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THERMAL ICEFILL AND RECESS ETCH MATCHING

CLAIM OF PRIORITY
{0001} This application claims the benefit of priority to U.S. Patent
Application No. 62/982 500, filed on February 27, 2020, which 1s incorporated

bv reference herein in its entirety.

TECHNICAL FIELD
[0062] The present disclosure generally relates to processing of
semiconductor substrates. Some embodiments relate to filling and etching of

matenals on semiconductor substrates.

BACKGROUND

{0003] The background description provided here is for the parpose of
generally presenting the context of the disclosure. Work of the presently named
nventors, to the extent it is described in this background section, as well as
aspects of the description that may not otherwise qualify as prior art at the time
of filing, are neither expressly nor impliedly admitted as prior art against the
present disclosure.

[0004] Semiconductor device fabrication for mtegrated circuitry is an
increasingly complicated and involved set of processes to improve device
performance and increase device density in the integrated circuits. The size of
the smallest device feature over the generations of integrated circnits has shrunk
from microns to about 22nm. Numercus operations include a large nomber of
depositions and ctching of various insulating and diclectric materials arc used to
cnable such a feature size to be reached. To achieve a reduction n feature size,
m each integrated circuit generation, new fabrication processes and equipment
are designed, as well as considerable time spent altering device and circust
fayout. Newer integrated circuit generations bave bad to contend with other
issues. These issues include mitations in the basic materials as well as the

physics involved i the processes used to fabricate the integrated circuits.
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SUMMARY

[(005] Various embodiments described herein include a semiconductor
device and a method of fabricating the semiconductor device. The method may
comprise: etching high-aspect-ratio channels 1o a multi-layer stack disposed ona
semiconductor substrate, the multi-layer stack comprising sets of oxide and non-
oxide lavers; filling cach of the high-aspect-ratic channels with an oxide using a
thermal atonic layer deposition {ALD) process; recess etehing the oxide using a
wet chemical etch to form recess-etched channels; and capping the recess-etched
channels to refill an etehed portion of the recess-ctched channels with a
conductive material,

[0006] In the method, filling cach of the hugh-aspect-ratio channels with
a Si oxide may further comprise: depostting the St oxide 1n multiple blocks that
cach contains multiple growth cycles followed by a passivation operation, cach
of the growth cveles comprising: introduction of an inhibitor into a chamber in
which the seniconductor substrate is disposed during an mwhibition operation,
followed by multiple thermal ALD deposition eycles.

{0007] The method may farther comprise injecting Ha, G2, Ar, and Np
gasses and an aminosilanc/BTBAS precursor during cach ALD deposition cycle
to deposit a sub-angstrom thickness of oxide per cyele.

{0008] in the method, the inhibitor may comprise multiple gasses that
cach act as an mhibitor.

[(009] In the method, the inhibition operation may be mamtained for less
than about 1s.

{6019] The method may forther comprise maintaining a temperatore of a
pedestal on which the semiconductor substrate is disposed during the growth
cvele of about 550-650°C and a pressure 1 the chamber of about 10-20 Torr.
{6011} The method may further comprise injecting Ho, On, Ar, and N2
gasses during the passivation operation to remove residual inhubitor and
passivate an exposed surface of the 81 oxide in each of the high-aspect-ratio
channels, the passivation operation maintained between under one minute and
about two mimutes.

[6612] The method may further comprise purging the chamber of gasses

used in cach growth cycle after the mhubition operation, before and after the
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thermal ALD deposition cveles associated with the mhubition operation, and
after the passivation operation.

{0013] In the method, filling cach of the high-aspect-ratio channcls with
a St oxide may further comprise: depositing a first thermal St oxade ALD liner
layer within cach of the high aspect-ratio-channels to form a liner layer prior to
depositing the St oxide m a first of the blocks; and depositing a second thermal
St oxide ALD liner layer after depositing the St oxide within cach of the high-~
aspect-ratio channels after a last of the blocks.

[B6014] The method may further comprise for filling each of the high-
aspect-ratio channels with the Si oxide: determining a number of blocks, a
number of growth cycles withun cach block and a number of thermal ALD
deposition cycles within cach growth cvcle, at least one of which depends on
critical dimensions of each of the high-aspect-ratio channels as well as a quality
of a structure i which the 51 oxide is to be deposited.

[B015] In the method, recess etching the Si oxade may fusther comprise:
etching the S oxide using a dilute HF (DHF) etch of about 100:1 HE: O, the
81 oxide having a relatively constant etch rate along a width and depth of each of
the high-aspect-ratio channels.

{0016} In the method, capping the recess-ciched channels may further
comprise: depositing polyerystaliing Si {poly-5i) in the recess-ctehed channels
using plasma-enhanced chemical vapor deposition.

{817 The method may further comprnise growing a field oxide on the
multi-layer stack prior to forming the high-aspect-ratio channels; and planarizing
the poly-5i to expose the field oxide, a top surface of the ficld oxide and atop
surface of the poly-51 in each of the high-aspect-ratio channels lying in a plane
after planarization of the poly-St.

{0018] The method may further comprise depositing a sufficient amount
of the St oxide to cover the field oxide; and planarizing the 81 oxade priorto
recess otching the Si oxide such that a top surface of the field oxade and atop
surface of the Si oxide i each of the high-aspect ratio-channels lie in a plane
after planarization of the 81 oxide.

{6619} The method may further comprise depositing alternating 5102

and SiN layers as the multi-layer stack.
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[6028] The method the recess etching of the St oxide may avoid etching
of the St oxide using a vapor etch.

