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Multimaterial Self-Aligned Nanopatterning by
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ABSTRACT: Printed component sizes in electronic circuits are
approaching 10 nm, but inherent variability in feature
alignment during photolithography poses a fundamental barrier
for continued device scaling. Deposition-based self-aligned
patterning is being introduced, but nuclei defects remain an
overarching problem. This work introduces low-temperature
chemically self-aligned film growth via simultaneous thin film
deposition and etching in adjacent regions on a nanopatterned
surface. During deposition, nucleation defects are avoided in
nongrowth regions because deposition reactants are locally W _
consumed via sacrificial etching. For a range of materials and 50 ﬁﬁﬁ! si
process conditions, thermodynamic modeling confirms that  m—

deposition and etching are both energetically favorable. We

demonstrate nanoscale patterning of tungsten at 220 °C with simultaneous etching of TiO,. Area selective deposition (ASD)
of the sacrificial TiO, layer produces an orthogonal sequence for self-aligned patterning of two materials on one starting
pattern, i.e., TiO, ASD on SiO, followed by W ASD on Si—H. Experiments also show capacity for self-aligned dielectric
patterning via favorable deposition of AlF; on Al,O; at 240 °C with simultaneous atomic layer etching of sacrificial ZnO.
Simultaneous deposition and etching provides opportunities for low-temperature bottom-up self-aligned patterning for
electronic and other nanoscale systems.
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he smallest printed features in semiconductor

I manufacturing are currently less than 15 nm.'
Continued scaling poses significant problems in
material patterning and feature alignment.'™* Techniques to
create small features are well-developed, but a key barrier is the
limited ability to control minute variations in feature pattern
alignment. Devices are constructed with hundreds of layers of
patterned metals and dielectrics, and achieving circuit
performance requires the conductors and insulators in each
layer to be precisely registered as they form on top of each
other. Patterns that are misaligned by only a few nanometers (a
distance corresponding to ~10 atoms in crystalline silicon) can
lead to faults including electrical shorts, open circuits, and
excess resistance.” To avoid metal diffusion, reaction temper-
ature during “back-end” fabrication is limited to <400 °C,?
putting stringent demands on surface chemical processes.
Advanced 13.5 nm extreme UV (EUV) lithography can
address some of these challenges, but equipment costs are
expected to be substantial,’ especially when multiple EUV
steps are needed. Also, alignment problems will become more
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acute in future 3D devices being considered to overcome
impending obstacles of silicon memory density and computing
energy consumption.'

To overcome inherent variability and stochastics in
lithography, new self-alignment methods are needed where
the chemistry of the underlying surface can guide the
placement of overlying material layers. Self-aligned area-
selective deposition (ASD) uses surface chemistry to promote
deposition in predetermined growth regions and minimize
growth in adjacent nongrowth regions. At <400 °C, ASD can
proceed using chemical vapor deposition (CVD)**™"' or
atomic layer deposition (ALD).”””'® In these methods, the
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Figure 1. Schematic for self-aligned patterning using simultaneous deposition and etching: (a) starting Si—H/TiO, pattern exposed to a set
of reactants (in this example, SiH,/WF, in an ALD-type reaction sequence for 20 cycles), yielding W growth on silicon, with no growth in
the TiO, region due to simultaneous TiO, etching. (b) Mass change (ng/cm?®) measured by QCM during SiH,/WF exposures (SiH,/Ar/
WF/Ar = 45/45/1/60 s) at 220 °C, along with the expected reactions during SiH, and WF, exposure steps on W and on TiO, surfaces. The
indicated product species are from thermodynamic analysis. A QCM precoated with Al,0; shows net mass gain indicating favorable ALD of
W (blue line). On the basis of the density of W, the growth rate is ~0.5 nm/cycle. Under identical conditions, a QCM crystal precoated with
TiO, shows net mass loss corresponding to etching (black line), with an etch rate of ~0.1 nm/cycle. (c) Overall Gibbs free energy change for
SiH,/WFq reactions on TiO, (red) and Si (black) surfaces, consistent with the QCM results in panel b. (d) Thermodynamic equilibrium
product compositions for WF¢ reacting with an equimolar composition of TiO,, further supporting simultaneous deposition and etching.

vapor-phase reactants are generally selected to favor net
deposition; i.e., the Gibbs free energy change for deposition is
negative, AG < 0.!718 However, the strong reaction energetics
is problematic for ASD because it leads to creation of
unwanted nucleation defects. Surface passivation layers or
other means can slow the rate of nucleation, but unwanted
nuclei eventually form, leading to undesired growth and loss of
self-alignment. During “front-end” processing, temperatures
can exceed 700 °C, and selective silicon epitaxy is widely used
to self-align the source/drain contacts to silicon channels.
Using high temperatures, defect nuclei are effectively avoided
by optimizing reaction thermodynamics.”~""'"~*" For selec-
tive silicon epitaxy, a single set of gas-phase precursors (often
including a mixture of chlorosilanes, HCI, and hydrogen) can
allow favorable silicon film growth on receptive regions, while,
in neighboring regions, the same reactants favor formation of
only volatile silicon products, such as SiCIZ.u’20 In this way,
self-aligned selective epitaxy avoids defects using thermody-
namically favorable reactions that locally consume the
deposition reactant in the regions where growth is not desired.

