363, 364 from the gas panel 360 and are managed by a controller 365. The
flow of the gases supplied to the chamber body 305 from the gas panel 360 may

include combinations of the gases.

[0044] The lid assembly 310 may include a nozzle 314, The nozzie 314 has
one or more ports for introducing the process gases from the sources 361, 362,
364, 363 of the gas panel 360 into the chamber volume 301. After the process
gases are introduced into the processing chamber 300, the gases are energized
to form plasma. An antenna 348, such as one or more inductor coils, may be
provided adjacent to the processing chamber 300, An antenna power supply 342
may power the antenna 348 through a match circuit 341 to inductively couple
energy, such as RF energy, io the process gas to maintain a plasma formed from
the process gas in the chamber volume 301 of the processing chamber 300,
Alternatively, or in addition {0 the antenna power supply 342, process slectrodes
below the substrate 280 and/or above the substrate 280 may be used to
capacitively couple RF power 1o the process gases to maintain the plasma within
the chamber volume 301. The operation of the antenna power supply 342 may be
controlled by a controlier, such as controlier 365, that also controls the operation

of other components in the processing chamber 300

[0045] A substrate support pedestal 335 is disposed in the chamber volume
301 to support the substrate 290 during processing.  The substrate support
pedestal 335 may include an electro-static chuck 322 for holding the substrate
290 during processing. The electro-static chuck (ESC) 322 uses the electro-static
attraction to hold the substrate 290 to the substrate support pedestal 335, The
ESC 322 is powered by an RF power supply 325 integrated with a maich circuit
324. The ESC 322 comprises an electrode 321 embedded within a dielectric

11
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body. The RF power supply 325 may provide a RF chucking voltage of about 200
volts 1o about 2000 volts {o the electrode 321. The RF power supply 325 may
aiso include a system controller for controliing the operation of the electrode 321
by directing a DC current to the elecirode 321 for chucking and de-chucking the
substrate 280,

[00486] The ESC 322 may also include an electrode 351 deposed therein. The
electrode 351 is coupled 1o a power source 350 and provides a bias which aifracts
plasma ions, formed by the process gases in the chamber volume 301, {o the
ESC 322 and substrate 290 positioned therson. The power source 350 may cycle
on and off, or pulse, during processing of the substrate 290. The ESC 322 has an
isolator 328 for the purpose of making the sidewall of the ESC 322 less atiractive
to the plasma to prolong the maintenance life cycle of the ESC 322. Additionally,
the substrate support pedestal 335 may have a cathode liner 336 {0 protect the
sidewalls of the subsirate support pedestal 335 from the plasma gases and to

extend the time between maintenance of the processing chamber 300,

[0047] The ESC 322 may include heaters disposed therein and connected to a
power source (not shown), for heating the substrate, while a cooling base 329
supporting the ESC 322 may include conduits for circulating a heat transfer fluid to
maintain a temperature of the ESC 322 and the substrate 290 disposed thereon.
The ESC 322 is configured to perform in the temperature range required by the
thermal budget of the device being fabricated on the substrate 280, For example,
the ESC 322 may be configured to maintain the subsirate 290 at a temperature of
about minus about 25 degrees Cealsius to about 500 degrees Celsius for certain

embodiments.

[0048] The cooling base 329 is provided to assist in controlling the temperature
of the subsirate 280, To miligate process drift and time, the temperature of the
substrate 280 may be maintained substantially constant by the cooling base 329
throughout the time the substrate 290 is in the processing chamber 300, In one
embodiment, the temperature of the substrate 2890 is maintained throughout

subsequent etch processes at about 70 to 90 degrees Celsius.

12



WO 2020/159663 PCT/US2020/012110

[0049] A cover ring 330 is disposed on the ESC 322 and along the periphery of
the substrate support pedestal 335, The cover ring 330 is configured to confine
gtching gases to a desired portion of the exposed top surface of the substrate
290, while shielding the top surface of the subsirate support pedestal 335 from the
plasma environment inside the processing chamber 300, Lift pins {(not shown) are
selectively moved through the substrate support pedestal 335 to lift the substrate
290 above the substrate support pedestal 335 1o facilitate access o the subsirate

290 by a transfer robot (not shown) or other suitable transfer mechanism.

[0050] The controller 365 may be utilized o control the process sequence,
regulating the gas flows from the gas panel 360 into the processing chamber 300
and other process parameters. Software routines, when executed by the CPU,
transform the CPU into a specific purpose computer (controlier) that controls the
procassing chamber 300 such that the processes are performed in accordance
with the present invention. The software routines may also be stored and/or
executed by a second controller (not shown) that is collocated with the processing
chamber 300.