[6021) A 3D NAND device may comprise: a multi-laver stack disposed
on a seratconductor substrate, the multi-layer stack comprising pairs of layers of
alternating materials and having a plurality of high-aspect-ratio channels
disposed therein; a field oxide disposed on the mulii-layer stack; a thermal
atovuc layer deposition {ALD) Silicon (S1) oxide disposed within cach of the
high-aspect-ratio channels, the 81 oxide wet chemical etched such that a surface
of the Si oxide is beneath a bottom of the field oxide; and a polycrystalline Si
{poly-51) cap disposed within each of the high-aspect-ratio channels on the St
oxide.

{8022} The pairs of layers of the nmuldti-layer stack may comprise a 5102
layer and a SiN layer.

[0023] A depth of cach of the high-aspect-ratio channels may be between
about 4 and about 8 microns and a width of cach of the ligh-aspect-ratio
channels is between about S0nm and 100nm.

[0024] A depth of the poly-8i cap inn each of the high-aspect-ratio

channels may be about 1-4% of a depth of the high-aspect-ratio channels.

DESCRIPTION OF THE DRAWINGS

{0025] Some embodiments are iHlustrated by way of example and not
himitation in the views of the accompanying drawings. Corresponding reference
characters indicate corresponding parts throughout the several views. Elements
i the drawings are not necessanly drawn to scale. The configurations shown in
the drawings are merely examples and should not be construed as linuting the
scope of the disclosed sabject matter in any manner.

{0026] FIGS. 1A-1D are diagrams showing a gapfill structure, according
to an example embodiment.

[0027] FIG. 2 s a schematic diagram showing a method of fabricating a
structure, according 1o an example embodiment.

{06028] FIG. 3 1s a diagram showing eteh uniformity within the channel

shown in FIG, TA, according to an example embodiment.
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[0029] FIG. 4 shows a flowchart of fabrication of the structure shown in

FiG. 1, according to an example embodiment.

160330] FIG., 8 15 a block diagram of a machine, according to an example
embodiment.

DESCRIPTION

[0831] The description that follows mcludes systems, mcthods,

techniques, instruction sequences, and computing machine program products
that embody iltustrative embodiments of the present disclosure. In the following
description, for purposes of explanation, numerous specific details are set forth
in order to provide a thorough understanding of example embodunents. It will be
evident, however, {o one skilled o the art that the present inventive subject
matter may be practiced without these specific details.

[0032] To create various tvpes of seniconductor devices and integrated
circuits, such as NAND memory structures, multiple processing operations may
be used. Such processes may include, for example, deposition of multiple (e.g.,
forty conductive and/or dielectrie layers to form a multilayer film stack, vertical
ctching of the stack into a high aspect ratio chanuel, and filling of the channel.
Process variability on both the horizontal and vertical planes, however, may
result in variation in processing {(e.g.. filling or planarization) of one layer to be
transferred and magnified in subsequent layers. This may compound errors and
lead to poor device performance and low product vield. In particular, some of
the processes involved in creation of such devices may rely on etching trenches
or channels in the films so that the channels each have a bigh aspectratio {(i.e., a
high ratio of channel depth to opening) and then filling the channels. However,
filling a high aspect ratio channel may result in a material that is not oniformly
distributed within the channel. This, in turn, may result in a variation in the
charactenstics of the filling material with depth within the channel. The
variation may further affect etching within the channel due to the variation
composition of the material within the channel, as well as the depth-dependent
ability of the ctch to react with the material. All of the above may lead to
reliability and performance problems. Thus, tight control of such processes, as

weil as in the eiching and il of such layers, may be desirable.
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[0933] FIGS. 1A-1D show a gapfill structure, according to an example
embodiment. The gapfill structure 100 shown in FIG. 1A may be a 3D NAND
structure, for which one general process is described —~ other operations may be
present but are not described for convenience. NAND is a Boolean operator that
provides a value zero if and only if all the operands have a value of one, and
otherwise has a vahie of one (equuvalent to NOT AND}. Although not
described, cleaning operations may be provided between some or all of the
operations described. Such cleaning operations may include the use of an RCA
clean and deionized water rinse, followed by blow-drving the stracture {(rinsing
using solvends and acids, such as hydroflucric {HF) acid, may also be used). In
particular, FIG. 1A shows a cell that inclades a multidayer fil stack 102
{heremafter referred to as stack 102} grown on a wafer 110, such as a
semiconductor or insulating substrate {¢ g. a Si substrate}. A semiconductor or
msulating substrate 15 a support material upon which or within which clements
of a semiconductor device are fabricated or attached. One such substrate may
be, for example, a Si substrate with a thickness of about 3030mm. The stack 102
may be deposited using different processes, such as plasma-enhanced chemical
vapor deposition (PECVD) or plasma-ecnhanced atomic laver deposition
{PEALD). Thatis, ALD is a thin-film deposition technique based on the
sequential use of a gas-phase chemical process using tWo OF MOre Precursors or
reactants. These precursors may react with the surface of a material one at a time
in a sequential, self-limiting, manner. A thin film may be slowlv deposite
through repeated exposure to separate precursors. The deposited films 102a,
102b may comprise pairs of individual layers: including oxide/nitride (ONGON),
oxide/polycrystalline 51 {OPOP) or oxide/metal (OMOM). Polyerystalline
silicon may be silicon with many single-crystal regions of different sizes and
orientations. The oxide may be Si0: for example, the nitride may be SiN for
cxample, and the roetal may be W, Co, and/or Mo for example. The thickness of
each film 102a, 102b may be the same for the same type of film or for all films
and may be dependent on the device fabricated. Each film may be about 25-
30nm, for example, and thus each pair of films {e.g., ON) may be about 50-
60nm, for example. This set of films, however, is merely exemplary - other

oxides, nitrides and metals may be used.
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[0034] Once the stack 102 is deposited, a field diclectric 104 mayv be
deposited on the stack 102 to protect the surface of the stack 102, A field
diclectric, in some embodiments, may be a relatively thick dicleciric formed to
passivate and protect semiconductor surface outside of active device arca. For
example, the field diclectric 104 may be an oxide laver, such as 5i(h, about 100-
150nm {or up to about 300nm}. The field diclectric 194 may be formed, for
example, by wet oxidation.

