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METHOD OF MAKING A THREE-DIMENSIONAL MEMORY DEVICE USING
SILICON NITRIDE ETCHING END POINT DETECTION

RELATED APPLICATION

{6001] The present application claims the benefit of priority of U.S. Non-Provisional Patent
Application Sertal No. 16/419.243 filed on May 22, 2019, the entire content of which is
incorporated herein by reference.

FIELD
{0002] The present disclosure relates generally to the field of semiconductor devices, and
more particitarty to methods of making three-dimensional memory devices using silicon

nitride etching end point detection.

BACKGROUND

{0083] Three-dimensional vertical NAND strings having one bit per cell are disclosed in an
article by T. Endoh et al., titled “Novel Ultra High Density Memory With A Stacked-

Surrounding (Gate Transistor (8-SGT) Swuctured Cell”, IEDM Proc. (2001) 33-36.

SUMMARY

{0084] According to an aspect of the present disclosure, a method of making three-
dimensional memory device includes forming a stack of insulating layers and silicon nitride
sacrificial layers over a substrate, forming memory stack structures in the aliernating stack,
forming a trench through the alternating stack, selectively stching the silicon nitride
sacrificial layers through the trench using a phosphoric acid sobition, filling a sample
container with a fixed quantity of the phosphoric acid solution that was used to etch the

silicon nitride sacrificial layers, determining a weight of the sample container, determining if
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a threshold value indicative of the etching end point has been reached or exceeded based on
the determined weight, stopping the etching of the silicon nitride sacrificial layvers in response
to determining that the threshold value indicative of the etching end point has been reached or
cxceeded to feave recesses between the insulating layers, and filling the recesses with
clectrically conductive layers.

{6005] According to an aspect of the present disclosure, a method of making a device
includes ctching a silicon nitride layer using phosphoric acid solution, filling a sampie
container with a fixed quantity of the phosphoric acid solution that was used to sich the
silicon nitride layer, determining a weight of the sample container containing the fixed
quantity of phosphoric acid solution, determining if a threshold value indicative of the
ctching end point has been reached or exceeded based on the determined weight, and
stopping the etching of the stlicon nitride layer in response to determining that the threshold
value indicative of the ctching end point has been reached or exceeded.

{0086] According to an aspect of the present disclosure, a phosphoric acid wet etching
system includes an eteh tank, a sample line configured to fill a sample container with a fixed
quantity of phosphoric acid solution being used to etch a silicon nitride layer in the ctch tank,
a scale configured o a determine a weight of the sample container containing the fixed
quantity of phosphoric acid, and a controller connected to the scale. The controller is
configured to determine i a threshold value indicative of the etching end point has been
reached or exceeded based on the determined weight, and stop the etching of the silicon
nitride layer in response to determining that the threshold value indicative of the etching end

point has been reached or exceeded.
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BRIEF DESCRIPTION OF THE DRAWINGS

{60071 FIG. 1 is a schematic vertical cross-sectional view of an exemplary structure afier
formation of at least one peripheral device, and a semiconducior material layer according to
an emhodiment of the present disclosure.

{6008] FIG. 2 is a schematic vertical cross-sectional view of the exemplary structure after
formation of an alternating stack of insulating layers and sacrificial material layers according
to an embodiment of the present disclosure.

{6009] FIG. 3 is a schematic vertical cross-sectional view of the exemplary structure after
formation of stepped terraces and a retro-siepped diclectric material portion according to an
embodiment of the present disclosure.

{6010] FIG. 4A is a schematic vertical cross-sectional view of the exeraplary structure after
formation of memory openings and support openings according to an embodiment of the
present disclosure.

{6011] FIG. 4B is a top-down view of the exemplary siracture of FIG. 4A. The vertical plane
A ~ A’ is the plane of the cross-section for FIG. 4A.

{0012] FIGS. 5A — 5H are sequential schematic vertical cross-sectional views of a memory
opening within the exemplary structure during formation of a memeory stack structure, an
optional diclectric core, and a drain region therein according to an embodiment of the present
disciosure.

{6013] FIG. 6 is a schematic vertical cross-sectional view of the exemplary structure after
formation of memory stack structures and support pillar structures according to an
embodiment of the present disclosure.

[0014] FIG. 7A is a schematic vertical cross-sectional view of the exemplary stracture after
formation of backside trenches according to an embodiment of the present disclosure.
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{0015] FIG. 7B is a partial see-through top-down view of the exemplary structure of FIG.
TA. The vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FiG.7A.

{0016] FIG. 8 is a schematic vertical cross-sectional view of the exemplary structure after
formation of backside recesses according to an embodiment of the present disclosure.

{0017] FIGS. 9A - 9D are sequential vertical cross-sectional views of a region of the
exemplary structure during formation of clectrically conductive layers according to an
embodiment of the present disclosure.

{6018] FIG. 10 is a schematic vertical cross-sectional view of the exemplary structure at the
processing step of FIG. 9D,

[6019] FIG. 11A is a schematic vertical cross-sectional view of the exemplary structure after
removal of a deposited conductive material from within the backside trench according to an
cmbodiment of the present disclosure.

{0028] FIG. 11B is a partial see-through top-down view of the exemplary structure of FIG.
11A. The vertical plane A — A’ is the plane of the schematic vertical cross-sectional view of
FiGG. 11A.

[6021] FIG. 11C is a vertical cross-sectional view of the exemplary structure along the
vertical plane C - C of FIG. 11B.

{6022] FIG. 12A is a schematic vertical cross-sectional view of the exemplary structure after
formation of an insulating spacer and a backside contact structure according to an
embodiment of the present disclosure.

{6023] FIG. 12B is a magnified view of a region of the exemplary structure of FIG. 12A.
{6024} FIG. 13A is a schematic vertical cross-sectional view of the exemplary structure after

formation of additional contact via structures according to an ermnbodiment of the present
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disclosure.
{6025] FIG. 13B is a top-down view of the exemplary siructure of FIG. 13A. The vertical
plane A —~ A’ is the plane of the schematic vertical cross-sectional view of FIG. 13A.
{0026] FIG. 14A is a schematic cross-sectional view of an exemplary structure prior to
ctehing.
{60271 FIG. 14B is a schematic cross-sectional view of the exemplary structure of FIG. 14A
at an ideal etch end point.
{0028] FIG. 14C is a schematic cross-sectional view of the exemplary stroctare of FIG. 14A
after over etching.
{6029] FIG. 15 is a component block diagram of an embodiment etching system.
[6036] FIG. 16 is a process flow diagram illustrating an embodiment method for etching
control.

DETAILED DESCRIPTION
{0031] Silicon nitride layers may be used as sacrificial material layers within alternating
stacks of insulating layers and sacrificial material layers during manufacturing of a three-
dimensional memory device, such as a three-dimensional NAND memory device. in various
steps of manufacturing three-dirnensional memory devices, the silicon nitride layers may be
removed, such as by selective wet etching processes. For example, a wet etch process using
phosphoric acid (H3PO4) and water, such as deionized water, solution {¢.g., 85 wt.%
phosphoric acid and 15 wt.% deionized water) may be used to remove silicon nitride layers.
The phosphoric acid may be heated to a temperature above room temperature, such as 140°C
to 180 ° C to etch silicon nitride and is referred to as “hot” phosphoric acid. Phosphoric acid
is often used to etch silicon nifride films because of its sclectivity for etching silicon nitride

over silicon oxide and etching rate for silicon nitride. In such a phosphoric acid wet ctch
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process, the etching mechanism of the silicon nitride by the phosphoric acid may be
described by the following reactions: SisNg + 12H20 — 3Si(OH)s + 4NH4T and 5102 + 2H20
— Si{OHW. In a phosphoric acid wet etch process, the three-dimensional memory device
including the sacrificial silicon nitride layers may be inserted in a tank of phosphoric acid, the
phosphoric acid may be heated and circulated through the tank and over the three-
dimensional memory device to selectively etch away the sacrificial silicon nitride lavers. The
phosphoric acid wet ctch process may be controtled to stop the etching at a desired etch point.
A goal in any etch process, especially a phosphoric acid wet etch process, may be to avoid
over etching (i.e., removing more material than desired, such as vemoving a non-sacrificial
material, such as the blocking diclectric as will be described below).

{6032] One method for controlling a phosphoric acid wet etch process includes sampling the
phosphoric acid in a circulation line providing phosphoric acid to the tank, allowing the
saraple to cool 10 150-165 degrees Celsius (°C), adding a silicate reagent fo the sample
collected that reacts with the silica in the sample, measuring the quantity of the non-reaction
silicate reagent in the sample, and calculating the silicon concentration in the sample based
on the quantity of the non-reaction silicate reagent measured. The phosphoric acid wet etch
process can be stopped when the silicon concentration is determined by a densimeter (Le., a
density meter) to be at or above a threshold value. While such a method does impart some
control to a phosphoric acid wet etch process, the method provides a lower than desired
accuracy as to the point at which to stop eiching (i.c., etching end point deiection) because of
the time needed for the sample to cool to 150-165 °C and the time needed for the reaction
between the silica and reagent can take several minutes, such as 7 to 10 minutes, thercby
allowing etching to potentially cccur beyond a desired etching cnd point. Also, the method

provides Jower than desired accuracy because it provides an indirect silicon concentration
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measurement by the non-reaction reagent which may have a large error ratio of over 10%.
The low accuracy of the method may result in an over etching of the three-dimensional
memory device by 30% (e.g.. over etching of the exposed blocking dielectric described
below).

{0033] Embodiments of the present disclosure are directed controlling the end point detection
of a silicon nitride wet etching process using phosphoric acid wet etch process by measuring
the weight of silicon in the circulating phosphoric acid solution and determining the end point
of the etching based on the measured weight to increase measurement precision and redoce
the measurement time. Brobodiments of the present disclosure are directed to measuring the
weight of a known quantity sample of phosphoric acid in a circulation line providing
phosphoric acid and deternining the silicon concentration based on the weight of the sample.
The silicon concentration being at or above a threshold may indicate a desired etch end point
has bheen reached and, in response, ctching may be ceased. The embodiments of the present
disclosure ave directed to divect measurement methods to detect a desired etch end point. The
embodiments of the present disclosure may provide a process with a repeatability of +/- (.1
parts per rmaillion (ppov) and ervor rate of less than 1%, such a5 0.2% 10 0.3%. The
cbodiments of the present disclosure may provide a process with a measurement interval
time of about 30 to 60 seconds.

{6034] The embodiments of the disclosure can be employed to form various structures
including a multdevel memory structure, non-limiting examples of which include
semiconductor devices such as three-dimensional monolithic memory array devices
comprising a plurality of NAND memory strings.

{0035] The drawings are not drawn to scale. Multiple instances of an element may be

duplicated where a single instance of the element is {lustrated, unless absence of duplication
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“second,” and “third” are emploved merely to identify similar elements, and different
ordinals may be employed across the specification and the claims of the instant disclosure.
The same reference numerals refer to the same element or similar element. Unless otherwise
indicated, elements having the same reference numerals are presumed to have the same
composition and the same function. Unless otherwise indicated, a “contact” between
elements refers to a direct contact between elements that provides an edge or a surface shared
by the elements. As used herein, a first element located “on” a second element can be located
on the exterior side of a surface of the second element or on the interior side of the second
clement. As used herein, a first clement is located “directly on” a second element if there
cxist a physical contact between a surface of the first element and a surface of the second

»9

clement. As used herein, a “prototype” structure or an “in-process” structure refers to a
transient structure that is subsequently modified in the shape or composition of at least one
component therein.

{6036] As used herein, a “layer” refers to a material portion including a region having a
thickness. A layer may cxtend over the entirety of an vnderlying or overlying structure, or
may have an extent less than the extent of an underlying or overlyving structure. Further, a
layer may be a region of a homogeneous or inhomogeneous continious structure that has a
thickness less than the thickness of the continuous structure. For example, a layer may be
located between any pair of horizontal planes between, or at, a top surface and a bottom
surface of the continuous structure. A layer may extend horizontally, vertically, and/or along
a tapered surface. A substrate may be a laver, may include onc or more lavers therein, or
may have onc or more layer thereupon, thercabove, and/or therchelow.

{00371 As used herein, a first surface and a second surface are “vertically coincident” with
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each other if the second surface overlies or underlies the first surface and there exists a
vertical plane or a substantially vertical plane that includes the first surface and the second
surface. A substantially vertical plane is a plane that extends straight along a direction that
deviates from a vertical direction by an angle less than 5 degrees. A vertical planc or a
substantially vertical plane is straight along a vertical divection or a substantially vertical
direction, and may, or may not, include a curvature along a direction that is perpendicular to
the vertical direction or the substantially vertical direction.