[0051] The substrate 290 has various film layers disposed thereon which may
include at least one metal layer. The varous film layers may require etch recipes
which are unique for the different compositions of the other film layers in the
substrate 200, Mullilevel interconnects that lie at the heart of the VLSI and ULSH
technology may require the fabrication of high aspect ratio features, such as vias
and other interconnects. Consiructing the multilevel interconnects may require
one or more etch recipes to form patterns in the various film layers. These
recipes may be performed in a single eich processing chamber or across several
eich processing chambers. Each eich processing chamber may be configured {o
etch with one or more of the etch recipes. In one embodiment, processing
chambper 300 is configured to at least eich a metal layer to form a conductive
structure. For processing parameters provided herein, the processing chamber
300 is configured to process a 300 diameter substrate, i.e., a substrate having a
plan area of about 0.0707 m2. The process parameters, such as flow and power,
may generally be scaled proportionally with the change in the chamber volume or

substrate plan area.
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[0052] Figure 4 depicts a plan view of a semiconductor processing system 400
that the methods described herein may be practiced. One processing system that
may be adapted to benefit from the invention is a 300 mm or 450 mm
PRODUCER® processing system, commercially available from Applied Materials,
inc., of Santa Clara, California. The processing system 400 generally includes a
front platform 402 where substrate cassettes 418 included in FOUPs 414 are
supported and substrates are loaded into and unloaded from a loadiock chamber
409, a transfer chamber 411 housing a substrate handler 413 and a series of

tandem processing chambers 406 mounted on the transfer chamber 411,

[0053] Each of the tandem processing chambers 406 includes two process
regions for processing the substrates. The two process regions share a commaon
supply of gases, common pressure control, and common process gas
axhaust/pumping system. Modular design of the systemn enables rapid conversion
from one configuration to any other. The arrangement and combination of
chambers may be altered for purposes of performing specific process steps. Any
of the tandem processing chambers 406 can include a lid according to aspecis of
the invention as described below that includes one or more chamber
configurations described above with referenced to the processing chambers 232,
300 depicted in Figure 2 and/or Figure 3. | is noted that the processing system
400 may be configured to perform a deposition process, efching process, curing
processes, or heating/annealing process as needed. In one embodiment, the
procassing chambers 232, 300, shown as a single chamber designed in Figures 2

and 3, may be incorporated into the semiconductor processing system 400,

[0054] in one implementation, the processing system 400 can be adapted with
one or more of the tandem processing chambers having supporting chamber
hardware known to accommodate various other known processes such as
chemical vapor deposition (CVD), physical vapor deposition (PVD), etching,
curing, or heating/annealing and the like. For example, the system 400 can be
configured with one of the processing chambers 232 in Figure 2 as a plasma
deposition chamber for deposition, such as a metal film, or one of the processing
chambers 300 depicted in Figure 3 as a plasma eiching chamber for etching

material layers formed on the substrates. Such a configuration can maximize
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research and development fabrication utilization and, i desired, eliminate

axposure of films as etched to atmosphere.

[0055] A controller 440, including a central processing unit (CPU) 444, a
memory 442, and support circuits 448, 1s coupled to the various components of
the semiconductor processing system 400 to facilitate control of the processes of
the present invention. The memory 442 can be any computer-readable medium,
such as random access memory (RAM), read only memory (ROM), floppy disk,
hard disk, or any other form of digital storage, iocal or remote to the
semiconductor processing system 400 or CPU 444, The support circuils 446 are
coupled to the CPU 444 for supporting the CPU in a conventional manner. These
circuits include cache, power supplies, clock circuits, input/output circuitry and
subsystems, and the like. A software routine or a series of program instructions
stored in the memory 442, when executed by the CPU 444, executes the tandam

processing chambers 4006.

[0056] Figure 5 is a flow diagram of one embodiment of a method 500 for
forming memaory cell structures in a film stack disposed on a substrate that may be
performed in a processing chamber, such as the processing chamber 232
depicted in Figure 2 and the processing chamber 300 depicted in Figure 3
ncorporated in the system 400 or other suitable processing chambers and system
as needed. Figures GA-BB and 7-10 are schematic cross-sectional views
Hlustrating a sequence for forming memaory cell structures in a film stack disposed
on a substrate according to the method 500, Although the method 500 is
described below with reference to a substrate utilized {o manufacture memory cell
structures in a film stack for three dimensional semiconductor devices, the method

500 may also be used to advantage in other device manufacturing applications.