[(035] The field diclectric 104 over the area where the channel is o be
formed may then be removed, which may expose the stack 102, A
photolithographic pracess may be used to deposit and pattem photoresist to
gxpose the arca of the stack 102 m which the channel s to be formed. An cich
may be used to create a high-aspect-ratio vertical channel through the stack 102,
as shown in FIG, 1B. In various crabodiments, the etch may be a reactive ion
{gas) ctch or a wet chemical etch, as discussed m more detail below, The
channel width may be about 50-100nm, with a depth of about 4-8 microns,
which may be technology node and customer dependent. Although not shown, a
polverystalline Si {poly-8i} liner layer may be deposited on the stack 102 within
the channel to forn a poly-St liner layer. When in operation, charge may be
stored in the stack 102 {¢.g., the ONON lavers} and current may be carrnied by
the poly-Si liner layer.

{0036] Naote that nultiple cells 100a, 100b, 100c¢ are shown in the gapfill
structure 100 of FIG. 1B, As shown, each cell [00a, 100b, 100c, may contain
the stack 102, disposed on a wafer 110, and on which a field dielectric 104 is
disposed.

{8037} The vertical channel with the poly-Si1 liner layer coating the stack
102 may be filled with a channel oxide 106 thereinafter referred to as the
channel oxide 106}, such as 8i(h: for example. The channel oxide 106 may be
provided to overtill {or overburden) the channel by about 30-70nm (which may
also be formed on the field dielectric 104). The overfilled structure for each cell
100a, 100b, 100¢ 13 shown in FIG, 1C.

{0038] After the channel oxide 106 is deposited, m some embodiments,
the resulting structure may be plananzed using a chemical mechanical

planarization (CMP) process. The CMP may vse a sharry and polishing
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apparatus appropriate to remove a portion of the oxide within the channel and
the field oxide such that after planarization a top sarface of the oxide within the
channel and field oxide lic within the same plane.

[0039] After plananzation, if used, the channel oxide 106 may then be
recess etched to remove a portion of the channel oxade 106 as shown for each
cell 100a, 100b, 100¢ in FIG. 1D, Although the chanunel oxide 196 may be
ctched by a vapor eich (e.z., using HF or XeF2 gas), m the embodiments
described herein a wet chenucal etch {e.g., dilute HF (DHF) or buffered oxade
etch (BOE)) may instead be used to perform the ctch. Wet chemical etching is a
material removal process that uses liquid chemicals or etchants to remove
materials from a substrate, while vapor etch s a matenial removal process that
uses gaseous etchants to remove materials from a laver. Patterns may be defined
by photoresist masks on the substrate, and underlying material that is not
protected by the mask are ctched away by liguid chemicals. Tn some
embodiments, a 100:1 DHF etch may be for about 5-60 mins to obtain a umform
recess depth from channel-to-channel (in the v direction). A sufficient amount
of the channel oxide 106 may be etched back from the top of the field dielectric
104, for example about 100-150um, although this may be customer and/or
device dependent.

{0044] Thus, the stack 102 in cach cell 100a, 100b, 100¢ may contain a
chaunel that is filed with a channel oxide 106, Although not shown, the
channels in cach cell 100a, 100b, 100c may extend m the x-direction a
substantial distance (e.g., for a wordline}. The channeis in each cell 100a, 100h,
100c may be ctched stmultancously. The thermal ALD process above is used to
fill the channel oxade 106 within the channel m each cell 100a, 100b, 160¢,
which may lead to the mintmal disparity shown between different levels of
channel oxide 106 in the cells 100a, 100b, 100¢ subsequent to etching of the
channel oxide 106,

[0041] A poly-Si cap 108 may then be deposited within the channel o
fill the remainder of the channel. A cap may fill or cap/seal a structare. The
structure may then be planarized such that the upper surface of the poly-Si cap
108 and the field dielectric 104 hie in a plane, as shown mn the final figore of

FIG. 1A, Contact to the poly-Si cap 108 may be made using a metal {e.g., Al
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Cu, W, Sn, Ag, Ag, and/or Mo among others) to form contacts. For example,
contact to the poly-Si cap 108 may result in contact to the wordlines for the 3D
NAND structure.

[0042] Although a number of operations have been descrbed inthe
above process, it may be desirable to drive down operational costs in
semiconductor device manufacturing by, for example, increasing device vield,
decreasing the number of processing steps, decreasing the amount of matenials
used during processing, or decreasing the amount of processing time.  As shown
it FIG. 1A, the resudting 3D NAND stracture for a single cell may inchude a
high-aspect-ratio channel formed using a diclectric etch. As above, various
ctching processes may be used to create a high-aspect-ratio chanuvel. Each type
of etching process, however, may have its own advantages and disadvantages,
inchiding seasitivity to material composition and dimensional characteristics.
Even smaall deviations in etch rate can cause channel dimensions to differ. These
deviation in ¢tch rate may be problematic when attempting to create a high-
aspect-ratio channel or when feature sizes (e.g., critical dimensions) vary from
feature to teature. The critical dimension may thus be a size of a smallest feature
{and may also be called inewidth or feature width). For example, while
vapor/gas etch may in some cases provide a more matched etch recess than a wet
ctch {e.g., with a buffered oxide etch (BOE) DHF 100:1 after a recess etch), it
may be more desirable 1o use wet chemical etching to reduce costs. The wet
eich rate (WER) may depend on both the RF power and temperature used during
processing. This may result in device performance vartation across the wafer
due to recess etch variation between the wafer conter and the wafer edge without
care being taken in the processing.