{0038] A monolithic three-dimensional memory array is a memory array in which multiple
memory levels are formed above a single substrate, such as a semiconductor wafer, with no
intervening substrates. The term “monolithic” means that layers of cach level of the array are
directly deposited on the layers of each undertying level of the array. In contrast, two
dimeunsional arrays may be formed separately and then packaged together to form a non-
monolithic memory device. For example, non-monolithic stacked memorics have heen
constructed by forming memory levels on separate substrates and vertically stacking the
memory levels, as described in U.S. Patent No. 5,915,167 dtled “Three-dimensional Structure
Memory.” The substrates may be thinned or removed from the memory levels before
bonding, but as the memory levels are inttially formed over separate substrates, such
memorics are not true monolithic three-dimensional memory arrays. The various three-
dimensional memory devices of the present disclosure include 2 monolithic three-
dimensional NAND string memory device, and can be fabricated employing the various
embodiments described herein.

59

{6039] Generally, a semiconductor package (or a “package”™) refers to a unit semiconductor
device that can be attached to a circuit board through a set of pins or solder balls. A

semiconductor package may include a semiconductor chip (or a “chip”™) or a plurality of
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semiconductor chips that are bonded thercamongst, for example, by flip-chip bonding or
another chip-to-chip bonding. A package or a chip may include a single semiconductor dic
(or a “dic”) or a plurality of semiconductor dies. A dic is the smaliest unit that can
independently execute external commands or report status. Typically, a package or a chip
with multiple dies is capable of simultancously executing as many number of external
commands as the total number of dies therein. Each dic includes one or more planes.
Identical concurrent operations can be cxecuted in cach plane within a same die, although
there may be some restrictions. In case a die is a memory die, i.e., a die including memory
elements, concurrent read operations, concurrent write operations, or concurrent erase
operations can be performed in cach plane within a same memory die. In a memory dic, each
plane contains a number of memory blocks (or “blocks™), which are the smallest unit that can
be erased by in a single erase operation.  Each memory block contains a number of pages,
which arc the smallest units that can be selected for programming. A page is also the
smallest umit that can be selected to a read operation.

{6040] Referring to FIG. 1, an exemplary structure according to an embodiment of the
present disclosure is dlustrated, which can be employed, for example, to fabricate a device
structure containing vertical NAND memory devices. The exemplary stracture includes a
substrate (9, 10}, which can be a semiconductor substrate. The substrate can include a
substrate semiconductor layer 9 and an optional semiconductor material laver 10. The
substrate semiconductor layer 9 maybe a semiconductor wafer or a semiconductor material
layer, and can include at least one elemmental semiconductor material (e.g., single crystal
silicon wafer or layer), at least one -V compound semiconductor material, at least one H-V{
compound semiconductor material, at least one organic semiconductor material, or other

semiconductor materials known in the art. The substrate can have a major surface 7, which

-10-



WO 2020/236243 PCT/US2020/021525

can be, for cxample, a topmost surface of the substrate semiconductor layer 9. The major

-

surface 7 can be a semiconductor surface. In one embodiment, the major sinface 7 can be a
single crystalline semiconductor surface, such as a single crystalline semiconductor suface.
{0041] As used herein, a “semiconducting material” refers {0 a material having electrical
conductivity in the range from 1.0 x 107 S/m to 1.0 x 10° 8/m. As used herein, a
“semiconductor material” refers to a material having electrical conductivity in the range from
1.0 x 107 S/m to 1.0 S/m in the absence of electrical dopants therein, and is capable of
producing a doped material having electrical conductivity in a range from 1.0 S/mto 1.0x
10° 8/m upon suitable doping with an electrical dopant. As used herein, an “electrical
dopant” refers to a p-type dopant that adds a hole to a valence band within a band structure,
or an n-type dopant that adds an electron to a conduction band within a band structure. As
used herein, a “conductive material” refers to a material having electrical conductivity greater
than 1.0 x 10° S/m. As used hercin, an “insulator material” or a “dielectric material” refers to
a material having electrical conductivity less than 1.0 x 107 8/m. As used herein, a “heavily
doped semiconductor material” vefers to a semiconductor material that is doped with
clectrical dopant at a sufficiently high atomic concentration to become a conductive material
cither as formed as a crystalline material or if converted into a crystalline material through an
anneal process (for exaraple, from an initial amorphous state), t.e., to have electrical
conductivity greater than 1.0 x 10° $/m. A “doped semiconductor material” may be a heavily
doped semiconductor material, or may be a semiconductor material that includes electrical
dopants (i.e., p-type dopants and/or n-type dopants) at a concentration that provides electrical
conductivity in the range from 1.0 x 107 S/m to 1.0 x 10° 8/m. An “intrinsic semiconductor
material” refers to a semiconductor material that is not doped with electrical dopants. Thus, a

semiconductor material may be semiconduocting or conductive, and may be an intrinsic
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semiconductor material or a doped semiconductor material. A doped semiconductor material
can be semiconducting or conductive depending on the atomic concentration of clectrical
dopants thercin. As used herein, a “metallic material” refers to a conductive material
including at Icast one metallic element therein.  All measurements for clectrical
conductivities are made at the standard condition.

{0042] At least one semiconductor device 700 for a peripheral circuitry can be formed on a
portion of the substrate semiconductor layer 9. The at least one semiconductor device can
include, for example, field effect transistors. For example, at least one shallow trench
isolation structure 720 can be formed by etching portions of the substrate semiconductor
layer 9 and depositing a diclectric material therein. A gate diclectric layer, at least one gate
conductor layer, and a gate cap dielectric layer can be formed over the substrate
semiconductor Jayer 9, and can be subsequently patterned to form at least one gate structure
(750, 752, 754, 758), cach of which can include a gate diclectric 750, a gate clectrode (752,
754}, and a gate cap dielectric 758. The gate electrode (752, 754) may include a stack of a
first gate electrode portion 752 and a second gate electrode portion 754. At least one gate
spacer 756 can be formed around the at least one gate structure (750, 752, 754, 758) by
depositing and anisotropically etching a dielectric liner. Active regions 730 can be formed in
upper portions of the substrate semiconductor layer 9, for example, by introducing electrical
dopants eroploying the at least one gaie structure (750, 752, 754, 758) as masking structures.
Additional masks may be employed as needed. The active region 730 can include source
regions and drain regions of field effect trapsistors. A first dielectric liner 761 and a second
diclectric liner 762 can be optionally formed. Each of the first and second diclectric liners
(761, 762) can comprise a silicon oxide layer, a silicon nitride layer, and/or a dielectric metal

oxide layer. As used herein, silicon oxide inclades silicon dioxide as well as non-

-12-



WO 2020/236243 PCT/US2020/021525

stoichiometric silicon oxides having more or less than two oxygen atoms tor each silicon
atoms. Silicon dioxide is preferved. In an illustrative example, the first diclectric liner 761
can be a silicon oxide layer, and the second dielectric liner 762 can be a silicon nitride layer.
The least one semiconductor device for the peripheral circuifry can contain a driver circuit for
memory devices to be subsequently formed, which can inchude at least one NAND device.
{6043] A dielectric material such as silicon oxide can be deposited over the at least one
semiconductor device, and can be subsequently planarized to form a planarization dielectric
tayer 770. In one embodiment the planarized top surface of the planarization dielectric layer
770 can be coplanar with a top surface of the dielectric liners (761, 762). Subsequently, the
planarization dielectric layer 770 and the diclectric liners (761, 762) can be removed from an
area to physically expose a top surface of the substrate semiconductor layer 9. As used
herein, a surface is “physically exposed” if the surface 1s in physical contact with vacuum, or
a gas phase material (such as air).

{0044] The optional semiconductor material layer 10, if present, can be formed on the top
surface of the substrate serniconductor layer 9 prior to, or after, formation of the at least one
semiconductor device 700 by deposition of a single crystalline semiconductor material, for
cxample, by selective epitaxy. The depostted semiconductor material can be the same as, or
can be different from, the semiconductor material of the substrate semiconductor layer 9.
The deposited semiconductor material can be any material that can be employed for the
substrate semiconductor laver 9 as described above. The single crystalline semiconductor
material of the semiconductor material layer 10 can be in epitaxial alignment with the single
crystalline structure of the substrate semiconductor layer 9. Portions of the deposited
semiconductor material iocated above the top surface of the planarization dielectric layer 770

can be removed, for example, by chemical mechanical planarization ({CMP). In this case, the
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semiconductor material Iayer 10 can have a top surface that is coplanar with the top surface
of the planarization dielectric layer 770.

{6045] The region (i.e., area) of the af least one semiconductor device 700 is herein referred
to as a peripheral device region 200. The region in which a memory array is subsequently
formed is herein referved to as a memory array region 100. A staircase region 300 for
subsequently forming stepped terraces of electrically conductive layers can be provided
hetween the memory array region 100 and the peripheral device region 200,

{0046] Referring to FIG. 2, a stack of an alternating plurality of first material layers (which
can be insulating layers 32} and second material layers (which can be sacrificial material
layer 42) 1s formed over the top surface of the substrate (9, 10). As used herein, a “material
layer” refers to alayer including a matenial throughowt the entrety thereof. As used herein,
an alternating plurality of first elements and second elements refers to a structure in which
instances of the first elements and instances of the second elements alternate. Each instance
of the first elements that is not an end element of the aliernating plurality is adjoined by two
mstances of the second elements on both sides, and each instance of the second elements that
is not an end clement of the alternating plurality is adjoined by two instances of the first
clements on both ends. The first elements may have the same thickness thercamongst, or
may have different thicknesses. The second clements may have the same thickness
thercamongst, or may have different thicknesses. The alternating plurality of first material
layers and second material layers may begin with an instance of the first material layers or
with an instance of the second material layers, and may end with an instance of the first
material layers or with an instance of the second material layers. In one embodiment, an
instance of the first elements and an instance of the second clements may form: a unit that is

repeated with periodicity within the alternating plurality.
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{6047} Each first material layer includes a first material, and each second material layer
mcludes 4 second material that is diffevent from the first material. In one emmbodiment, each
first material layer can be an insulating layer 32, and each second material layercan be a
sacrificial material layer. In this case, the stack can include an alternating plurality of
insulating layers 32 and sacrificial material layers 42, and constitutes a prototype stack of
alternating layers comprising insulating layers 32 and sacrificial material layers 42.

{0048] The stack of the alternating plurality is herein referred to as an alternating stack (32,
42). In one embodiment, the alternating stack (32, 42) can include insulating layers 32
composed of the first material, and sacrificial material layers 42 composed of a second
material different from that of insulating layers 32, The first material of the insulating layers
32 can be at least one insulating material. As such, each insulating layer 32 can be an
insulating material layer. Insulating materials that can be employed for the insulating layers
32 include, but are not limited to, silicon oxide (including doped or undoped silicate glass),
silicon nitride, silicon oxynitride, organosilicate glass (05G), spin-on dielectric materials,
diclectric metal oxides that are commonly known as high dielectric constant (high-k)
diclectric oxides (e.g., aluminum oxide, hafnium oxide, etc.) and silicates thercof, diclectric
metal oxymitrides and silicates thereof, and organic insulating materials. In one embodiment,
the first material of the insulating layers 32 can be silicon oxide.

{6049] The second material of the sacrificial material layers 42 is a sacrificial material that
can be removed selective to the first material of the insulating layers 32. As used herein, a
removal of a first material is “selective 107 a second material if the removal process removes
the first material at a rate that is at least twice the rate of removal of the second material. The
ratio of the rate of removal of the first material to the rate of removal of the second material is

herein referred to as a “selectivity” of the removal process for the first material with respect

-15-



WO 2020/236243 PCT/US2020/021525

to the second material.

{6058] The sacrificial material fayers 42 may comprise an insulating material, a
semiconductor material, or a conductive material. The second material of the sacrificial
material layers 42 can be subsequently replaced with electrically conductive electrodes which
can function, for example, as control gate electrodes of a vertical NAND device. Non-
limiting examples of the second material include silicon nitride, an amorphous semiconductor
material (such as amorphous silicon), and a polyerystalline semiconductor material (such as
polysilicon}.  In one embodiment, the sacrificial material layers 42 can be spacer material
layers that comprise silicon nitride or a semiconductor material including at least one of
silicon and germanium.

{6051} In one embodiment, the insulating layers 32 can include silicon oxide, and sacrificial
material layers can inclode silicon nitride sacrificial material layers. The first material of the
insulating layers 32 can be deposited, for example, by chemical vapor deposition (CVD). For
example, if silicon oxide is emploved for the insulating layers 32, tetraethy! orthosilicate
(TEOS) can be employed as the precursor roaterial for the CVD process. The second
material of the sacrificial material layers 42 can be formed, for example, CVD or atomic
layer deposition (ALD).

{6052] The sacrificial material tayers 42 can be sunitably patterned so that conductive material
portions to be subsequently formed by replacement of the sacrificial material layers 42 can
function as clectrically conductive electrodes, such as the conirol gate electrodes of the
monolithic three-dimensional NAND string memory devices to be subsequently formed. The
sacrificial material layers 42 may comprisc a portion having a strip shape cxtending
substantially parallel to the major surface 7 of the substrate.