[0057] The method 500 begins at operation 502 by providing a substrate, such
as a substrate 802 having a film stack 804 formed thereon, as shown in Figure
B8A. The substrate 602 may be a silicon based material or any suitable insulating
materials or conductive materials as needed, having a film stack 604 disposed on
the substrate 602 that may be utlilized to form memory cell structures in the film
stack 604.
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[0058] As shown in the exemplary embodiment depicted in Figure BA, the
substrate 602 may have a substantially planar surface, an uneven surface, or a
substantially planar surface having a structure formed thereon. The film stack 604
is formed on the subsirate 602. In one embodiment, the film stack 604 may be
utilized {o form a gate structure, a contact structure or an interconnection structure
in the front end or back end processes. The method 500 may be formed on the
film stack 604 to form the stairdike structures therein used in a memory cell
structures, such as VNAND siructures. In one embodiment, the substrate 602 may
be a material such as crystalline silicon (e.g., 5i<100> or Si<111>), silicon oxide,
strained silicon, silicon germanium, doped or undoped polysilicon, doped or
undoped silicon wafers and patterned or non-patierned wafers silicon on insulator
(SO, carbon doped silicon oxides, silicon nitride, doped silicon, germanium,
gallium arsenide, glass, sapphire. The substrate 602 may have various
dimensions, such as 200 mm, 300 mm, 450 mm or other diameter wafers, as well
as, rectangular or square panels. Unless otherwise noted, embodiments and
axamples described herein are conducted on substrates with a 200 mm diameter,
a 300 mm diameter, a 450 mm diameter substrate. In the embodiment wherein a
SOI structure is utilized for the substrate 602, the substrate 602 may include a
buried dielectric layer disposed on a silicon crystalline substrate. In the
embodiment depicted herein, the substrate 602 may be a crystaliine silicon

substrate.

[6058] In one embodiment, the film stack 604 disposed on the substrate 600
may have the film stack 604 that has a number of vertically stacked layers. The
film stack 804 may comprise pairs including a first layer 804a and a second layer
604b repeatedly formed in the film stack 604. The pairs include alternating first
layer 604a and second layer 604b repeatedly formed untl desired numbers of

pairs of the first layers and the second layers are reached.

[6060] The film stack 604 is a part of a memory cell device, such as a three-
dimensional (3D) memaory device. Although eleven repeating layers of first layers
604a and second layers 604b are shown in Figure BA, it is noted that any desired
number of repeating pairs of the first and second layers may be utilized as

neadad.

16



WO 2020/159663 PCT/US2020/012110

[0061] in one embodiment, the film stack 6804 may be utilized to form multiple
gate structures for a three-dimensional (3D memory device. The first layers 604a
formed in the film stack 604 may be a first dielectric layer and the second layers
604b may be a second dielectric layer. Suitable dielectric layers may be utilized to
form the first layers 804a and the second layer 604b, include silicon oxide, silicon
nitride, silicon oxynitride, silicon carbide, silicon oxycarbide, litanium nitride,
composite of oxide and nitride, at least one or more oxide layers sandwiching a

nitride layer, and combinations thereof, among others.

[0062] i one particular example, the first layers 604a are silicon nitride layers
while the second layers 604b are silicon oxide layers or polysilicon layers. In one
embodiment, the thickness of first layers 604a may be controlled at between
about 50 A and about 1000 A, such as about 500 A, and the thickness of the each
second layers 604b may be controlled at between about 50 A and about 1000 A,
such as about 500 A. The total thickness of the film stack 604 is about 3 microns

to 10 microns and will vary as the technology advances.

[0063] The film stack 604 of the first layers 604a of silicon nitride layers and
the second layers 604b of silicon oxide layers are formed on the substirate 602,
The film stack 804 are formed and patterned into the stair-like structures
surrounding by an insulating structure 610. A hardmask layer 808 may be formed
on the film stack 604 {o facilitate forming openings 606 (e.g., or called trenches,
vias, apertures, or holes) in the film stack 604. The openings 806 may be ulilized
to form as channels in the device structure when the manufacturing process is
completed. After the openings 606 are formed in the film stack 604, an epitaxial
deposition process is performed to grow silicon containing posts 612, such as
silicon material or SiGe material, in the bottom portions of the openings 808, It is
noted that the device structures and configurations may be varied as needed for

different device performance requirements.