{8043} FIG. 2 15 a schematic diagram showing a method of fabricating a
structure, according to an example embodiment. The process 200 shown 1
FIG. 2 may be used to fabricate the gapfill structure shown m FIG. 1 {or the
other structures described herein). The process 200 may start when one or more
{e.g., as shown, n} already-processed wafers are exchanged with wafers to be
processed. The wafers may be processed on a platform capable of 500-800°C
wafer processing with plasma activation for ICE~mmhibition in a growth chamber.

Use of a thermal ICE process method may permit fabrication of a gaphill



WO 2021/173886 PCT/US2021/019747

matenal (oxide) with a closely matched WER performance throughout the
channel and across the wafer. This mayv enable the recess etch depth to be
matched throughout the vertical channel and across the wafer after a wet recess
etch forming the channel.

{0044} The wafers moved to the pedestal may be initially brought up to
the pedestal temperature in a soaking operation.

[0845] After the soaking operation, an inatial deposition process may be
performed. The inttial deposition process may include deposition of a liner on
the wafer. A scquence of lavers may be grown by ALD. While in some cases,
PEALD may be used to deposit the oxide, the use of PEALD may result in the
compositional issucs {(¢.g., voiuds) within the oxide 1n the high-aspect-ratio
chamnel. Accordingly, a thermal ALD may be used to deposit the oxide. The
thermal ALD process may occur at a relatively high temperature {¢.3., a pedestal
temperature of about 550-650°C) compared with the PEALD process. In the
thermal ALD process, the precursors may react on a heated surface of the laver
of interest {e.g., Si substrate). The thermal ALD process may be camed out in a
heated reactor maintained at a sub-atmospheric pressure through use of a
vacuum pump and a controlled flow of mnert gas, such as No, which may also be
used for passivation. As the thermal ALD process may mvolve a sarface
reaction, the process may be self-limiting.

{0046] Aninitial stage of the thermal ALD process may be repeated fora
first set of ALD eycles {e.g., about 130). During the first stage of the ALD
process, the exposed surface of the structure may be dosed with a 81 precursor
{and other gasses} to permit surface reactions 1o occur upon deposition, afier the
chamber is purged. Such precursors may include aminosilane precursors, for
example, Bis(tertiarv-botvlamino)silane (BTBAS), Biisopropylamino Silane
{DIPAS), bisdi{cthylamino}silane (BDEAS), 3di(methylamine)silane (3DMAS),
and tetrakis{dimethylamino)silane (4DMAS), for SiN or 810z deposition. For
example, Ho, Gz, Ar, N2 and BTBAS may all be introduced to the processing
chamber (the Nz and Ar may be carmer gasses for the BTBAS and Ho and On
used to form the oxide), which may be held at a low pressure. In some
embodiments, for example, the processing chamber may be held at about 10-2

Torr and the pedestal on which the wafers are disposed may be maintained at
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about $50-630°C, mto which about 3-3 L/m Haz, 3-53 L/m (2, 20-50L Ar, 1-3
BiBAS precursor, and 20-50L N2 may be introduced to generate the oxide. The
pressure of the Hr and O2 may be increased above the injector and undergo
autoignition to form a more reactive species, such as HeO steam, HoOn, or 0%,
The use of both Hy and O may be destrable as Si10: growth is limited at lower
temperatures without Hz and the deposition rate at higher temaperatures is
substantially reduced {e.g., about halfthat obtained when both H» and Oz are
present).

j0047] In particolar, after the precarsor is dosed to permit surface
adsorption and reaction of the precursor molecules, the chamber may be purged
to remove the by-products. The precursor molecules on the surface of the
structure may be converted to the desired insulator (SiN or Si0h) by thermal
oxidative activation, and then followed by another purge of the unconverted
precursor molecules.

[0048] After the mitial deposition process, one or more ICE block
processes of the thermal ALD process may be performed. The number of ICE
block processes may be a function of the feature that is fabricated. Each ICE
block process may include one or more growth ¢ycles, the last of which may be
followed by passivation of the layers grown during the growth cyele. Each
growth cvcle may be a set of operations that result in growth of a laver. The
number of growth cycles may be independent of the first number of thermal
ALD cveles (e, the nmumber of growth cycles may be the same as or different
from the first pamber of ALD cycles). For example, about 10-3C growth cveles
may be used in some erabodiments. The number of ICE blocks, growth cycles
within each ICE block and/or thermal ALD deposition cycles within each
growth cycle may depend on the critical dimensions of the feature that is filled
{the channel) as well as the quality of the incoming structure. For example, the
number of cycles may increase with increasing channel width. The number of
ICE blocks may also be increased if the structure is difficult to fill and has
multiple pinch points; each ICE block is used to target each mdividual pinch
point. That is, the number of growth eycles may be, for example, a fimction of
the re-entrancy of the structure (i.¢., the decrease in profile from the lower

boundary to upper boundary/tapering of the sidewalls of the structure). Asthe
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ALD process may deposit a (subjangstrom thickness per cycle, control over the
deposition process may be obtained at the atomic scale,

[6049] Each growth cycle may include an inhibition treatment on the
topmost layer of ALD deposition of the previous growth cycle, followed by
another sequence of layvers grown by the thermal ALD process. The ALD
deposition may be repeated a second number of ALD cycles. The second
oumber of ALD cycles may be ndependent of the first nursber of ALD cveles
and/or the number of growth cyeles. For example, the second number of cycles
may be about 10 cveles in some embodiments.