{0053] The thicknesses of the insalating layers 32 and the sacrificial material layers 42 can be
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in a range from 20 nm to 30 am, although lesser and greater thicknesses can be employed for
each insulating layer 32 and for each sacrificial material layer 42, The number of repetitions
of the pairs of an insulating layer 32 and a sacrificial material layer (2.2, a control gate
clectrode or a sacrificial material layer) 42 can be in a range from 2 to 1,024, and typically
from 8 to 256, although a greater mumber of repetitions can also be emoployed.  The top and
hottor gate clectrodes in the stack may function as the select gate clectrodes. In one
embodiment, each sacrificial material layer 42 in the alternating stack (32. 42) can have a
uniform thickness that is substantially invariant within cach respective sacrificial material
layer 42.

{0054] While the present disclosure is described employing an embodiment in which the
spacer material layers are sacrificial matenial layers 42 that are subsequently replaced with
clectrically conductive layers, embodiments are expressly contemplated herein in which the
sacrificial material layers are formed as electrically conductive layers. In this case, steps for
replacing the spacer material layers with electrically conductive layers can be omitted.
[0055] Optionally, an insulating cap layer 70 can be formed over the alternating stack (32,
423. The insulating cap layer 70 includes a dielectric material that is different from the
material of the sacrificial material layers 42. In one embodiment, the insulating cap layer 70
can include a dielectric material that can be employed for the nsulating layers 32 as
described above. The insulating cap layver 70 can have a greater thickness than cach of the
insulating layers 32. The insulating cap layer 70 can be deposited, for example, by chemical
vapor deposition. In one embodiment, the insulating cap layer 70 can be a silicon oxide
layer.

{00536] Referring to FIG. 3, stepped surfaces are formed at a peripheral region of the

alternating stack (32, 423, which is herein referred to as a terrace region. As used herein,
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“stepped surfaces” refer to a set of surfaces that include at least two horizontal surfaces and at
least two vertical surfaces such that each horizontal surface s adjoined to a first vertical
surface that extends upward from a first edge of the horizontal surface, and is adjoined to a
second vertical surface that extends downward from a second cdge of the horizontal surface.
A stepped cavity is formed within the volure from which portions of the alternating stack
(32, 42) arc removed through formation of the stepped surfaces. A “stepped cavity” refers to
a cavity having stepped surfaces.

{0057] The terrace region is formed in the staircase region 300, which is located between the
memory array region 100 and the peripheral device region 200 containing the at least one
semiconductor device for the peripheral circuitry. The stepped cavity can have various
stepped surfaces such that the horizontal cross-sectional shape of the stepped cavity changes
in steps as a function of the vertical distance from the top surface of the substrate (9, 10}, In
onc embodiment, the stepped cavity can be formed by repetitively performing a set of
processing steps. The set of processing steps can include, for example, an etch process of a
first type that vertically increases the depth of a cavity by one or more levels, and an etch
process of a second type that laterally expands the area to be vertically eiched in a subsequent
ctch process of the fivst type. As used herein, a “level” of a structure including alternating
plurality is defined as the relative position of a pair of a first material layer and a second
material layer within the structure.

{0058] Each sacrificial material layer 42 other than a topmost sacrificial material layer 42
within the alternating stack (32, 42) laterally extends farther than any overlying sacrificial
material layer 42 within the alternating stack (32, 42) in the terrace region. The terrace
region includes stepped surfaces of the alternating stack (32, 42) that continuously extend

from a bottommost laver within the alternating stack (32, 42) to a topmost layer within the
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alternating stack (32, 42).

{6059] Each vertical step of the stepped surfaces can have the height of one or more pairs of
an insulating layer 32 and a sacrificial material layer. In one embodiment, each vertical step
can have the height of a single pair of an insulating layer 32 and a sacrificial matertal layer
42. In another embodiment, multiple “columns” of staircases can be formed along a first
horizontal direction hdl such that cach vertical step has the height of a plurality of pairs of an
insulating layer 32 and a sacrificial material layer 42, and the number of columns can be at
least the munber of the phurality of pairs. Each column of staircase can be vertically offset
among one another such that each of the sacrificial material lavers 42 has a physically
cxposed top surface in a respective column of staircases. In the illustrative example, two
columns of staircases are formed for cach block of memory stack structures to be
subsequently formed such that one column of staircases provide physically exposed top
surfaces for odd-numbered sacrificial material layers 42 (as counted from the bottom) and
another column of staircases provide physically exposed top surfaces for even-numbered
sacrificial material layers (as counted from the bottor). Configurations employing three,
four, or more columns of staircases with a respective set of vertical offsets among the
physically exposed surfaces of the sacrificial material layers 42 may also be employed. Each
sacrificial material layer 42 has a greater lateral extent, at least along one direction, than any
overlying sacrificial material layers 42 such that cach physically exposed surface of any
sacrificial material layer 42 does not have an overhang. In one embodiment, the vertical
steps within each columm of staircases may be arranged along the first horizontal direction
hdl, and the columns of staircases may be arranged along a second horizontal direction hd2
that is perpendicular to the first horizontal direction hdl. In one embodiment, the first

horizontal direction hd1 may be perpendicular to the boundary between the memory array
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region 100 and the staircase region 300.

[8060] A retro-stepped dielectric material portion 65 (1.e., an insslating fill material portion)
can be formed in the stepped cavity by deposition of a dielectric material therein. For
cxample, a diclectric material such as silicon oxide can be deposited in the stepped cavity.
Excess portions of the deposited dielectric material can be removed from above the top
surface of the insulating cap layer 70, for cxample, by chemical mechanical planarization
(CMP). The remaining portion of the deposited diclectric material filling the stepped cavity
constitutes the retro-stepped dielectric material portion 65. As used herein, a “retro-stepped”
clement refers to an element that has stepped surfaces and a horizontal cross-sectional arca
that increases monotonically as a function of a vertical distance from a top surface of a
substrate on which the clement is present. H silicon oxide is employed for the retro-stepped
dielectric material portion 05, the silicon oxide of the retro-stepped dielectric material portion
65 may, or may not, be doped with dopants such as B, P, and/or F.

{0061] Optionally, drain select level isolation structures 72 can be formed through the
insulating cap layer 70 and a subset of the sacrificial material layers 42 located at drain select
levels. The drain sclect fevel isolation structures 72 can be formed, for example, by forming
drain select level isolation trenches and filling the drain seleet level isolation trenches with a
dielectric material such as silicon oxide. Excess portions of the dielectric material can be
removed from above the top surface of the insulating cap layer 70.

{0062] Referring to FIGS. 4A and 4B. a lithographic material stack {(not shown) including at
least a photoresist layer can be formed over the insulating cap layer 70 and the retro-stepped
dielectric material portion 65, and can be lithographically patterned to form openings therein.
The openings include a first set of openings formed over the memory array region 100 and a

second set of openings formed over the staircase region 300. The pattern in the lithographic
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material stack can be transferred through the insulating cap layer 70 or the retro-stepped
diclectric material portion 65, and through the alternating stack (32, 42} by at least one
anisotropic etch that employs the patterned lithographic material stack as an ctch mask.
Portions of the alternating stack (32, 42) underlying the openings in the patterned lithographic
material stack are etched to form memory openings 49 and support openings 19, As used
herein, 2 “memory opening” refers to a structure in which memory clements, such as a
memaory stack structure, is subsequently formed. As used herein, a “support opening” refers
o a structure in which a support structure {such as a support pillar structure) that
mechanically supports other elements is subsequently formed. The memory openings 49 are
formed through the insulating cap layer 70 and the entirety of the alternating stack (32, 42) in
the memory array region 100. The support openings 19 are formed through the retro-stepped
dielectric material portion 65 and the portion of the alternating stack (32, 42} that underlie the
stepped surfaces in the staircase region 300.

{0063] The memory openings 49 extend through the entivety of the alternating stack (32, 42).
The support openings 19 extend through a subset of layers within the alternating stack (32,
42). The chemistry of the anisotropic etch process employed to ctch through the materials of
the alternating stack (32, 42) can alternate to optimize etching of the first and second
materials in the alternating stack (32, 42). The anisotropic eich can be, for example, a series
of yeactive ion eiches. The sidewalls of the memory openings 49 and the support openings 19
can be substantially vertical, or can be tapered. The patterned lithographic material stack can
be subsequently removed, for example, by ashing.

{0064] The memory openings 49 and the support openings 19 can extend from the top
surface of the alternating stack (32, 42) to at least the horizontal plane including the topmost

surface of the semiconductor material layer 10, n one embodiment, an overetch into the
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semiconductor material Iayer 10 may be optionally performed after the top surface of the
semiconductor material layer 10 is physically exposed at a bottom of each memory opening
49 and cach support opening 19. The overctch may be performed prior to, or after, removal
of the lithographic material stack. In other words, the recessed surfaces of the semiconductor
material layer 10 may be vertically offset from the un-recessed top surfaces of the
semiconductor material layer 10 by a recess depth. The recess depth can be, for example, in a
range from 1 nm to 50 nm, although lesser and greater recess depths can also be employed.
The overctch is optional, and may be omitted. H the overeteh 13 not performed, the hottom
surfaces of the memory openings 49 and the support openings 19 can be coplanar with the
topmost surface of the semiconductor material fayer 10.

{00653] Each of the memory openings 49 and the support openings 19 may include a sidewall
{or a plurality of sidewalls) that extends substantially perpendicular to the topmost surface of
the substrate. A two-dimensional array of memory openings 49 can be formed in the memory
array region 100. A two-dimensional array of support openings 19 can be formed in the
staircase vegion 300. The suhstrate semiconductor layer 9 and the serniconductor material
tayer 10 collectively constitutes a substrate (9, 10), which can be a semiconductor substrate.
Alternatively, the semiconductor material layer 10 may be omitted, and the memory openings
49 and the support openings 19 can be extend to a top surface of the substrate semiconductor
fayer 9.

{0066] FIGS. 5A - 5H illustrate structural changes in a memory opening 49, which is one of
the memory openings 49 in the exemplary structure of FIGS. 4A and 4B, The same structural
change occurs simultancously in cach of the other memory openings 49 and in each of the
support openings 19.

{0067] Referring to FIG. 54, a memory opening 49 in the exemplary device structure of
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FIGS. 4A and 4B is iHlustrated. The memory opening 49 extends through the insulating cap
tayer 70, the alternating stack (32, 42), and optionally into an upper portion of the
semiconductor material layer 10, At this processing step, cach support opening 1% can
cxtend through the retro-stepped dielectric material portion 65, a subset of layers in the
alternating stack (32, 42}, and optionally through the apper portion of the semiconductor
material layer 10, The recess depth of the bottom surface of cach memory opening with
respect to the top surface of the semiconductor material layer 10 can be in a range from § nm
to 30 nm. although greater recess depths can also be employed. Optionally, the sacrificial
material layers 42 can be laterally recessed partially to form lateral recesses (not shown), for
cxample, by an isotropic ctch.

[0068] Referring to FIG. 5B, an optional pedestal channel portion {e.g., an epitaxial pedestal}
11 can be formed at the bottom portion of each memory opening 49 and each support
openings 19, for example, by selective epitaxy. Each pedestal channel portion 11 comprises
a single crystalline semiconductor material in epitaxial alignment with the single crystafling
semiconductor material of the semiconductor material layer 10. o one ernbodiment, the top
surface of each pedestal channel portion 11 can be formed above a horizontal plane including
the top surface of a bottommost sacrificial material layer 42, In this case, a source select gate
clectrode can be subsequently formed by replacing the bottommost sacrificial material layer
42 with a conductive material layer. The pedestal channel portion 11 can be aportionof a
transistor channel that extends between a source region to be subscquently formed in the
substrate (9, 10) and a drain region to be subsequently formed in an upper portion of the
memory opening 49. A memory cavity 497 is present in the unfilled portion of the memory
opening 49 above the pedestal channel portion 1. In one embodiment, the pedestal channel

portion 11 can comprise single crystalline silicon. In one embodiment, the pedestal channel
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portion 11 can have a doping of the first conductivity type, which is the same as the
conductivity type of the semiconductor material layer 10 that the pedestal channel portion
contacts. If a semiconductor material fayver 10 is not present, the pedestal channel portion 11
can be formed directly on the substrate semiconductor layer 9, which can have a doping of
the first conductivity type.

{6069] Referring to FIG. 5C, a stack of layers including a blocking dielectric layer 52, a
charge storage layer 54, a tunneling diclectric layer 56, and an optional first semiconductor
channel layer 601 can be sequentially deposited in the memory openings 49.