[0064] Figure 6B depicts a magnified view of a portion of the film stack 604, as
indicated by the circle, depicting the opening 606 surrcunded by the first layer
604a and the second layer 604b. For ease of explanation, the magnified view of
the film stack 604 will be utilized in the following descriptions, instead of the

overall cross sectional view of the film stack 604 depicied in Figure BA.
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[0065] At operation 504, a multi-layer structure including a channel layer 702
and a center filling layer 706 is formed in the opening 606, as shown in Figure 7.
The channel layer 702 and the center filling layer 706 in combination forming a
channel region to form the memory cells. In one embodiment, the channel layer
702 may be formed by a siicon coniaining matenal, such as doped silicon,
polysilicon, silicon oxide, SiN, SION, SiGe, or other suitable silicon containing
materials. The center filling layer 706 is formed in the opening 606, filing the
remaining space left from the channel layer 702, as shown in Figure 7. The center
filling layer 906 may also be a dielectric layer, such as Si02, SiN, SION, or other
suitable dielectric materials. it is noted that the channel layer 702 and the center
filling layer 706 may be formed by suitable deposition process, such as CVD
process, ALD process, spultering process, coating process, or other suitable
processes. In one example, the channel layer 702 and the center filling layer 706

may be formed in the processing chamber 232 depicted in Figure 2.

[60686] At operation 506, after the opening 606 s filled, a lateral selective
eiching process is performed to selectively remove the first layer 604a from the
film stack 604, as swhon in Figure 8. Removal of the first layer 804a from the film
stack 604 creates a space 802 in the film stack 804 where the first layer 604a was
located, thus forming a suspended film stack with only the second layer 604b of
the silicon oxide layer remained on the substrate 602, The space 802 exposes a
sidewall 704a of the channel layer 702. The lateral selective etching process may

be parformed in the processing chamber 300 of Figure 3.

[6067] Al operation 508, after the space 802 is defined, a selective oxidation
process is performed {o selectively oxidizing the channel layer 702 through the
exposed sidewall 704a, as shown in Figure 9, forming a protective liner layer 802,
As the channel layer 702 is a silicon containing material, such as polysilicon layer,
doped silicon layer or other suilable silicon maternials, the oxygen elements
supplied during the selective oxide process reacts with the silicon elements from
the channel layer 702, forming the protective liner layer 802 at the sidewall 704a
of the channel layer 702. In one example, the protective liner layer 802 is a silicon

oxide layer.
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[0068] in one example, the seleclive oxidation process may be a radical
plasma oxidation process, an epiaxial deposition process, an atomic layer
deposition process or a chemical oxidation process utilized to oxidize the sidewall
704a of the channel layer 702. The seleclive oxidation process forms the
protective liner layer 902 on the sidewall 704a of the channel layer 702, In one
example, the seleclive oxidation, such as the radical plasma oxidation, epitaxial
deposition process or chemical oxidation process, may be performed in individual
oxidation chambers. In certain embodimenis the oxidation chambers may be
coupled to, or part of, an integrated processing tool, such as the cluster system
400 depicted in Figure 4. It is contemplated that the methods described herein
may be practiced using other processing chamber and cluster tocls having

suitable process chambers coupled thereto.

[0069] In one example, the selective oxidation proceass described herein may
be performed in any suitable chamber configured for radical oxidation, also known
as in-situ steam generation (ISSG), or the like. Suitable oxidation chambers may
include, but are not limited to, RADIANCE®, Plasma Immersion lon implantation
(P3h), VANTAGE® RADOX™ VANTAGE® RADIANCE® Plus, CENTURA®
RADOX™ chambers available from Applied Materials, Inc. of Santa Clara, Calif.
Exempilary surface oxidation process, or called radical plasma oxidation process,
may be performed with various oxidative chemistries include varying reducing gas
concentration for reducing gases, such as one or more of hydrogen (H2),
ammonia (NH3) or the like within an oxidative gas mixiure include oxidative
gases, such as one or more of oxygen (02), nitric oxide (NO), nitrous oxide (N20)
or the like, and optionally including nonreactive gases, such as one or more of
nitrogen gas {(N2), helium (He), argon {(Ar), neon (Ne), and xenon (Xe). One form

of radical plasma oxidation is performed using H2 and 02 only.