[3059] Inhibition may be a surface treatment that introduces one or more
gasses as an inhibitor on the surface of the structure, after which the growth
chamber may be purged. An inhibitor may be a substance that slows down or
prevents a particular chemical reaction or other process or which reduces the
activity of a particular reactant. In some embodiments, for example, the
mhibitor{s) may be one or more of: fodine (12}, Hi, HF, HCL, HBr, NF;, Fr, Chs,
ICL, NCls, Salfonyt halides, diols (e.g., ethane diol, ethanediol, ethyvlene glyeol,
propanediol}, diamines (ethylenediamine, propylenediamine, ete.}), Acetviene,
cthylene, and analogous vusaturated hydrocarbons, CO, COs, pyridine,
piperiding, pyrrole, pyvrimidine, imidazole, and/or benzene, although this list is
not exclusive. In some embodiments, for example, the processing chamber may
be held at about 1-10 Torr with a plasma power of about 5300-2000W, and about
3-5 Lim Hz, 0.2-2 L/m Oz, 20-30L Ar, 0.2-0.6L NFs and 20-50L N2 may be
introduced for about 0.1-10s {¢ g, about 0.4-1s} to provide the inhibition.

LEISY Y The thermal ALD deposition within the growth cycle may use
characteristics sumilar to the mitial ALD deposition. That 18, in some
embodiments, the processing chamber may be held at about 10-20 Torr, into
which about 3-3 L/m Hz, 3-3 L/m O, 20-50L Ar, 1-3 BIBAS precursor, and 20-
50L N2 may be introduced. The ALD power may be about 2-3kW, with the RF
power on for about .55 when the He/On flows. The pedestal on which the
wafers are disposed may be maintained, as above, at about S50-650°C. Each
cycle ime of ALD deposition in a growth cycle may be about 0.5-2 55,

[8052] Each ICE block may end, as above, with passtvation of the

structure after the growth cycles of the ICE block are completed. Passivation
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may be a process that renders broken bonds at a surface inactive. Durning
passivation, residual amounts of the mhibitor deposited during each of the
growth cycles of the ICE block may be removed. Passivation may be performed
for tens of seconds, for exarple, about 40s 1n some embodiments. In some
embodiments, for example, the processing chamber may be held at about 1-10
Torr with a plasma power of about 300-2000W, and about §-5 L/m Ha, 1-5 L/im
Oz, 20-50L Ay, and 20-501, N2 meay be introduced for about 40-120s 1o passivate
the structure. The pedestal on which the wafers are disposed may be maintained,
as above, at about 550-650°C.

16053] After the tinal ICE block process is performed, a final ALD
process may be performed using similar deposition characteristics, the poly-St
cap may be deposited on the structure via PECVD, and a post-deposition
sequence performed. The final ALD process may be an ALD liner deposition.
The ALD sequence may be repeated a third number of ALD cycles. The third
number of ALD cveles may be independent of the first number of ALD cycles,
the second number of ALD ¢ycles and/or the number of growth cycles. The
post-deposition sequence may include the addition of Ar to the chamber and a
reduction in the svstem pressure to a low base pressure {¢.g., about 0.57T), as well
as any annealing and/or chemical mechanical polishing of the structure prior to
removal of the wafer from the chamber. For example, an 850°C, 30 min N
anncal may reduce the WER and allow better depth controllability.

[054] FIG. 3 15 a diagram showmng etch aniformuty within the channel
shown in FIG, 1A, according to an example embodiment. In particular, that
FIG. 3 is a measurement of the wet eteh rate ratio (WERR) throughout the
channel. The WERR may be the wet etch rate of the oxide that is etched (12,
the oxide in the channely compared to thermally grown laver of the same oxide
on a test wafer at a particular set of process conditions, mcluding etchant,
concentration and teraperature at which the etching takes place. In FIG. 3, the
WERR 15 the etch rate of the oxade (A/s), e.g., n 1001 DHF/Ahe etch rate of a
high guality thermal S0 grown in a furnace (A/s). As shown in FIG. 3, the
WERR ig constant throughout the entire depth. This may be due to the oxide
having essentially a uniform film quality throughout the chamel as a result of

ase of the thermal ALD deposition process. This is also unfike the WERR of an
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oxide deposited using a plasma enhanced ALD (PEALD) process, which has
fower WERR at the top of the channel and higher WERR at the bottom of the
channel due to difference in ton bombardment at the top vs. at the bottom of the
channel (which also causes channel-to-channel vanation). In addition, the
WERR of a PEALD oxide in the channel, onlike the thermal ALD oxide, also
may have a WERR that varies with position within the channel. That is, the
PEALD oxide may have a higher WERR at center of the channel, which may
cause seam blowout during the wet etch process. When tested, the etch variation
may show a depth variation of < about 5% from an average etch depth across the
channels, as well as a relatively constant cross-sectional area across each channel
when the thermal ALD process is used {¢.g., for a 130nm target depth eteh,
depths that ranges from about 125-135nm}, compared with depth vanations of >
about 20% and a substantially ovular-shaped {(or jar/bottic-shaped) cross-
sectional arca with one or more pinch points when the PEALD process is used.
[B055] FIG. 4 shows a flowchart of fabrication of the structure shown in
F1G. 1, according to an example embodiment. Only some of the operations used
during the fabrication mayv be shown in FIG, 4.

{6056} At operation 402, a maulit-layer structure may be fabricated on a
Si substrate. The smdti-layer structure may contain ong or more of an ONON
layers, OPOP layers or OMOM layers. A field oxide may be grown on the
multi-layer structure.