{0076] The blocking diclectric layer 52 can include a single dielectric material layer or a
stack of a plurality of dielectric material layers. In one embodiment, the blocking dielectric
layer can include a diclectric metal oxide layer consisting essentially of a diclectric metal
oxide. Asused heremn, a dielectric metal oxide refers to a dielectric material that includes at
least one metallic element and at least oxygen. The diclectric metal oxide may consist
essentially of the at least one metallic element and oxygen, or may consist essentially of the
at least one metallic element, oxygen, and at least one non-metallic element such as nitrogen.
In one emnbodiment, the blocking dielectric layer 532 can include a dielectric metal oxide
having a dielectric constant greater than 7.9, i.e., having a dielectric constant greater than the
dielectric constant of silicon nitride.

{6071] Non-limiting examples of diclectric metal oxides include aluminum oxide {AlxO3),
hafunium oxide (HfOy), lanthanum oxide (La(0s), yitrivm oxide (Y203}, tantalum oxide
{Ta20s), silicates thereof, nitrogen-doped compounds thereof, alloys thereof, and stacks
thereof. The diclectric metal oxide layer can be deposited, for example, by chemical vapor
deposition (CVD), atomic layer deposition (ALD), pulsed laser deposition (PLD), liguid

source misted chemical deposition, or a combination thereof. The thickness of the diclectric
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metal oxide layer can be in a range from 1 nm to 20 nm, although lesser and greater
thicknesses can also be emploved. The dielectric metal oxade layer can subsequently function
as a diclectric material portion that blocks leakage of stored electrical charges to control gate
clectrodes. In one embodiment, the blocking dielectric layer 52 includes aluminum oxide. In
one embodiment, the blocking dielectric layer 532 can include multiple dielectric metal oxide
favers having different material compositions.

{0072} Alternatively or additionally, the blocking dieleciric layer 52 can include a dielectric
semiconductor compound such as silicon oxide, silicon oxynitride, silicon nitride, or a
corobination thereof. In one embodiment, the blocking dielectric laver 52 can include silicon
oxide. In this case, the dislectric semiconductor compound of the blocking dielectric layer 52
can be formed by a conformal deposition method such as low pressure chemical vapor
deposition, atomic layer deposition, or a corabination thereof. The thickness of the dielectric
semiconductor compound can be in a range from 1 nm to 20 nm, although lesser and greater
thicknesses can also be emploved. Alternatively, the blocking dielectric layer 52 can be
omitted, and a backside blocking dielectric layer can be formed after formation of backside
recesses on surfaces of memory films to be subscquently formed.

[6073] Subsequently, the charge storage layer 54 can be formed. In one embodiment, the
charge storage layer 34 can be a continuous layer or patterned discrete portions of a charge
trapping material including a diclectric charge trapping material, which can be, for example,
silicon nitride. Alternatively, the charge storage layer 54 can include a continuous layer or
patterned discrete portions of a conductive material such as doped polysilicon or a metallic
material that is patterned into multiple electrically isolated portions (¢.g., floating gates), for
cxample, by being formed within lateral recesses into sacrificial material layers 42. In one

embodiment, the charge storage layer 34 includes a silicon nitride layer. In one embodirent,
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the sacrificial material layers 42 and the insulating layers 32 can have vertically coincident
sidewalls, and the charge storage layer 54 can be formed as a single continuous layer.

{0074] In another embodiment, the sacrificial material layers 42 can he laterally recessed
with respect to the sidewalls of the insulating layers 32, and a combination of a deposition
process and an anisotropic etch process can be emploved to form the charge storage layer 54
as a plurality of memory material portions that are vertically spaced apart. While the present
disclosure is described employing an embodiment in which the charge storage layer 54 s a
single continuous layer, embodiments are expressly contemplated herein in which the charge
storage layer 54 is replaced with a plurality of memory material portions (which can be
charge trapping material portions or electrically isolated conductive material portions) that
are vertically spaced apart.

{6075] The charge storage jayer 54 can be formed as a single charge storage layer of
homogeneous composition, or can include a stack of multiple charge storage layers. The
multiple charge storage layers, if employed, can comprise a plurality of spaced-apart floating
gate material layers that contain conductive materials (e.g., metal such as tungsten,
molvbdenum, tantalum, titanium, platinum, ruthenium, and alloys thereof, or a metal silicide
such as tmgsten silicide, molybdenum silicide, tantalom silicide, ttaniom silicide, nickel
silicide, cobalt silicide, or a combination thereof) and/or semiconductor materials {e.g.,
polyerystalline or amorphous semiconductor material including at least one clemental
semiconductor element or at least one compound semiconductor material).  Alternatively or
additionally, the charge storage layer 34 may comprise an insulating charge trapping material,
such as one or more silicon nitride segments. Alternatively, the charge storage layer 54 may
comprise conductive nanoparticles such as metal nanoparticics, which can be, for example,

rutheniom nanoparticles. The charge storage layer 54 can be formed, for example, by
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chemical vapor deposition (CVD), atomic layer deposition {ALD), physical vapor deposition
(PV D), or any suttable deposition technique for storing electrical charges therein. The
thickness of the charge storage layer 54 can be in a range from 2 nm to 20 um, although
lesser and greater thicknesses can also be employed.

{6076] The tunneling dielectric fayer 56 inchides a dielectric material through which charge
tunneling can be performed under suitable electrical biss conditions. The charge mnneling
may be performed through hot-carrier injection or by Fowiler-Nordheim tnneling induced
charge wansfer depending on the mode of operation of the monolithic three-dimensional
NAND string memory device to be formed. The tunneling dielectric layer 56 can include
silicon oxide, silicon nitride, silicon oxynitride, diclectric metal oxides (such as aluminum

oxide and hafnium oxide), dielectric metal oxynitride, dielectric metal silicates, alloys

LA
N

thereof, and/or combinations thereof. In one embodiment, the tunneling dielectric layer 5
can include a stack of a first silicon oxide layer, a silicon oxynitride layer, and a second
silicon oxide layer, which is commonly known as an ONO stack. In one embodiment, the
tanneling dielectric layer 56 can include a silicon oxide layer that is substantially free of
carbon or a silicon oxynitride layer that is substantially free of carbon. The thickness of the
tunneling dielectric layer 56 can be in a range from 2 nm to 20 um, although lesser and
greater thicknesses can also be employed.

{00771 The optional first semiconductor channel layer 601 includes a semiconductor material
such as at least one clemental semiconductor material, at least one Hi-V compound
semiconductor material, at least one H-V1 compound semiconductor material, at least one
organic serniconductor material, or other semiconductor materials known in the art. In one
cmbodiment, the first semiconductor channel layer 601 includes amorphous silicon or

polysilicon. The first semiconductor channel layer 601 can be formed by a conformal
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deposition method such as low pressure chemical vapor deposition (LPCVD). The thickness
of the first semiconductor channel layer 601 can be in arange from 2 nio to 10 nm, although
lesser and greater thicknesses can also be employed. A memory cavity 49° is formed in the
volume of cach memory opening 49 that is not filled with the deposited material layers (52,
54, 56, 601).

{0078] Referring to FIG. 5D, the optional first semiconducior channel layer 601, the
tunneling diclectric layer 36, the charge storage layer 54, and the blocking diclectric layer 52
are sequentially anisotropically etched employing at least one anisotropic etch process. The
portions of the first semiconductor channel layer 601, the timneling dielectric layer 36, the
charge storage layer 54, and the blocking diclectric layer 52 located above the top surface of
the insulating cap layer 70 can be removed by the at least one anisotropic etch process.
Further, the horizontal portions of the furst semiconductor channel layer 601, the tunneling
dielectric layer 56, the charge storage layer 54, and the blocking diclectric layer S2 at a
bottom of each memory cavity 49 can be removed to form openings in remaining portions
thereof. Each of the first semiconductor channel layer 601, the mnneling diclectric layer 56,
the charge storage layer 54, and the blocking dielectric layer 52 can be ciched by a respective
anisotropic ctch process employing a respective etch chemistry, which may, or may not, be
the same for the various material layers.

{00791 Each remaining portion of the first semiconductor channel layer 601 can have a
tubular configuration. The charge storage layer 54 can comypwise a charge trapping material
or a floating gate material. In one embodiment, each charge storage layer 54 can include a
vertical stack of charge storage regions that store electrical charges upon programming. In
one embodiment, the charge storage layer 54 can be a charge storage layer in which each

portion adjacent to the sacrificial material layers 42 constitutes a charge storage region.
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{00808] A surface of the pedestal channel portion 11 {or a surface of the semiconductor
material layer 10 in case the pedestal channel portions 11 are not employed) can be
physically exposed underneath the opening through the first semiconductor channel layer
601, the mnneling dielectric layer 56, the charge storage layer 54, and the blocking diglectric
layer 52, Optionally, the physically exposed semiconductor surface at the bottom of each
memory cavity 49° can be vertically recessed so that the recessed semiconductor surface
underneath the memory cavity 49’ is vertically offset from the topmeost swface of the pedestal
channel portion 11 {or of the semiconductor material layer 10 in case pedestal channel
portions 11 are not employved) by a recess distance. A tunneling dielectric layer 56 is Jocated
over the charge storage fayer 54. A set of a blocking diclectric layer 52, a charge storage
laver 54, and a tunneling dielectric layer 56 in a memory opening 49 constitutes a memory
fibm 50, which includes a plurality of charge storage regions {as embodied as the charge
storage laver 54) that are insulated from surrounding materials by the blocking diclectric
tayer 32 and the tunneling dielectric layer 36. In one embodiment, the first semiconductor
channel layer 601, the tunneling diclectric layer 56, the charge storage layer 54, and the
blocking diclectric layer 52 can have vertically coincident sidewalls.

[0081] Referring to FIG. SE, a second semiconductor channel layer 602 can be deposited
directly on the semiconductor surface of the pedestal channel portion 11 or the semiconductor
material layer 10 if the pedestal channel portion 11 is omitied, and directly on the first
semiconductor channel layer 601. The second semiconductor channel layer 602 includes a
semiconductor material such as at least one elemental semiconductor material, at least one
IH-V compound semiconductor material, at least one U-V1 compound semiconductor
material, at least one organic semiconductor material, or other semiconductor materials

known in the art. {n one embodiment, the second semiconductor channel layer 602 includes
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amorphous silicon or polysilicon. The second semiconductor channel layer 602 can be
formed by a conformal deposition method such as low pressure chemical vapor deposition
(LPCVD). The thickness of the second semiconductor channel layer 602 can be in a range
from 2 nm to 10 nm. although lesser and greater thicknesses can also be employed. The
second semiconductor channel layer 602 may partially fill the memory cavity 49 in each
memory opening, or may fully fill the cavity in each memory opening.

{6082} The materials of the first semiconductor channel layer 601 and the second
semiconductor channel layer 602 are collectively referred to as a semiconductor channel
material. In other words, the semiconductor channel material is a set of all semiconductor
material in the first semiconductor channe! fayer 601 and the second semiconductor channel
layer 602.

{6083] Referring to FIG. 5F, in case the memory cavity 49 in each memory opening is not
completely filled by the second semiconductor channel layer 602, a dielectric core layer 621
can be deposited in the memory cavity 497 to fill any remaining portion of the memory cavity
49’ within cach memory opening. The dielectric core layver 621 includes a dielectric material
such as silicon oxide or organosilicate glass. The dielectric core layer 621, can be deposited
by a conformal deposition method such as low pressure chemical vapor deposition (LPCVD),
or by a self-planarizing deposition process such as spin coating.

{6084} Referring to FIG. 5G, the horizontal portion of the dielectric core laver 621 can be
removed, for example, by a recess ctch from above the top surface of the insulating cap layer
70. Each remaining portion of the dielectric core layer 621 constitutes a dielectric core 62,
Further, the horizontal portion of the second semiconductor channel layer 602 located above
the top surface of the insulating cap layer 70 can be removed by a planarization process,

which can employ a recess etch or chemical mechanical planarization (CMP). Each
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remaining portion of the second semiconductor channel layer 602 can be located entirety
within a memory opening 49 or entirely within a support opening 19,

{6085] Each adjoining pair of a first semiconductor channel layer 601 and a second
semiconductor channel layer 602 can collectively form a vertical semiconductor channel 60
through which electrical current can flow when a vertical NAND device inclading the
vertical semiconductor channel 60 is turned on. A twwnneling dielectric layer 56 is smrounded
by a charge storage layer 34, and laterally surrounds a portion of the vertical semiconductor
channel 60. Each adjoining set of a blocking dielectric layer 52, a charge storage layer 54,
and a tunneling dielectric layer 56 collectively constitute a mernory film 50, which can store
clectrical charges with a macroscopic retention time. In some embodiments, a blocking
dielectric layer 52 may not be present in the memory film 30 at this step, and a blocking
dielectric layer may be subsequently formed after formation of backside recesses. As used
herein, a2 macroscopic refention time refers to a retention time suitable for operation of a
memory device as a permanent memory device such as a retention time in excess of 24 hours.
[8086] Referring to FIG. SH, the top surface of cach dielectric core 62 can be further
recessed within each memory opening, for example, by a recess ctch to a depth that is located
between the top surface of the insuiating cap layer 70 and the bottom surface of the insulating
cap layer 70. Drain regions 63 can be formed by depositing a doped sericonductor material
within each recessed region above the dieleciric cores 62, The drain regions 63 can have 3
doping of a sccond conductivity type that is the opposite of the first conductivity type. For
example, if the first conductivity type is p-type, the second conductivity type is n-type, and
vice versa. The dopant concentration in the drain regions 63 can be in arange from 5.0 x
10%cm’ 10 2.0 x 107Yem?, although lesser and greater dopant concentrations can also be

cmploved. The doped semiconductor material can be, for example, doped polysilicon.
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Excess portions of the deposited semiconductor material can be removed from above the top
surface of the insulating cap layer 70, for exaraple, by chemical mechanical planarization
{CMP) or a recess etch to form the drain regions 63.