Several vapor/surface exchange and conversion reaction
mechanisms are known where material deposition simulta-
neously liberates another volatile species at the surface
deposition site.”>~>* In contrast, low-temperature surface
reactions that achieve simultaneous delocalized deposition
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and etching in neighboring regions on a patterned surface are
not well known.

In this work, we demonstrate low-temperature (<400 °C)
self-aligned deposition using a single set of vapor-phase
reactants to achieve deposition in a desired growth region
while simultaneously etching a neighboring sacrificial surface in
a nongrowth region. The primary example reported here shows
self-limiting ALD with simultaneous continuous chemical
vapor etching (CVE), and an alternate example shows ALD
with simultaneous self-limiting atomic layer etching (ALE).
Akin to high-temperature selective epitaxy reactions, the
resulting net deposition is inherently self-aligned with the
prepatterned starting surface because the etching reaction
locally consumes the deposition reactant, thereby avoiding
unwanted nuclei.

Starting with a patterned surface with exposed hydrogen-
terminated silicon (Si—H) and TiO, regions, we show that
sequential exposures of SiH, and WF at 220 °C produce self-
aligned growth of tungsten only on the silicon, while
simultaneously, on the neighboring TiO,, the WF4 preferen-
tially reacts to form volatile WO,F, and TiF,, thereby avoiding
tungsten metal growth. At the reaction temperature, the
deposition and etching rates are sufficient to avoid
accumulation of unwanted W metal until the sacrificial layer
is consumed. By creating the starting pattern using area-
selective deposition of TiO, on SiO,,'® we establish a primary
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experimental demonstration of multiple-material orthogonal
area-selective deposition.”> Using a combination of thermody-
namic modeling and experiments, we further show that self-
aligned deposition and etching can be extended to a range of
other material systems and show experimental results
confirming that deposition of AlF; dielectric can proceed
with atomic layer etching of ZnO.

The reaction scheme for self-aligned pattern generation using
simultaneous deposition and etching is shown in Figure la. For
this example system, a surface with open Si—H and TiO,
regions is exposed to multiple cycles of SiH,/WF co-reactants
separated by Ar purge at 220 °C, resulting in W deposition on
the Si—H region and simultaneous etching of the sacrificial
TiO,. We performed in situ quartz crystal microbalance
(QCM) experiments to monitor the surface mass change on
two different surfaces exposed to the same reaction conditions,
and results are given in Figure 1b. For this study, a QCM
crystal was pretreated in situ with 25 cycles of Al,O; ALD to
create a surface receptive to W growth, similar to QCM
crystals coated with silicon.”® This was followed immediately in
the same reactor by 20 cycles of sequential SiH,/Ar/WF,/Ar
exposures at 220 °C.”

The blue line in Figure 1b shows the mass change (ng/cm?)
during the SiH,/WF; cycles, indicating that after a few initial
cycles this process gives net atomic layer deposition of
tungsten on ALO,. Consistent with previous studies,”® after
~S cycles of growth initiation on Al,O;, mass increases linearly
with cycles, which on the basis of the density of W correlates to
a W growth rate of ~0.5 nm/cycle. The black line in Figure 1b
gives the mass change collected during 20 cycles of SiH,/Ar/
WEF4/Ar under identical reactor conditions, except, for this
case, the QCM crystal was prepared by coating with 200 cycles
of TiO, ALD using TiCl,/H,O doses at 220 °C. The results
show a small mass gain due to initial uptake of tungsten and
fluorine, followed by net mass loss, consistent with TiO,
etching via reaction with WF¢ to form volatile
WF,0,(g).”**" Using the density of TiO,, the mass change
correlates with a loss of ~2 nm during the 20 cycles, for an
average of ~0.1 nm/cycle.”>”’