[0057] At operation 404, a channel may be eiched in the field oxide and
multi-layer stracture in each cell of multiple cells that span the Si substrate.
Standard photolithographic processes may be used to define the channel and
create the channel. The channel may be a high-aspect-ratio channel, whose
depth is substantially greater than width {e.g., a factor of > about 10, such as 203
The channel may be removed via plasma etching or wet chemical etching, for
example, and dependent on the composition of the layers of the multi-laver
structure. A poly-S1 film may be deposited within the channel so that the layers
of the multi-laver structure are able to retain charge in the final structure.

{0058] At operation 406, a thermal ALD process may be used to deposit
the oxide. The thermal ALD process mayv use multiple blocks in which portions

of the oxide are depostted using a precursor vapor that adsorbs on and reacts
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with the exposed surface. The residual precursor and reaction products may be
purged, and the surface (which contains reactive oxygen radicals) exposed to a
co-reactant. The co-reactant may be a Ha(O for the thermal ALD process {ora
low-darage plasma (O for PEALD) to oxidize the surface and remove surface
ligands. The products of the reaction from the co-reactant may then be purged
from the chamber. One or more inhibitors {e.g.. NF3} may then be provided on
the uppervost layer prior to passivation of the last deposited layer of the block.
The thermal ALD oxide may be less dense than a PEALD oxide. This may
result in a higher magnitude wet etch rate and lower dielectric breakdown
voltage.

[0059] At operation 408, the resulting structure after deposttion of the
oxide may be plananzed through usc of a chemical mechanical polishing
process. In some embodiments, the resulting structure may not be planarized
prior o ctehing the chanuel oxide.

[0069] At operation 410, a wet chemical etchant may be used to recess
etch the oxide in the channel. For example, a DHF ctch may be used to etch less
than about 5% of the entire depth of the channel. The top of the etched back
oxide may be either above or below the bottom of the ficld oxade, as desired.
{8061} After reccss etching the oxide, a poly-Si cap may be deposited at
operation 412 in the recess eiched region. The final structure may then be
planarized and removed from the chamber,

[0062] FIG. 515 a block diagram of a machine mn which the structure of
FIG. 1A s incorporated, according to an example embodiment. Examples, as
described herein, may include, or may operate by, logic, a number of
components, or mechamsms, Circuitry may be a collection of cireuits
implemented in tangible entitics that include hardware {(e.g., simple circuits,
gates, logic, etc ). Circuitry membership may be flexible over time and
underlying hardware variability. Circuitry may include members that may, alone
ot in combination, perform specified operations during operation. In an
example, hardware of the circuttry may be immutably designed to carry out a
specific operation {e.g., hardwired}. In an example, the hardware of the circuitry
may include variably connected physical components {e.g., execution units,

transistors, simple cireuits, etc.y. This may include a computer-readable medium
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physically modified (e.g., magunetically, clectrically, by moveable placement of
wvariant massed particles, etc.} to encode instructions of the specific operation.
When the physical components are connected, the underlying electrical
properties of a bardware constituent may be changed (for example, from an
insulator to 3 conductor or vice versa). The instructions may enable embedded
hardware {¢.g., the cxecution units or a loading mechanism) to create merbers
of the circwitry in hardware via the vanable connections 1o carry out portions of
the specific operation when in operation. Accordingly, the computer-readable
mediom may be communicatively coupled to the other components of the
circuitry when the device is in operation. In an example, any of the physical
components may be used in more than one member of mare than one circuitry.
For example, under operation, exocution units may be used in a first circuit of a
first circuitry at one point in time and reused by a second circuit in the first
circuitry, or by athird circuit in a second circuitry, at a different time.

[0063] The machine {¢.g., computer system} 300 may wclude a
processor 302 {e.g., a central processing unit {CPU), a hardware processor core,
or ay combmation thereof), a graphics processing unit (GPU} (which may be
part of the CPU or separate), a main macmory 304, and a static acmory 506,
some or all of which mayv communicate with each other via a link {c.g., bus) 508,
The machine 500 may further include a display 510, an alphanumeric input
device 512 {e.g., a keyboard), and a user interface {Ul) navigation device 514
{e.g., amouse). In an example, the display 510, alphanumeric input device 512,
and Ul navigation device 514 may be a touch screen display. The machine SO0
may additionally include a storage device {¢.g., drive unit) 516, a signal
generation device 518 {e.g., a speaker), a network interface device 520, and one
or more sensors 521, such as a Global Posttioning System (GPS) sensor,
compass, accelerometer, or another sensor. The machine 300 may include
transmission medium 526, such as a serial (e.g., universal serial bus (USB)),
parallel, or other wired or wireless {¢.g., infrared (IR}, near field communication
(NFC), et} connection to commumicate with or control one or more peripheral
devices {e.g., a printer, card reader, etc.}.

[0064] The storage device 516 may include a machine-readable medium

522 on which is stored one or more sets of data structures or instructions 324
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{referred to as software) that embody or are utilized by any one or more of the
technigues or functions described herein. The mstructions 524 may also reside,
completely or at least partially, within the main memory 504, within the static
memory 306, within the processor 302, or within the GPU, during execution
thercof by the machine 500. In an example, one or any combination of the
processor 502, the GPU, the main memory 504, the static memory 506, or the
storage device 516 may counstitute machine~-readable media.