{6087} Each combination of a memory film 50 and a vertical semiconductor channel 60
within a memory opening 49 constitutes a memory stack structure 35, The memory stack
structure 535 is a combination of a serviconductor channel, a tanneling dielectric layer, a
plurality of memory clements as embodied as portions of the charge storage layer 54, and an
optional blocking dielectric layer 52. Each combination of a pedestal channel portion 11 (if
present), a memory stack structure 55, a dielectric core 62, and a drain region 63 within a
memory opening 49 is herein referred to as a memory opening fill structure 58. Each
combination of a pedestal channel portion 11 (f present), a memory film 50, a vertical
semiconductor channel 60, a dielectric core 62, and a drain region 63 within each support
opening 19 fills the respective support openings 19, and constitutes a support pillar structure.
{0088] Referring to FIG. 6, the exemplary structure is illustrated after formation of memory
opening fill structures 58 and support pillar structure 20 within the memory openings 49 and
the support openings 19, respectively. An instance of a memory opening fill structure 58 can
be formed within each memory opening 49 of the soucture of FIGS. 4A and 4B. An instance
of the support pillar structare 20 can be formed within each support opening 19 of the
structure of FIGS. 4A and 4B.

{6082] Each memory stack structure 55 includes a vertical semiconductor channel 60, which
may comprise multiple semiconductor channel layers (601, 602), and a memory film 50. The
memory film 50 may comprise a tunneling dielectric layer 56 laterally surrounding the
vertical semiconductor channel 60, a vertical stack of charge storage regions (as embodied as

a charge storage layer 54) laterally surrounding the tunneling dielectric layer 56, and an

-32-



WO 2020/236243 PCT/US2020/021525

optional blocking dielectric layer 52. While the present disclosure is described employing the
tllustrated configuration for the memory stack structure, the methods of the present disclosure
can be applied to alternative memory stack structures including different layver stacks or
structures for the memory film 50 and/or for the vertical semiconductor channel 60.

{6098] Referring to FIGS. 7A and 78, a contact level dielectric layer 73 can be formed over
the alternating stack (32, 42) of insulating layer 32 and sacrificial material layers 42, and over
the memory stack structures 55 and the support pillar structures 20. The contact level
dielectric layer 73 includes a dielectric material that is different from the dielectric material of
the sacrificial material layers 42. For example, the contact level dielectric layer 73 can
include siticon oxide. The contact level dielectric layer 73 can have a thickness in arange
from 50 nm to 300 nim, although lesser and greater thicknesses can also be employed.

{6091] A photoresist layer (not shown) can be applied over the contact level dielectric ayer
73, and is lithographically patterncd to form openings in arcas between clusters of memory
stack structures 55. The pattern in the photoresist layer can be transferred through the contact
level dielectric layer 73, the alternating stack (32, 42) and/or the retro-stepped dielectric
material portion 63 employing an anisotropic etch to form backside trenches 74, which
vertically extend from the top surface of the contact level dielectric layer 73 at least to the top
surface of the substrate (9, 10), and laterally extend through the memory array region 100 and
the staircase region 300.

{0092] In one embodiment, the backside trenches 79 can laterally extend along a first
horizontal direction hdl and can be laterally spaced apart among one another along a second
horizontal direction hd2 that is perpendicular to the first horizontal direction hdl. The
memory stack structures 55 can be arranged in rows that extend along the first horizontal

direction hdl. The drain select level isolation structures 72 can laterally extend along the first
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horizontal direction hdl. Each backside trench 79 can have a uniform width that is invariant
along the lengthwise divection (i.e., along the first horizontal direction hdl). Each drain
sclect level isolation structure 72 can have a uniform vertical cross-sectional profile along
vertical planes that are perpendicular to the first horizontal direction hd1 that is invariant with
translation along the fivst horizontal divection hdl. Multiple rows of memory stack structures
55 can be located between a neighboring pair of a backside trench 79 and a drain select fevel
isolation structure 72, or between a neighboring pair of drain select level isolation structures
7Z. In one embodiment, the backside trenches 79 can include a source contact opening in
which a source contact via structure can be subsequently formed. The photoresist layer can
be removed, for example, by ashing.

[0093] Referring to FIGS. 8 and 9A, an etchant that selectively etches the second material of
the sacrificial material layers 42 with respect to the first material of the insulating layers 32
can be introduced into the backside trenches 79, for example, employing an cich process.
FIG. 9A illustrates a region of the exemplary structure of FIG. 8. Backside recesses 43 are
formed n volumes from which the sacrificial material layers 42 are rernoved. The removal
of the second material of the sacrificial material layers 42 can be selective to the first material
of the insulating layers 32, the material of the retro-stepped dielectric material portion 65, the
semiconductor material of the semiconductor material layer 10, and the material of the
outermost layer of the memory films 50, In one emnbodiment, the sacrificial material layers
42 can inchude silicon nitride, and the materials of the insulating layers 32 and the retro-
stepped dielectric material portion 65 can be selected from silicon oxide and dielectric metal
oxides.

{6094] The etch process that removes the second material selective to the first material and

the outermost layer of the memory filras 50 can be a wet etch process employing a wet etch
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sohution, or can be a gas phase (dry) etch process in which the etchant is introduced in a
vapor phase into the backside trenches 79, For example, if the sacrificial material layers 42
include silicon nitride, the ctch process can be a wet etch process in which the exemplary
structure is immersed within a wet etch tank including phosphoric acid, which etches silicon
nitride selective to silicon oxide, silicon, and various other materials emploved in the art. The
support pillar structure 20, the retro-stepped dielectric material portion 65, and the memory
stack structures 55 provide structural support while the backside recesses 43 are present
within volumes previously occupied by the sacrificial material Iayers 42,

{0095] Each backside recess 43 can be a laterally extending cavity having a lateral dimeunsion
that is greater than the vertical extent of the cavity. in other words, the lateral dimension of
each backside recess 43 can be greater than the height of the backside recess 43. A plurality
of backside recesses 43 can be formed in the volumes from which the second material of the
sacrificial material layers 42 is removed. The memory openings in which the memory stack
structures 55 are formed are herein referred to as front side openings ov front side cavities in
contrast with the backside recesses 43, {n one embodiment, the memory array region 100
compriscs an array of monolithic three-dimensional NAND strings having a plurality of
device levels disposed above the substrate (9, 18). In this case, cach backside recess 43 can
define a space for receiving a respective word line of the array of monolithic three-
dimensional NAND strings.

{0096] Each of the plurality of backside recesses 43 can extend substantially parallel to the
top surface of the substrate (9, 10). A backside recess 43 can be vertically bounded by a top
surface of an underlying insulating layer 32 and a bottom surface of an overlying tnsulating
tayer 32. In one embodiment, each backside recess 43 can have a uniform height throughout.

{0097] Physically exposed surface portions of the optional pedestal channe! portions 11 and
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the semiconductor material layer 10 can be converted into dieleciric material portions by
thermal conversion and/or plasma conversion of the semiconductor materials into dielectric
materials. For example, thermal conversion and/or plasma conversion can be eraployved to
convert a surface portion of each pedestal channel portion 11 into a tubular dielectric spacer
116, and to convert each physically exposed surface portion of the semiconduactor material
faver 10 into a planar dielectric portion 616. In one embodiment, cach wbular dislectric
spacer 116 can be topologically homeomorphic to a torus, t.e., generally ring-shaped. As
used herein, an element is topologically homeomorphic to a torus if the shape of the element
can be continuously stretched without destroying a hole or forming a new hole into the shape
of atorus. The tubular dielectric spacers 116 inclide a dielectric material that includes the
same semiconductor element as the pedestal channel portions 11 and additionally includes at
least one non-metallic element such as oxygen and/or nitrogen such that the material of the
tubular dielectric spacers 116 is a dielectric material. In one emmbodiment, the tubular
dielectric spacers 116 can include a dielectric oxide, a dielectiic nitride, or a dielectric
oxynitride of the semiconductor material of the pedestal channel portions 11. Likewise, each
planar dielectric portion 616 includes a dielectric material that includes the same
semiconductor element as the semiconductor material layer and additionally includes at least
one non-metallic element such as oxygen and/or nitrogen such that the material of the planar
diclectric portions 616 is a diclectric material. In one embodiment, the planar diclectric
portions 616 can include a dielectric oxide, a dielectric nitride, or a dielectric oxynitride of
the serniconductor material of the semiconductor material fayer 10.

{0098] Referring to FI1G. 9B, a backside blocking diclectric layer 44 can be optionally
formed. The backside blocking dielectric layer 44, if present, comprises a diclectric material

that functions as a control gate diclectric for the control gates to be subsequently formed n

-36-



WO 2020/236243 PCT/US2020/021525

the backside recesses 43. In case the blocking dielectric layer 52 is present within cach
memory opening, the backside blocking diclectric layer 44 is optional. In case the blocking
diclectric layer 52 is omitted, the backside blocking diclectric layer 44 is present.

{0099] The backside blocking dielectric layer 44 can be formed in the backside recesses 43
and on a sidewall of the backside trench 79. The backside blocking dielectric layer 44 can be
formed directly on horizontal surfaces of the insulating layers 32 and sidewalls of the
memory stack structures 55 within the backside recesses 43. If the backside blocking
dielectric layer 44 is formed, formation of the tubuiar dielectric spacers 116 and the planar
diclectric portion 616 prior to formation of the hackside blocking diclectric layer 44 i
optional. In one embodiment, the backside blocking diclectric layer 44 can be formed by a
conformal deposition process such as atomic layer deposition {ALD}. The backside blocking
dielectric layer 44 can consist essentially of aluminum oxide. The thickness of the backside
blocking diclectric layer 44 can be in a range from 1 nm to 15 nm, such as 2 to 6 nm,
although lesser and greater thicknesses can also be employed.

{0186] The dielectric material of the backside blocking dielectric laver 44 can be a diclectric
metal oxide such as aluminum oxide, a dielectric oxide of at least one transition metal
element, a dielectric oxide of at least one Lanthanide element, a dielectric oxide of a
combination of aluminum, at {east one transition metal element, and/or at least one
Lanthanide clement. Alternatively or additionally, the backside blocking diclectric layer 44
can include a silicon oxide layer. The backside blocking dielectric layer 44 can be deposited
by a conformal deposition method such as chemical vapor deposition or atomic layer
deposition. The backside blocking dielectric layer 44 is formed on the sidewalls of the
backside trenches 79, horizontal surfaces and sidewalls of the insulating layers 32, the

portions of the sidewall surfaces of the memory stack structures 55 that are physically
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exposed to the backside recesses 43, and a top surface of the planar dielectric portion 616. A
backside cavity 79’ is present within the portion of each backside trench 79 that is not filled
with the backside blocking diclectric fayer 44.

{0181] Referring to FIG. 9C, a metallic barrier layer 40A can be deposited in the backside
recesses 43. The metallic barrier layer 46A includes an electrically conductive metallic
material that can function as a diffusion barvier layer and/or adhesion promotion fayer for a
metallic fill material to be subsequently deposited. The metallic barrier layer 46A can
include a conductive metallic nitride material such as TiN, TalN, WN, or a stack thereof, or
can include a conductive metallic carbide material soch as TiC, TaC, WC, or a stack thereof.
In one embodiment, the metallic barrier layer 46A can be deposited by a conformal
deposition process such as chemical vapor deposition (CVD) or atomic layer deposition
(ALD). The thickness of the metallic barvier layer 46A can be in arange from 2 nm to 8 nm,
such as from 3 nm t© 6 nim, although lesser and greater thickuesses can also be eroployed. In
one embodiment, the metallic barrier layer 46A can consist essentially of a conductive metal
nitride such as TiN.