[8070] The selective oxidation process at operation 508 is a radical plasma
oxidation process or “in-situ steam generation” (18SG) process. The selective
oxidation process may provide oxide growth on the channel layer 702 thermally
controlled in an oxygenated environmert. The in-situ steam generation (1SSG)
process includes the formation of steam {H20) in the same chamber which the

substrate to be oxidized s located (i.e., steam is formed in situ with the substrate).
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{0071} The protective liner layer 902 as formed may be utilized as a protective
layer during the subsequent etching process so as to protect the film layers, such
as the channel layer 702 and the center filling layer 704, formed in the opening
606, thus improving and enhancing the interface protection during the eiching

process.

[0072] At operation 310, after the protective liner layer 902 is formed, a
conductive structure 212 is then formed and filled in the space 802 in the film
stack 604, as shown in Figure 10. The conductive structure 912 is filled in the

space 802 defined betweaen the neighboring second layers 604b.

[6073] it is believed that the metal material in the conductive structure 912
utilized in the film stack 604 may efficiently improve the electrical performance,
such as electrical conductivity, and maobility, and the like, in the film stack 6804
when later ulilized as a gate structure in NAND or VNAND three dimensional
semiconductor memory devices. The deposition process may be a metal organic
chemical vapor deposition (MOCVD) process, atomic layer deposition (ALD)
process or a sputtering physical vapor deposition process, or other suitable
process as needed. The deposition process may be performed in the processing
chamber 232 depicted in Figure 2. In the example depicted in Figure 10, the
conductive structure 912 includes a metal containing material 914 formed on a
ferroelectric layer 816, The ferroelectric layer 916 is fabricated from a material
different from the metal containing material 914. The ferrcelectric layer 816
comprises a material that can switch the polarization to the nearby meal
conductive materials, thus changing the conductivity of the metal conductive
materials and inducing threshold voltage shift in the device transistor. Thus, by
propar selection of the materials utilized to fabricate the ferroelectric layer 916, the

device performance of the memory cell may be modulated and adjusted.

[0074] As the protective liner layer 902 is formed in the space 802, the
ferroelectric layer 916 may not be in direct contact or interfaced with the channel
layer 702 so as to enhance the electrical performance as needed. Furthermore,
the ferrcelectric layer 816 and the metal containing material 914 may be formed in

one cluster system, such as the cluster system 400 depicted in Figure 4, without
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breaking vacuum, thus improving process cycle time and manufacturing

efficiency.

[0075] Furthermore, as the metal containing material 814 is formed on the
ferroelectric layer 916, the ferroelectric layer 916 is covered and protected by the
metal containing material 914 during the subsequent etching or deposition
processes. By doing so, the ferroelectric layer 916 can be avoided from being
chemical or plasma attacked during the subsequent eiching or deposition

procasses, thus improving electrical performance of the device.

[0076] The ferroelectric layer 816 may be a high-k material having a dielectric
constant greater than 4. Suitable examples of the high-k materials include hafnium
containing material, such as hafnium dioxide (Hf0O2), hafnium silicon oxide
(HTSI02), hafnium aluminum oxide (HTAIO) or aluminum doped hafnium dioxide,
hafnium zirconium oxide (HiZrO), doped hafnium dioxide, zirconium dioxide
(ZrQ2), zirconium silicon oxide (ZrSi02), tantalum dioxide (Ta205), aluminum
oxide (Al203), bismuth strontium titanium (BST), and platinum zirconium titanium
(PZT), among others. In the example depicted in Figure 10, the ferroelectric layer
916 may be a hafnium containing material, such as hafnium dioxide (HfO2),
hafnium  silicon oxide (HfSI02), hafnium aluminum oxide (HFAIO), hafnium
zirconium oxide (HFZrQO) or suitable aluminum doped hafnium dioxide. In one
example, the ferroelectric layver 216 is formed by a suitable deposition process,
such as a CVD process, an ALD process, a spulter process or other suitable
deposition process. In one specific example, the ferroeleciric layer 816 is formed

by an ALD process.

{8077} Suitable examples of the metal containing material 814 may be selected
from a group consisting of TiN, TaN, TaSiN, TiSiN, tungsten (W), tungsten silicide
(WSH), tungsten polysilicon (W/poly), tungsten alloy, tantalum (Ta), titanium (Ti),
copper (Cu), ruthenium (Ru), nickel {(Ni}), cobalt (Co), chromium (Cr), iron (Fe),
manganese (Mn), aluminum (Al), hafnium (Hf), vanadium (), molybdenum (Mo},
palladium  (Pd), gold (Au), siver (Au), platinum (Pt), alioys thereof, or
combinations thereof. in one particular example, the metal containing material 814

may be TiN and the ferroelectric layer 916 may be hafnium dioxide (HfO2),
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hafnium  silicon oxide (HfSIO2), hafnium aluminum oxide (HfAIO) hafnium

zirconium oxide (HfZrQ) or suitable aluminum doped hafnium dioxide.