[(065] While the machine-readable medium 522 18 1llustrated as a single
mediom, the torm “machine-readable medivum™ may inchude 3 single mednom or
multiple media {¢.g., a centralized or distributed database, and/or associated
caches and servers) contigured to store the one or more instructions 524, The
term “machine-readable mediam”™ may inclode any mediam that can store,
encode, or carry the instructions 324 for execution by the machine 500 and that
cause the machine 500 to perform any one or more of the techuigues of the
present disclosure, or that can store, encode, or carry data structures used by or
associated with such instroctions 524, Non-limiting machine-readable mediim
examples may include solid-state memories, and optical and magnetic media. In
an example, a massed machme-readable medium comprises a machine-readable
medivm 322 with a plurality of particles having wvariant (e.g., rest} mass.
Accordingly, massed machine-readable media are not transitory propagating
signals. Specific examples of massed machine-readable media may incluade non-
volatile memory, such as semiconductor memory devices {e.g., Electrically
Programmable Read-Only Memory (EPROM), Electrically Erasable
Programmable Read-Only Memory (EEPROM)) and flash memory devices;
magnetic disks, such as internal hard disks and removable disks; magneto-
optical disks; and CD-ROM and DVD-ROM disks. The mstructions 524 may
further be transmitted or received over a conununications network through a
transmission medium 526 via the network interface device 320,

HEHSY The processor 502, in conjunction with the main memory 504 and
static memory 506, may thus be used to operate the cleaning apparatus
described. One or more of the main memory 504 and static memory 506 may
inchude the 3D NAND device shown in FIG, 1A, The display 310,

alphanumeric input device 312, Ul navigation device 514, and signal generation
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device 518 may be used to notify the operator as to processes of the cleaning,
including completion or errors, as well as approximate amount of removal for
gach cleaning apparatus, perhaps using the sensors 521, The information may be
provided to an operator {¢.g., mobile device of the operator} via the network
interface deviee 320, All of the mechanisms may be controlled when the
imstractions are 524 are executed by the processor 502,

[0867] Example 1 is a method of fabricating a semiconductor device, the
method comprising: etching high-aspect-ratio channels 1n a multi-layer stack
disposed on a semicondactor substrate, the malti-layer stack comprising sets of
oxide and non-oxide layers; filling cach of the high-aspect-ratio channels with an
oxide using a thermal atomie laver deposition {ALD) process; recess etching the
oxide using a wet chemical eich to form recess-ctched channels; and capping the
recess-ctched channels to refill an etched portion of the recess-ctched channels
with a conductive material.

[0068] In Example 2, the subject matter of Example 1 includes that
filling cach of the high-aspect-ratio channels with an oxide comprises:
depositing a silicon {81} oxide in multiple blocks that each contains multiple
growth cycles followed by a passtvation operation, each of the growth cycles
inchuding: introduction of an inhibitor into a chamber 1 which the
semiconductor substrate is disposed during an inhibition operation, followed by
multiple thermal ALD deposition cveles.

[(069] In Example 3, the subject matter of Example 2 includes injecting
Hz, (02, Ar, and N2 gasses and an aminosilane precursor dunng each ALD
deposition cycle to depostt a sub-angstrom thickness of oxide per ALD
deposition cyele.

{8078] In Example 4, the subject matter of Examples 2--3 inchudes that
the inhibitor includes multiple gasses that each act as an nhibitor.

{0071] In Exampile 5, the subject matier of Example 4 includes that the
whibition operation is mamtained for less than about 1s.

[0072] In Exampie 6, the subject matter of Examples 2--5 includes
maintaining a temperature of a pedestal on which the semiconductor substrate is
disposed during the growth cvele of about 550-6350°C and a pressure inthe

chamber of about 10-20 Torr.
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[0073] In Exarople 7, the subject matter of Examples 2-6 mcludes
wjecting Ha, O, Ar, and Na gasses during each passivation operation {0 remove
residual mhibitor and passivate an exposed surface of the Si oxide in cach of the
high-aspect-ratio channels, the passivation operation maintained for up to about
two minutes.

{0074] In Example &, the subject matter of Examples 2-7 includes
purging the chamber of gasses used i cach growth cycle after the indubition
operation, before and afier the thermal ALD deposition cycles associated with
the inhibition operation, and after the passivation operation.

[B6075] In Example 9, the subject matter of Examples 2-8 includes that
filling cach of the hugh~aspect-ratio channels with a Si oxide further comprises:
depositing a first thermal 5i oxdde ALD liner laver within each of the high
aspect-ratio-channels to form a liner layer prior to depositing the St oxide in a
first of the blocks; and depositing a second thermal 81 oxide ALD liner layer
after depositing the Si oxide within each of the high~aspect-ratio channels after a
fast of the blocks.

[6076]) In Example 10, the subject matter of Exarmaples 2--9 includes, for
filling each of the high-aspect-ratio channels with the 51 oxide: determiuning a
number of blocks, a number of growth cycles within each block and a number of
thermal ALD deposition eycles within each growth cycle, at least one of which
depends on critical dimensions of each of the high-aspect-ratio channels as well
as a quality of a structure in which the Si oxide 15 to be deposited.

{0677] In Exampie 11, the subject matter of Examples 110 inclades that
recess etching the oxide includes etching the oxide using a dilute HF (DHF) etch
of about 100:1 HF: F20, the oxide having a relatively constant etch rate along a
width and depth of each of the high-aspect-ratio channels.

{0073] In Example 12, the subject matter of Examples 1-11 includes that
capping the recess-etched channels mcludes: depositing polycrystalline Si (poly-
S1) i the recess-ctched channels using plasma-enhanced chenucal vapor
deposition.

{0079] In Example 13, the subject matter of Example 12 includes
growing a field oxide on the multi-laver stack prior to formmg the ugh-aspect-

ratio channels; and planarizing the poly-8i to expose the field oxide, a top
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surface of the field oxide and a top surface of the poly-Si in each of the lgh-
aspect-ratio channels bying in a plane after planarization of the poly-5i.