{0182] Referring to FIGS. 9D and 10, a metal fill material is deposited in the plurality of
backside recesses 43, on the sidewalls of the at least one the backside trench 79, and over the
top surface of the contact level dielectric layer 73 to form a roetallic fill material layer 468.
The metallic fill material can be deposited by a conformal deposition method, which can be,
for example, chemical vapor deposition (CVD), atomic layer deposition (ALD), electroless
plating, electroplating, or a combination thereof. In one embodiment, the metallic fill
material layer 468 can cousist essentially of at least one elemental metal. The at least one
clemental metal of the metallic fill material laver 46B can be selected. for example, from

tungsten, cobalt, ruthenium, titaniom, and tantalurn. In one embodiment, the metallic fill
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material layer 46B can consist essentially of a single elemental metal. In one embodiment,
the metallic fill material layer 468 can be deposited employing a fluorine-containing
precursor gas such as WEs. In one embodiment, the metallic fill material layer 468 can be a
tungsten layer including a residual level of fluorine atoms as impurities. The metallic fill
material layer 468 is spaced from the insulating layers 32 and the memory stack structures 55
by the metallic barrier layer 46A, which is a metallic barrier layer that blocks diffusion of
fluorine atoms thercthrough.

{0183] A plurality of electrically conductive layers 46 can be formed in the plurality of
backside recesses 43, and a contimuous clectrically conductive material layer 461 can be
formed on the sidewalls of each backside trench 79 and over the contact level dielectric laver
73. Each electrically conductive layer 46 inchudes a portion of the metallic barrier layer 46A
and a portion of the metallic fill material layer 4GB that are located between a vertically
neighboring pair of diclectric material layers such as a pair of insulating layers 32. The
continuous electrically conductive material tayer 46L includes a continuous portion of the
metallic barvier layver 46A and a continuous portion of the metallic fill material layer 468 that
are located in the backside trenches 79 or above the countact level dielectric layer 73.

{6184] Each sacrificial material layer 42 can be replaced with an electrically conductive layer
46. A backside cavity 79 is present in the portion of each backside trench 79 that is not
filled with the backside blocking dielectric layer 44 and the continuous clectrically
conductive matertal layer 46L. A tubular diclectric spacer 116 laterally surrounds a pedestal
channel portion 11. A bottoromost electrically conductive layer 46 laterally surrounds each
tubular diclectric spacer 116 upon formation of the electrically conductive layers 46.

{6105] Referring to FIG. 11, the deposited metallic material of the continuocus elecirically

conductive material layer 46L. is etched back from the sidewalls of each backside trench 79
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and from above the contact level dielectric layer 73, for example, by an isotropic wet etch, an
anisotropic dry etch, or a combination thereof. Fach remaining portion of the deposite
metallic material in the backside recesses 43 constitutes an electrically conductive layer 46,
Each electrically conductive layer 46 can be a conductive line stucture. Thus, the sacrificial
material layers 42 are replaced with the electrically conductive layers 46.

{0196] Each clecwrically conductive layer 46 can function as a cornbination of a plurality of
control gate clectrodes focated at a same level and a word line electrically interconnecting,
i.e., electrically shorting, the plurality of control gate clectrodes located at the same level.
The plurality of control gate electrodes within each electrically conductive layer 46 are the
control gate clectrodes for the vertical memory devices including the memory stack structures
55. In other words, cach electrically conductive layer 46 can be a word line that functions as
a common control gate electrode for the plurality of vertical memory devices.

{6107} In one embodiment, the removal of the continuous electrically conductive material
tayer 461 can be selective to the material of the backside blocking dielectric layer 44. In this
case, a horizontal portion of the backside blocking dielectric layer 44 can be present at the
bottom of each backside trench 79. In another embodiment, the removal of the continuous
electrically conductive material layer 461 may not be selective to the material of the backside
blocking diclectric layer 44 or, the backside blocking dielectric layer 44 may not be
employed. The planar dielectric portions 616 can be removed during removal of the
continuous clectrically conductive material layer 46L. A backside cavity 797 is present
within each backside trench 79.

{0108] Referring to FIGS. 12A and 12B, an insulating material layer can be formed in the
backside frenches 79 and over the contact level dielectric layer 73 by a conformal deposition

process. Exemplary conformal deposition processes include, but are not imited to, chemical
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vapor deposition and atomic layer deposition. The insulating material layer includes an
insulating material such as silicon oxide, silicon nitride, a dielectric metal oxide, an
organosilicate glass, or a combination thercof. In one embodiment, the insulating material
layer can include silicon oxide. The insulating material layer can be formed, for cxample, by
low pressure chemical vapor deposition {LPCV D) or atomic layer deposition (ALD). The
thickness of the insulating material layer can be in a range from 1.5 am to 60 um, although
lesser and greater thicknesses can also be employed.

{0189] If a backside blocking dielectric layer 44 is present, the insalating material layer can
be formed directly on surfaces of the hackside blocking dielectric layer 44 and directly on the
sidewalls of the electrically conductive layers 46. If a backside blocking dielectric layer 44 is
not employed, the insulating material layer can be formed directly on sidewalls of the
insulating layers 32 and directly on sidewalls of the electrically conductive layers 46.

{0110] An anisotropic eich is performed fo remove horizontal portions of the insulating
material layer from above the contact level dielectric layer 73 and at the bottom of each
backside trench 79, Each remaining portion of the insulating material layer constitutes an
insulating spacer 74. A backside cavity 79’ is present within a volurne surrounded by each
insulating spacer 74. A top surface of the semiconductor material layer 10 can be physically
cxposed at the bottor of each backside trench 79.

{0111] A source region 61 can be formed at a surface portion of the semiconductor material
tayver 10 under each backside cavity 79° by implantation of electrical dopants into physically
exposed surface portions of the semiconductor material layer 10, Each source region 61 is
formed in a surface portion of the substrate (9, 10) that underlies a respective opening
through the insulating spacer 74.  Due to the straggle of the implanted dopant atoms during

the tmplantation process and lateral diffusion of the implanted dopant atoms during a
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subsequent activation anngal process, each source region 61 can have a lateral extent greater
than the lateral extent of the opening through the insulating spacer 74

{6112] An upper portion of the semiconductor material layer 10 that extends between the
source region 61 and the plurality of pedestal channel portions 11 constitutes a horizontal
semiconductor channel 39 for a plurality of field effect transistors. The horizontal
semiconductor channel 39 is connected to multiple vertical semiconductor channels 60
through respective pedestal channel portions 11. The horizontal semiconductor channel 59
contacts the source region 61 and the plurality of pedestal channel portions 11, A
bottommost electrically conductive layer 46 provided upon formation of the electrically
conductive lavers 46 within the alternating stack (32, 46) can comprise a select gate electrode
for the field effect transistors. Each source region 61 is formed in an upper portion of the
substrate (9, 10). Semiconductor channels (59, 11, 60) extend between cach source region 61
and a respective set of drain regions 63. The semiconductor channels (59, 11, 60) include the
vertical semiconductor channels 60 of the memory stack structures 55.

{6113] A backside contact via structure 76 can be formed within each backside cavity 79°.
Each contact via structure 76 can fill a respective backside cavity 79°. The contact via
structures 76 can be formed by depositing at least one conductive material in the remaining
unfilled volume (i.e., the backside cavity 797} of the backside trench 79. For exarople, the at
feast one conductive material can include a conductive liner 76A and a conductive il
material portion 76B. The conductive liner 76A can include a conductive metallic liner such
as TiN, TaN, WN, TiC, TaC, WC, an alloy thereof, or a stack thercof. The thickness of the
conductive liner 76A can be in a range from 3 nm 1o 30 nim, although lesser and greater
thicknesses can also be employed. The conductive fill material portion 76B can include a

metal or a metallic alloy. For example, the conductive fill material portion 76B can inchide
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W, Cu, Al, Co, Ru, Ni, an alloy thercof, or a stack thereof.

{6114] The at least one conductive material can be planarized employing the contact level
diclectric layer 73 overlying the altcrnating stack (32, 46) as a stopping layer. If chermical
mechanical planarization (CMP) process is employed, the contact fevel dielectric layer 73 can
be employed as a CMP stopping layer. Hach remaining continuous portion of the at least one
conductive material in the backside trenches 79 counstitutes a backside contact via structure
76.

{3115] The backside contact via structure 76 extends through the alternating stack (32, 46),
and contacts a top surface of the source region 61. 1f a backside blocking dielectric layer 44
is emploved, the backside coutact via structure 76 can contact a sidewall of the backside
blocking diclectic layer 44.

{6116] Referring to FIGS. 13A and 138, additional contact via structures (88, 86, 8P) can be
formed through the contact level dielectric layer 73, and optionally through the retro-stepped
dielectric material portion 65. For example, drain contact via structures 88 can be formed
through the contact level dielectric layer 73 on each drain region 63. Word line contact via
structurcs 86 can be formed on the electrically conductive layers 46 through the contact level
dielectric layer 73, and through the retro-stepped dielectric material portion 65. Peripheral
device contact via structures 8P can he formed through the retro-stepped diclectric material
portion 65 directly on respective nodes of the peripheral devices.

{0117] As discussed above with respect to FIGS. 8 and 9A, a wet eich process using hot
phosphoric acid (HaPO41) may be used to remove silicon nitride layers, such as sacrificial
material layers 42, selective to the silicon oxide insulating lavers 32 and selective to the
exposed blocking dielectric 52 exposed in the backside recesses 43 after the silicon nitride

sacrificial material layers 42 are removed. The phosphoric acid wet etch process may be
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controlled to stop the etching at a desired {or selected) end point. The desired end point is
typically when the silicon nitride sacrificial materials layers 42 are completely removed
without substantially removing the blocking dielectric 52 exposed in the backside recesses 43
(e.g., without removing the exposed outer portions of the memory opening fill structures 38).
[0118] FIGs. 14A, 148, and 14C illusirate an exemplary three-dirnensional memory device at
three different etch points, specifically prior to etching (FIG. 14A), at a desired etching cnd
point using a weight measurement of an embeodiment (FIG. 14B), and after over etching into
the blocking diclectric using a comparative method which uses a densimeter (FIG. 140). The
three-dimensional memory device illustrated in FlGs. 144, 14B, and 14C is a simplified
rendering of the various devices discussed with reference to FIGS, 1-13B, such as the in-
process device shown in FIGS. 8 and 9A.

{0119] As discussed above and as shown in FIG. 14A, prior to etching, the three-dirnensional
memory device may inchide a substrate 9, 10 supporting the sacrificial material layers 42,
insulating layers 32, memory opening fill structures 58 and backside trenches 79, Prior to
etching, the memory opening fill structures 58 may have a width “W°.

{6120] ideally, the width "W’ will not change during the etching process until silicon nitride
sacrificial material layers 42 of the three-dimensional memory device are ctched to a selected
cnd point itlustrated in FIG. 14B (i.e., without etching the backside recesses 43 into the
blocking diclectric 52). The selected end point may be the point at which all the silicon
nitride layers 42 are completely etched away forming the backside recesses 43 in the three-
dimensional memory device, but without significantly etching the exposed blocking diclectric
32 (i.c., by ctching less than 1 nm thickness, such as 0 to 0.5 nm of the blocking diclectric)
exposed in the backside recesses 43. The end point may be detected by measuring the weight

of the phosphoric acid solution, as will be described in more detail below with respect to FIG.
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15.

[0121] In contrast, as shown in FIG. 14C, if a densimeter of the comparative example is used
to detect the etching end point, then the measurcment may not be sufficiently accurate or may
take too long, such that the over etching occurs into the blocking dielectric 52 exposed on the
backside recesses 43. Over 1 nm thickness of the blocking electric 52 may occur during the
over etching. The over etching reduces the widih (e.g., diaroeter) of the memory opening fill
structures 38 10 a width ‘W1’ less than the width “W’ by reducing the width of the memory
film 50 portion of the memory opening till structures 58. Such over etching damages the
blocking dielectric 52 and causes non-uniformity in the memory film 50, which may degrade
the threshold voltage distribution and uniformity of the memory device.

{6122] Thus, various embodiments provide methods and apparatus for controlling a
phosphoric acid wet etch end point detection process by measuring the weight of the
circulating phosphoric acid etching solution, which contains phosphoric acid, water (¢.g.,
deionized water and silicon containing by products of the silicon mitride etching. Various
embodiments may provide improved silicon concentration measurement precision and may
control a phosphoric acid wet etch process based on the silicon concentration in the solution
measured from the weight of the solution.