[0078] Thus, methods and apparatus for forming stair-like structures for
manufacturing three dimensional (3D) stacking of memory cells of semiconductor
devices are provided. A protective liner laver at the interface along with a selective
deposition and selective etching process is utilized to replace a diglectric layerin a
film stack with a conductive structure. The protective liner layer may protect the
interface in contact with the ferroalectric layer and the metal containing layer, thus
providing a good control of the interface profile and topography. Furthermore, the
ferroelectric layer formed and circumscribed by the metal containing layer as well
as the protective layer can assist pertaining the structure and profile of the
protective liner layer in the device structure. As a resull, the conductive structure
provides a good elaectrical contact at the interface, thus providing a desired

glectrical performance to the memory cells.

[0079] While the foregoing is directed 1o embodimenis of the present
disclosure, other and further embodiments of the disclosure may be devised
without departing from the basic scope thereof, and the scope thereof is

determined by the claims that follow.

22



WO 2020/159663 PCT/US2020/012110

Claims:

1. A memory cell device, comprising:

a film stack comprising alternating pairs of dielectric layers and conductive
structures horizontally formed on a substrate,;

an opening formed in the film stack, wherein the opening is filled with a
channel layer and a center filling layer, and

a protective liner layer disposed between the conductive structure and the

channel layer.

2. The memory cell device of claim 1, wherein the conductive structures
further comprise:
a metal containing material;, and

a ferroelectric layer covering the metal containing matenal.

3. The memory cell device of claim 2, wherein the ferroelectric layer in the

opening is a high dielectric constant material.

4. The memory cell device of claim 1, wherein the channel layer and a center

filing layer are vertically disposed in the opening.

5. The memory device of claim 2, wherein the metal containing material is
saelected from a group consisting of TiN, TaN, TaSiN, TiSIN, tungsten (W),
tungsten silicide (WSI), tungsten polysilicon (W/poly), tungsten alloy, tantalum
(Ta), titanium (T, copper {(Cu), ruthenium (Ru), nickel (Ni), cobalt (Co), chromium
(Cr), iron {Fe), manganese (Mn), aluminum (Al), hafnium (Hf), vanadium (V)

molybdenum (Mo), paliadium (Pd), gold (Au), silver (Au), platinum (Pt), alloys

thereof, or combinations therecf.

6. The memory device of claim 2, wherein the ferroglectric layer is a high

dislectric constant material.

7. The memory device of claim 3, wherein the high dielectric constant material

is selected from a group consisting of at least one of hafnium containing
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materials, zirconium dioxide (£rQz), zirconium silicon oxide (ZrSi02), tantalum
dioxide (Ta20s), aluminum oxide (Al0s), bismuth strontium titanium (BST), and

platinum zirconium titanium (PZT).

8. The memory device of claim 1, wherein the protective liner layer is a silicon
oxide layer.
9. The memaory device of claim 1, wherein the protective layer is selectively

formed at the interface between the ferroelectric layer and the channel laver

without contacting the dielectric layers.

10. The memory device of claim 1, wherein the dielectric layers are silicon

oxide materials.

11. A method of memory device on a substrate comprises:

forming an opening in a film stack including a first layer and a second layer,;

filling the opening with one or more layers, wherein the one or more layers
comprise a channel layer;

selectively removing the first layer from the film stack to expose a portion of
the channel layer;

selectively oxidizing the portion of the channel layer to form a protective
tiner layer; and

filling the space with a conductive structure.

12. The method of claim 11, wherein selective oxidizing the portion of the
channel layer further comprises:

performing a radical plasma oxidation {o oxidize the channel layer.
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13, The method of claim 11, wherein the protective liner layer is in direct

contact with the ferroelectric layer.

14.  The method of claim 11, wherein the protective liner layer is a silicon oxide

layer.

15, A method of forming stair-like structures on a substrate comprises:
selectively oxidizing a portion of a channel layer exposed by a space

defined between dielectric layers formed in a film stack, wherein the film stack has

a center opening filled by a muiti-layer structure comprising the channel layer,
forming a protective liner layer on the portion of the channel layer; and
forming a ferroelectric layer in contact with the protective liner layer,

wherein the ferroglectric layer is a high dielectric constant material.
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