[6080] In Example 14, the subject matter of Example 13 includes
depostting a sufficient amount of the oxide to cover the field oxide; and
planarizing the oxide prior to recess etching the oxide such that a top surface of
the field oxide and a top surface of the oxide in each of the high-aspect ratio-
chanuels He in a plane after planarzation of the oxide.

{081 ] In Example IS, the subject matier of Examples 1-14 includes
depositing alternating 5102 and SiN layers as the multi-layer stack.

[3082] In Example 16, the subject matter of Examples 1-15 includes
wherein: the recess etching of the oxide avouds ciching of the oxide using a
vapor etch.

{0083} Example 17 is a NAND device comprising: a multi-layer stack
disposed on a semiconductor substrate, the multi-layer stack including pairs of
tayers of altemating matenals, the multi-laver stack including a plurality of ugh-
aspect-ratio channels disposed therein; a field oxide disposed on the muiti-laver
stack: a thermal atomic layer deposition (ALD) Silicon (Si) oxide disposed
within each of the high-aspect-ratio channels, the 51 oxide etched such that a
surface of the 81 oxide is beneath the field oxide; and a polverystalline Si (poly-
Si} cap disposed within each of the high-aspect-ratio channels on the Si oxide.
{0084] In Example 18, the subject matier of Example 17 includes that the
pairs of layvers of the multi-laver stack comprise a $102 laver and a SiN laver.
{085] In Exampie 19, the subject matter of Examples 17-18 includes
that a depth of cach of the high-agpect-ratio channels is between about 4 and
about & microns and a width of each of the high-aspect-ratio channels 1s between
about 30nm and 100nm.

{0086] In Example 20, the subject matter of Examples 17-19 includes
that a depth of the poly-Si cap in cach of the high-aspect-ratio channels is about
1-4% of a depth of the high-aspect-ratio channels.

{6087] Example 2119 a method of fabricating a semiconductor device,
the method comprising: ctching high~aspect-ratio channels i a multi-layer stack
disposed on a senuiconductor substrate, the multi-laver stack comprising sets of

silicon {51} oxide and non-Si oxide lavers; depositing, in the high-aspect-ratio
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channels until cach of the high-aspect-ratio channels is filled, a channel oxide in
multiple blocks that each contains meltiple growth cveles followed by a
passivation operation, cach of the growth cycles comprising: introducing an
inhibitor into a chamber in which the semiconductor substrate is disposed during
an inhibition operation, and multiple thermal atomic layer deposition (ALY
deposition cycles; recess etching the channel oxide to form recess-ctched
channels; and capping cach of the recess-ctched chavnels with a cap to refill an
etched portion of the recess-etched channels with a conductive material,

{0088] In Example 22, the subject matter of Example 21 includes
depositing a first thermal Si oxide ALD liner layer within each of the high
aspect-ratio-channels to form a biner layer prior to depositing the St oxide in a
first of the blocks; and depositing a second thermal St oxide ALD liner layer
after depositing the Si oxide within cach of the high-aspect-ratio channels after a
last of the blocks.

{0089] In Example 23, the subject matter of Examples 21-22 includes
growing a field oxide on the multi-layer stack prior to formmg the high-aspect-
ratio channels; and planarizing the cap to expose the field oxide, a top surface of
the field oxide and a top swrface of the cap in cach of the high-aspect-ratio
channels lying 1n a plane after the planarization.

0090 Example 24 is at least one machine-readable medium including
mstructions that, when executed by processing circuitry, cause the processing
circuitry to perform operations to implement of any of Examples {-23.

[0091] Example 25 is an apparatus comprising means {o implement of
any of Examples 1-23.

{8092} Example 26 i3 a system to implement of any of Examples 1-23.
{8093] While exemplary aspects of the subject matter discussed herein
have been shown and described herein, i will be obvious to those skilled in the
art that such embodiments are provided by way of example only. Numerous
variations, changes, and substitutions will now occur to those skilled in the ant,
upon reading and understanding the material provided herein, without departing
from the scope of the disclosed subject matter. Ft should be uaderstood that

various alternatives 1o the embodiments of the disclosed subject matter described
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herein may be employed in practicing the various embodiments of the subject
matier.

[6094] Accordingly, the specification and drawings are to be regarded in
an ithustrative rather than a restrictive sense. The accompanying drawings that
form a part hereof show, by way of illustration, and not of limitation, specific
aspects in which the subject matter may be practiced. The aspects ilhustrated are
described 1n sufficient detail to enable those skilled i the art to practice the
teachings disclosed herein. Other aspects may be utilized and derived therefrom,
such that structural and logical substitutions and changes may be made without
departing from the scope of this disclosure. This Detatled Description, therefore,
is not to be taken in a Louting sense, and the scope of various aspects is defined
only by the appended claims, along with the full range of equivalents to which
such claims are entitled. It is intended that the following claims define the scope
of the disclosed subject matter and that methods and structurcs within the scope
of these claims and their equivalents be covered thereby.

[(6095] The abstract will allow the reader to quuckly ascertain the nature
of the technical disclosure. The abstract is submitted with the understanding that
it will not be used to interpret or linut the scope or meaning of the claims. In
addition, in the foregoing Detailed Description, i can be scen that vanoas
features arc grouped together in a single aspect for the purpose of sircamlining
the disclosure. This method of disclosure is not to be interpreted as reflecting an
mtention that the claimed aspects make use of more features than are expressly
recited 1n each clatm. Rather, as the following claims reflect, inventive subject
matter lies in less than all features of a single disclosed aspect. Thus, the
following clatms are hereby mcorporated into the Detatled Description, with

cach clamm standing on its own as 3 separate aspect.
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