{6123] In a phosphoric acid wet etch process, a semiconductor device, such as the above
described three-dimensional memory device or another semiconductor device, may be placed
in an ctching apparatus, such as the embodiment etching system 1400 illustrated in FIG. 15.
The etching system 1400 may include a tank having a main portion 1401 and overflow
portions 1415. The semiconductor device to be etched may be placed in the main portion
1401 and phosphoric acid solution 1402 may be circulated through the etching system 1400

to etch the device. For exarnple, a fixed volume of phosphoric acid solution 1402, such as 20
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to 100 liters (L) e.g., about 401, SOL, 60 L, etc.. may be circulated through the etching
systerm 1400, The phosphoric acid solution 1402 may be pumped through the circulation
piping of the etching systern 1400 by a pump 1408, A series of one or more drain lines 1419
may receive phosphoric acid solution 1402 tfrom the overfiow portions 1415 of the tank, and
the pump 1408 may draw the phosphoric acid solution 1402 through the drain lines 1419 1o
and into one or roore sepply lines 1418 that may outlet into the main portion 1401 of the tank
via ong or more nozzles 1417, The pump 1408 may force the phosphoric acid solution 1402
through the supply lines 1418. One or more heaters 1409 may be included along the supply
lines 1418 to heat the phosphoric acid solution 1402, The operation of the heater 1409 and
pump 1408 may be controlled by a controller 1406 connected to the heater 1409 and pump
1405 using a wired or wireless data connection. The controller 1406 may be any type
controller (e.g., a computer or dedicated control logic device or cireuit, etc.). In various
aspects, the controller 1406 may include one or more processors configured with processor-
executable instructions to perform operations to monttor and control the state of the etching
system 1400 and a three-dimensional memory device being etching, as well as perform
operations to determine silicon concentrations as described herein,

{6124} As the phosphoric acid solution 1402 is circulated past the semicondactor device
being etched, such as the three-dimensional memory device, and etches the silicon nitride
faver or layers, such as the sacrificial material layers, the concentration of silicon or silicon
containing compound (e.g., silicon hydroxide) etch product in the phosphoric acid solution
1402 will increase. The concentration of silicon or silicon containing compound in the
phosphoric acid solution 1402 that is removed from the drain line or fines 1419 may be
related to the amount of ciching of the silicon nitride layer or layers that has occurred. The

silicon or silicon containing compound generated by etching of the silicon nitride is provided
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into the phosphoric acid solution in the drain line(s} 1419 and thus tncrease the weight of the
solution over time for a given volume of the solution. The weight of the solution may be
used to determine the end point of the silicon nitride etching cither directly via a look up table
or indirectly by determining the silicon concentration in the sohution from the weight of the
sohution and then determining the end point of the silicon nitride etching from the determined
silicon concentration in the solution.

{8125} To determine the weight of the solution, in various embodiments, a sample line 1420
may be connected to the supply lines or lines 1418 (if the system is a closed system which
recveles the phosphoric acid solution from the drain line(s) 1419 into the supply line(s})
and/or to the drain line or lines 1419 in a closed system or an open system. For example, in a
closed system, the sample line 1420 may divert a portion of the flow of phosphoric acid
solution 1402 from the supply lines 1418 to a sample container 1403. The diverted portion of
the phosphoric acid solution 1402 may be at the operating temperature of the etching system
1400 {e.g., at a temperature between 140 and 180 °C). The sample container 1403 may be
configared such that the sarople of phospboric acid solution 1402 in the sample container
1403 may not need to cool from the operating teroperature at which etching is ocomrring in
the system 1400. The flow of phosphoric acid solution 1402 through the sampie line 1420 to
the sample container 1403 may be controlled by valves, such as valve 1411, For example,
valve 1411 may be a magnetic valve with a conirollable flow rate. The valve 1411 may be
connected via a wired or wireless data connection to the controller 1406, The quantity of
phosphoric acid solution 1402 sent to the sarople container 1403 may be managed strictly by
a flow meter 1412, such as an integral calculus flow meter, connected via a wired or wireless
data connection to the controller 1406. The valve 1411 may be opened to provide a fixed

quantity, such as a st sample volume, of phosphoric acid solution 1402 from the sample line
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1420 1o the sample container 1403. Once that fixed guantity is sent to the sample container
1403, the valve 1411 may be shifted (c.g., closed or otherwise changed in position) to prevent
further flow of phosphoric acid solution 1402 to the sample container 1403. For example, the
valve 1411 may divert phosphoric acid solution 1402 from the sample line 1420 to a back
flow line 1422 leading back to the supply lines 1418.

{0126] The sample container 1403 may be supported on a scale 1404 connected via a wired
or wireless data connection to the controller 1406. As an example, the scale 1404 may be an
electro balance type scale, such as 2 UW series scale from the Shimadu Corporation. The
scale 1404 may be any type scale with a suitable resolation, such as a resolution of greater
than (.01 grams, such as 0.005 t0 G.001 grams (g). The scale may be pre-tared such that the
weight of the empty sample container 1403 is accounted for, or the weight of the empty
sample container 1403 itself may be known by the controller 1406. Once the sample
container 1403 is filled to include the fixed quantity, such as a sct sample volume, of
phosphoric acid solution 1402, then the phosphoric acid solution 1402 in the sample
container 1403 may be weighed. The weighing of the fixed quantity of phosphoric acid
solution 1402 in the sample container 1403 may occur at the operating temperature at which
etching is occurring in the system 1400. In this manner, no cooling of the phosphoric acid
solution 1402 being sampled may be needed.

{6127} In various embodiments, the amount of silicon or silicon compound in the phosphoric
acid solution 1402 may be known value that corresponds to the amount of silicon nitride
etched from the semiconductor device. Thus, the amount of silicon or silicon compound
present in the phosphoric acid solution may also be calculated when the etching end point is
reached. Therefore, to calculate the etching end point, the weight of the phosphoric acid

solution 1402 in the sarople container 1403 15 determined by the scale 1404.
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{6128} In a first embodiment, the concentration of silicon or silicon compound in the
phosphoric acid solution 1402 may be calculated from the weight of the predetermined
voluroe of the phosphoric acid solution 1402 in the sample container 1403, For examople, the
concentration of silicon or silicon compound in the phosphoric acid solution 1402 will
increase generally linearly with the weight of the predetermined volume of the phosphoric
acid solution 1402, In this first embodiment, the concentration of silicon or silicon
compound in the phosphoric acid solution 1402 may be calculated from the weight of the
predetermined volume of the phosphoric acid solution 1402 using a formula, a predetermuned
look up table or a graph of concentration versus weight.

{6129] Once the concentration of silicon or silicon compound in the phosphoric acid solution
1402 is determined, the controlier 1406 may determine whether to continue the etch or to stop
the etch when the end point is reached when the concentration of silicon or silicon compound
in the phosphoric acid solution 1402 reaches a predetermined threshold value. The
semiconductor device may be removed from the main portion 1401 of the tank and the pump
1408 may be stopped when the concentration of silicon or silicon compound in the
phosphoric acid solution 1402 reaches the predetermined threshold value indicative of the
ctching end point.

{6138] In a second embodiment, the etching end point is determined from the weight of the
phosphoric acid solution 1402 without determining the concentration of silicon or silicon
compound in the phosphoric acid selution 1402 the sample container 1403, In this
embodiment, a look up table is constructed using experimental or caleulated weight values
which includes a threshold value of the weight which corresponds to the weight of the
predetermined volume of the phosphoric acid solution at the etching end point. The threshold

value of the weight in the took up table may be calculated from the silicon or silicon
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compound concentration described in the prior embodiment. The look up table is stored in
the controller 1406 or in an external memory accessible by the controlier 1406. In this
cmbodiment, the weight of the predetermined volume of the phosphoric acid solution 1402 in
the sample container 1403 is measured and then compared to the value or values in the look
up table. 1f the weight is below the threshold value in the look up table, then the etching
continues. I the weight is equal to or greater than the threshold value, then the etching is
stopped. In this manner, over ctching may be avoided.

{0131] In various embodiments, the time to take the sample, weigh the sample, optionally
determine the silicon concentration in the sample, and determine whether to stop etching
based on the silicon concentration may take between about 30 to 60 seconds. When the
resolution of the scale 1404 1s 8.001 g, the scale 1404 may impart a silicon concentration
detection accuracy of +/- 0.01 pprm to the system 1400,

{6132} FIG. 16 llustrates an embodiment method 1300 for etching control. In some
embodiments, the operations of method 1500 may be performed using an etching system,
such as etching system 1400, In some embodiments, the operations of method 1500 mmay be
performed by a controller monitoring an etching system, such as controller 1406. The
operations of method 1500 may provide divect measurement methods to detect a desired etch
stop point.

{6133] In block 1301, etching may be started. For example, a semiconductor device to be
etched may be placed in a tank and phosphoric acid may be circulated through the tank of the
etching system to etch the device by removing one or more silicon nitride layers.

{6134] In block 1502, a fixed volume of phosphoric acid solution may be sampled from the
ctching system. For exampile, a sample line may be controlled to fill a saraple container with

a selected {e.g., predetermined) volume of phosphoric acid solution, such as 100 cc.
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{6135] In block 1503, the weight of the sample may be determined. For example, an electro
balance scale1404 may determine the weight of the sample of the selected volume of
phosphoric acid solution.

{6136] In optional block 1504, the silicon concentration in the phosphoric acid solution may
be calculated based on the sample weight as described in the first embodiment above.
Alternatively, this step may be omitted in the second embodiment described above.

{6137} In determination block 1505, a threshold value indicative of the etching end point has
been reached or exceeded is determined. In the first embodiment, whether the silicon or
silicon compound concentration is at or above a threshold concentration value indicative of
ctching end point may he determined. The threshold may be a silicon concentration value
that i3 selected to correspond to an amount of etching of silicon nitvide that is desired, 1.2, a
selected etch end point.

{6138] In the second embodiment, the weight measured by the scale 1404 (i.e., weight of the
phosphoric acid solution 1402 or the combined weight of the phosphoric acid solution 1402
and the sample container 1403) is compared to a look up table. In this second embodiment,
whether the measured weight is at or above a threshold weight value in the look up table
indicative of etching end point may be determined.

{6139] In response to determining that the above described threshold value indicative of the
ctehing end point has not been reached or exceeded (i.c., determination block 1505 = “No™)
another sample may be taken in block 1502. In this manner, the phospheric acid sohution
may be periodically sampled until the threshold value is reached or excecded. In various
cmbodiments, the measurcment interval time may be about 30 to 60 scconds.

{6144} In response to determining the silicon concentration is at or above the threshold (..,

determination block 1305 = *“Yes”), etching may be stopped in block 1506. In this manner,
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over etching of the semiconductor device, such as the three-dimensional memory device may
be avoided as etching may be ceased hased on the measured weight of the phosphoric acid
solution 1402, The use of the weight of the sample in method 1500 to determine silicon
concentration may provide an etch process with a repeatability of +/- 0.1 parts per million
(ppm) and error rate of 0.2%.

{6141] The exemplary structures can include a three-dimensional memory device. in one
embodiment, the three-dimensional memory device comprises a monolithic three-
dimensional NAND memory device. The electrically conductive layers 46 can comprise, or
can be electrically connected to, a respective word line of the monolithic three-dimensional
NAND memory device. The substrate (9, 10) can comprise a silicon substrate. The vertical
NAND memory device can comprise an array of monolithic three-dimensional NAND sirings
over the silicon substrate. At least one memory cell (as embodied as a portion of a charge
storage layer 54 at a level of an electrically conductive layer 46) in a first device level of the
array of monolithic three-dimensional NAND strings can be located over another memory
cell (as embodied as another portion of the charge storage layer 54 at a level of another
clectrically conductive layer 46) in a second device level of the array of monolithic three-
dimensional NAND strings. The silicon substrate can contain an integrated civeuit
comprising a driver circuit {as embodied as a subset of the least one semiconductor device
7003 for the memory device located thereon. The electrically conductive layers 46 can
comyprise a plurality of control gate electrodes having a strip shape cxtending substantially
parallel to the top surface of the substrate (9, 10), e.g., between a pair of backside trenches
79. The plurality of control gate clectrodes comprises at least a first control gate electrode
located in a first device level and a second control gate electrode located in a second device

level. The array of monolithic three-dimensional MAND strings can comprise: a plurality of

87
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semiconductor channels (39, 11, 68), wherein at least one end portion 60 of each of the
plurality of semiconduactor channels (59, 11, 60) extends substantially perpendicular to a top
surface of the substrate (9, 10) and comprising a respective onc of the vertical semiconductor
channels 60; and a plurality of charge storage elements (as embodied as portions of the
memory films 50, i.e., portions of the charge storage layer 54). Each charge storage element
can be located adjacent to a respective one of the plurality of semiconductor channels (59, 11,
6.

{0142] In alternative embodiments, the method described above with respect to FIG. 16 may
be used to determine an etfching end point in any suitable device, such as any suitable
semiconductor device. Specifically, the method may be used to determine the end point of
silicon mitride layer etching using a phosphoric acid solution in any suitable logic device
{(e.g., transistor or transistor array) or memory device (e.g., two-dimensional NAND memory
device, a ReRAM device, a phase change memory device, an SRAM device, a DRAM
device, ete.).

{0143] Thus, according to an aspect of the present disclosure described above with vespect to
FiGs. 16, a method of making a device includes etching a silicon nitride layer 42 using
phosphoric acid solution, filling a sample container 1403 with a fixed guantity of the
phosphoric acid solution 1402 that was used to etch the silicon nitride layer 42, determining a
weight of the sample container containing the fixed quantity of phosphoric acid solution,
determining if a threshold value indicative of the etching end point has been reached or
exceeded based on the determined weight, and stopping the etching of the silicon nitride fayer
42 in response o determining that the threshold value indicative of the ciching end point has
been reached or exceeded.

{6144} In a first embodiment, the method further comprises determining a sificon
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concentration in the fixed quantity of phosphoric acid solution 402 based the determined
weight of the sarople container 403, and determining whether the silicon concentration is at
or above a value of the silicon concentration corresponding to the threshold value indicative
of the etching end point. In the first embodiment, determining the silicon concentration
comprises determining a portion of the determined weight attributed to silicon resulting from
etching the silicon nitride layer, and determining the silicon concentration based on a parts
per million of weight of silicon and the portion of the determined weight atiributed to silicon
resulting from etching the silicon nitride layer.

{6145] fn a second embodiment, the determining if the threshold valae indicative of the
ctching end point has been reached or exceeded based on the determined weight comprises
comparing the determined weight of the sample container {0 a stored value of a weight
corresponding to the threshold value indicative of the etching end point, and determining if
the determined weight is equal to or exceeds the stored value of the weight corresponding to
the threshold value indicative of the etching end point.

{6146] fn one embodiment, the fixed quantity of phosphoric acid sofution in the sample
container is at a temperature above 100 °C used to etch the silicon nitride layer 42, Inone
embodiment shown in FIG. 15, the method further comprises providing at least a portion of
the phosphoric acid solution used to etch the silicon nitride layer from a main portion 1401 of
a tank containing the silicon nitride layer 42 over a substrate (9, 10) to at least one overtlow
portion 1415 of the tank, and providing at least a first portion of the phosphoric acid solution
from the at least one overflow portion 1415 of the tank into the sample container 1403, The
method further comprises recycling a second portion of the phosphoric acid solution from the
at least onc overflow portion 14135 of the tank into the main portion 1401 of the tank through

lines 1419 and 1418 using a pump 1408.
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{6147} In one embodiment, the device comprises a three dimensional memory device and the
silicon nitride layer 42 is located over a substrate (9, 10} in an alternating stack of insulating
layers 32 and silicon nitride sacrificial layers 42, The method further comprises forming
memory stack structures 55 containing a vertical semiconductor channel 60 and memory film
50 in the alternating stack as shown in FIG. 6, forming a trench 79 through the alternating
stack as shown in FIGS. 7A and 7B, selectively etching the silicon nitride sacrificial layers 42
through the trench using a phosphoric acid solution, filling a sample container 403 with a
fixed quantity of the phosphoric acid solution 402 that was used to etch the silicon nitride
sacrificial lavers 42 determining a weight of the sample container, determining if a threshold
value indicative of the ctching end point has been reached or exceeded based on the
determined weight, stopping the etching of the silicon nitride sacrificial layers in response to
determining that the threshold value indicative of the etching end point has been reached or
exceeded to leave recesses 43 between the insulating layers 32, as shown in FIG. §, and
filling the recesses with electrically conductive layers as shown in FIGS. 10 to 11C.

[0148] According to an embodiment itlustrated in FIG. 15, a phosphoric acid wet etching
syster includes an etch tank (1401, 1415}, a sample line 1420 configured to fill a sample
container 1403 with a fixed quantity of phosphoric acid solution 1402 being used to etch a
silicon nitride layer in the etch tank, a scale 1404 configured to a determine a weight of the
sample container containing the fixed quantity of phosphoric acid, and a controlier 1405
connected via a wired or wireless connection to the scale 1404. The controller is configured
to determine if a threshold value indicative of the etching end point has been reached or
cxceeded based on the determined weight, and stop the etching of the silicon nitride layer in
response to determining that the threshold value indicative of the ctching end point has been

reached or exceeded.
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{6149] Control elements or controllers may be implemented using computing devices {such
as computier) comprising processors, memory and other components that have been
progranuned with instructions fo perform specific functions or may be implemented in
processors designed to perform the specified functions. A processor may be any
prograramable microprocessor, microcomputer or multiple processor chip or chips that can be
configured by software instructions (applications) to perform a variety of functions, including
the functions of the various embodiments described herein. In some computing devices,
multiple processors may be provided. Typically, software applications may be stored in the
internal memory before they are accessed and loaded into the processor. In some computing
devices, the processor may include internal memory sufficient to store the application
software instructions.

{6158] The various illustrative logical blocks, modules, circuits, and algorithm steps
described in connection with the embodiments disclosed herein may be implemented as
electronic hardware, computer software, or combinatons of both. To clearly illustrate this
interchangeability of hardware and software, various illustrative components, blocks,
modules, circuits, and steps have been described above generally in terms of their
functionality. Whether such functionality is implemented as hardware or software depends
upon the particelar application and design constraints imposed on the overall systern. Skilled
artisans roay iroplement the described functionality in varying ways for each particular
application, but such implementation decisions should not be interpreted as causing a
departure from the scope of the present invention.

{6151] The hardware used to implement the various illustrative logics, logical blocks,
maodules, and circuits described in connection with the aspects disclosed herecin may be

implemented or performed with a general purpose processor, a digital signal processor (DSP),
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an application specific integrated circuit (ASIC), a field programmable gate array (FPGA) or
other programmable logic device, discrete gate or transistor logic, discrete hardware
components, or any combination thereof designed to perform the functions described herein
A general-purpose processor may be a microprocessor, but, in the alternative, the processor
may be any conventional processor, controller, microcontroller, or state machine. A
processor may also be implemented as a combination of computing devices, €.g., a
combination of a DSP and a microprocessor, a plurality of microprocessors, one or more
microprocessors in conjunction with a DSP core, or any other such configuration.
Alternatively, some blocks or methods may be performed by circuitry that is specific to a
given function.

{0152} Although the foregoing refers to particular preferved embodiments, it will be
understood that the disclosure is not so limited. It will occur to those of ordinary skill in the
art that various modifications may be made to the disclosed embodiments and that such
modifications are intended to be within the scope of the disclosure. Compatibility is
presumed among all emnbodiments that are not alternatives of one another. The word
“comprise” or “include’™ conteraplates all embodiments in which the word “consist essentially
of” or the word “consists of” replaces the word “comprise” or “include,” unless explicitly
stated otherwise. Where an embodiment employing a particular structure and/or
configuration is illustrated in the present disclosure, it is understood that the present
disciosure may be practiced with any other compatible structures and/or configurations that
are functionally equivalent provided that such substitutions are not explicitly forbidden or
otherwise known to be impossible to one of ordinary skill in the art. All of the publications,
patent applications and patents cited herein are incorporated hercin by reference in their

cntirety.
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WHAT IS CLAIMED 15:

1. A method of making three-dimensional memory device, comprising:

forming an alternating stack of insulating layers and silicon nitride sacrificial layers
over a substrate;

forming memory stack structures comprising a vertical channel and a memory film in
the alternating stack;

forming a trench through the alternating stack;

selectively etching the silicon nitride sacrificial layers through the trench using a
phosphoric acid solution;

filling a sample container with a fixed quantity of the phosphoric acid solution that
was used to ctch the silicon nitride sacrificial lavers;

determining a weight of the sample container containing the fixed quantity of
phosphoric acid solution;

ietermining if a threshold value indicative of the etching end point has been reached
or exceeded based on the determined weight;

stopping the etching of the silicon nitride sacrificial layers in response to determining
that the threshold valoe indicative of the etching end point has been reached or exceeded to
leave recesses between the insulating layers; and

filling the recesses with electrically conductive layers.

2. The method of claim 1, further comprising:

ietermining a silicon concentration in the fixed quantity of phosphoric acid solution
based the determined weight; and

letermining whether the silicon concentration is at or above a value of the silicon

concentration corresponding to the threshold vahie indicative of the etching end point.

3. The method of claim 2, wherein determining the silicon concentration comprises:
determining a portion of the determined weight attributed to silicon resulting from
etching the silicon nitride sacrificial layers; and

etermining the silicon concentration based on a parts per million of weight of silicon
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and the portion of the determined weight attributed to silicon resulting from etching the

silicon nitride sacrificial layers.

4. The method of claim 1, wherein the determining if the threshold value indicative of the
ctching end point has been reached or excecded based on the determined weight comprises:
comparing the determined weight to a stored value of a weight corresponding to the
threshold value indicative of the etching end point; and
determining if the determined weight is equal 10 or exceeds the stored vahie of the

weight corresponding to the threshold value indicative of the etching end point.

5. The method of claim 1, wherein the fixed quantity of phosphoric acid solution in the
sample container is at a temperature above 100 °C used to etch the silicon nitride sacrificial

layers.

6. The method of claim 1, further comprising providing at feast a portion of the phosphoric
acid solution used to ctch the silicon nifride sacrificial layers from a main portion of a tank
containing the silicon nitride sacrificial layers over a substrate to at least onc overflow portion

of the tank.

7. The method of claim 6, further comprising providing at least a first portion of the
phosphoric acid solution from the at least one overflow portion of the tank into the sample

container.

8. The method of claim 7, turther comprising recycling a second portion of the phosphoric
acid solution from the at least one overflow portion of the tank into the main portion of the

tank using a pump.

8. A method of making a device, comprising:
etching a silicon nitride layer using phosphoric acid solution;
filling a sarople container with a fixed guantity of the phosphoric acid solution that

was used to etch the silicon mitnide layer;
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ietermining a weight of the sample container containing the fixed quantity of
phosphoric acid solution;

letermining if a threshold value indicative of the etching end point has been reache
or exceeded based on the determined weight; and

stopping the eiching of the silicon nitride layer in response to determining that the

threshold value indicative of the ctching end point has been reached or excecded.

10. The method of claim 9, further comprising:

ietermining a silicon concentration in the fixed quantity of phosphoric acid solution
based the determined weight; and

letermining whether the silicon concentration is at or above a value of the silicon

concentration corresponding to the threshold value indicative of the etching end point.

11. The method of clatin 10, wherein determining the silicon concentration comprises:
determining a portion of the determined weight attributed to silicon resulting from
etching the silicon nitride layer; and
determining the silicon concentration based on a parts per million of weight of silicon
and the portion of the determined weight atiributed to silicon resulting from etching the

silicon mtride layer.

12. The method of claim 9, wherein the determining if the threshold value indicative of the
etching end point has been reached or exceeded based on the determined weight comprises:
comparing the determined weight 1o a stored value of a weight corresponding to the
threshold value indicative of the etching end point; and
determining if the determined weight is equal to or exceeds the stored value of the

weight corresponding to the threshold value indicative of the etching end point.

13. The method of claim 9, wherein the fixed quantity of phosphoric acid solution in the

sample container is at a teraperature above 100 °C used to etch the silicon nitride layer.

14. The method of claim 9, further comprising:

-60-



WO 2020/236243 PCT/US2020/021525

providing at least a portion of the phosphoric acid solution used to etch the silicon
nitride layer from a main portion of a tank containing the silicon nitride layer over a substrate
to at least one overflow portion of the tank; and

providing at least a {ivst portion of the phosphoric acid solution from the at least one

overflow portion of the tank info the sample container.

15, The method of claim 14, further comprising recycling a second portion of the phosphoric
acid solution from the af least one overflow portion of the tank into the main portion of the

tank using a pump.

16. A phosphoric acid wet etching system, comprising:
an etch tank;
a sampie line configured to fill a sample container with a fixed quantity of phosphoric
acid solution being used to etch a silicon nitride layer in the etch tank;
a scale configured to a determine a weight of the sample container containing the
fixed quantity of phosphoric acid; and
a controtler connected to the scale, the controller configured to:
determine if a threshold value indicative of the etching end point has
been reached or exceeded based on the determuned weight: and
stop the eiching of the silicon nitride layer in response to determining
that the threshold value indicative of the etching cnd point has been reached or

exceeded.

17. The system of claim 16, wherein the controlier is further configured to:

determine a silicon concentration in the fixed quantity of phosphoric acid solution
based the determined weight; and

determine whether the silicon concentration is at or above a value of the silicon

concentration corresponding to the threshold value indicative of the etching end point.

18. The method of claim 17, wherein the controller is configured to determine the stlicon

concentration by:
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determining a portion of the determined weight attributed to sificon resulting from
ctching the silicon nitride layer; and

letermining the silicon concentration based on a parts per million of weight of silicon
and the portion of the determined weight atiributed to silicon resulting from ctching the

silicon nitride layer.

19. The system of claim 16, wherein the controller is further configured to:

compare the determined weight to a stored value of a weight corresponding to the
threshold value indicative of the etching end point; and

determining if the determined weight is equal to or exceeds the stored value of the

reight corresponding to the threshold value indicative of the etching end point.

20. The system of claim 16, wherein the scale is an electro balance scale.
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