Figure 1b also includes schematics of the reactions
corresponding to the QCM results, and panels ¢ and d of
Figure 1 show corresponding thermodynamic equilibrium
analysis of the expected reactions and reaction products.’
When SiH, and WFq react on a receptive growth surface, the
net Gibbs free energy change (black line in Figure 1c) shows
large —AG values across a wide temperature range. The SiH,
acts as a reducing agent, with some Si—H remaining on the
surface after exposure. The surface Si—H is then available to
promote reduction and net deposition during the WF
exposure step.”””" This produces the stepwise mass uptake
observed in the QCM data. On the TiO, surface, however,
etching reactions become available. In Figure lc, the red line
shows the overall Gibbs free energy change when SiH, and
WEFg react with TiO,. For temperatures above 75 °C, a
favorable reaction (AG < 0) yields volatile TiF, and WF,0,,
with no net reaction for the SiH,. Because SiH, does not react
on TiO, at low temperature, surface Si—H groups are not
available to reduce the WFy, thereby promoting WF4 to react
and be consumed by the etch reaction. Likewise, Figure 1d
gives the expected equilibrium product concentrations when
WE reacts with TiO, at different temperatures. At 220 °C, the

expected products are TiF, and WF,O, vapors. Some tungsten
oxide solid may also be expected, but oxide buildup is avoided
due to continued formation of WF,0,(g) as a volatile etch
product.”®*” For the SiH,/WF reaction on TiO,, the QCM
results in Figure 1b are consistent with negligible reaction
during SiH, and net mass loss during the WE4 dose. XPS
surface analysis results in Supporting Information Figure S1
further confirm minimal reaction with SiH,.

We also used ellipsometry and XPS to analyze simultaneous
deposition and etching reactions during SiH,/WEF, exposure
on Si—H and TiO, surfaces. On patterned wafers discussed
below, Si—H and TiO, surfaces are formed by applying TiO,
ASD to Si—H/SiO, patterns. This is followed by W ASD,
producing a multiple-material orthogonal ASD sequence™ (i.e.,
TiO, ASD on SiO, followed by W ASD on Si—H). Therefore,
for ellipsometry and XPS analysis, the starting Si—H and TiO,
samples also were prepared by TiO, ASD, following the same
procedure used below for Si—H/TiO,-patterned wafers.
Specifically, a pair of silicon wafer pieces, one with silicon
oxide (Si—OH) and one with Si—H termination, were
simultaneously exposed to TiO, ASD at 150 °C using a
“supercycle” sequence, including TiO, ALD cycles with
periodic atomic layer etching steps.'® This was followed by a
5 s dip in dilute (5%) HF solution and immediate transfer to
the SiH,/WF, reactor. The intermediate HF dip step
facilitated the desired W nucleation on Si—H and removed
~S nm of the deposited TiO, layer (Figure S2 and Table S2).
The procedure was also tested without any intermediate
treatment and with intermediate H,/Ar plasma exposure. As
discussed in the Supporting Information, samples without HF
treatment or with H,/Ar plasma exposure showed an
unfavorable delay in W growth on the Si—H. Therefore, the
HF dip was used for further analysis.

After TiO, ASD on Si—OH and Si—H, ellipsometry data
(Table S2) shows TiO, thickness of 16.4 nm on the Si—OH
and ~1.9 nm on the Si—H. After HF, ellipsometry showed no
oxide on Si—H, with 11.4 nm of TiO, on the Si—OH,
indicating a loss of ~5 nm of TiO,. After simultaneous
exposure to 15 cycles of SiH,/WF4 at 220 °C, the Si—H
sample showed a net growth of 9.7 nm of W, while the TiO,
film showed a net thickness decrease of ~1.1 nm. Using newly
prepared Si—H and TiO, samples, the experiment was
repeated using 20 cycles of SiH,/WF4 On Si—H, 20 SiH,/
WF cycles produced 12.6 nm of W, with a net TiO, thickness
decrease of ~1.4 nm.

The measured thickness change indicates the SiH,/WFq
allowed simultaneous deposition and etching, consistent with
QCM in Figure 1. From the thickness data, the W deposition
rate is ~0.6 nm/cycle and the etch rate of the TiO, is ~0.1 nm
per ALD cycle, in reasonable agreement with the deposition
rate of ~0.5 nm/cycle and etch rate of ~0.1 nm/cycle
estimated from the QCM results in Figure 1b. Under the
conditions used, this etching rate is sufficient to avoid W
growth.

For this approach to be useful, it should be compatible with
different methods to form patterned sacrificial materials. A
possible issue is that the rate of etching will depend on the
process used to form the sacrificial layer. For example, using
TiO, deposited by physical vapor deposition, initial experi-
ments show a slower etch rate. The slower etching consumes
less reactant, and therefore promotes unwanted deposition. To
address this, the process provides flexibility to allow tuning of
the relative deposition and etching rates. For the W/TiO,

https://doi.org/10.1021/acsnano.1c04086
ACS Nano 2021, 15, 12276-12285


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04086/suppl_file/nn1c04086_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04086/suppl_file/nn1c04086_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04086/suppl_file/nn1c04086_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04086/suppl_file/nn1c04086_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c04086?rel=cite-as&ref=PDF&jav=VoR

www.acsnano.org

Table 1. XPS Atomic Fraction (at. %) Measured on Si—H and TiO, before and after Exposure to 15 or 20 Cycles of SiH,/WF;

XPS atomic fraction (at. %)

ACS Nano
at 220 °C“
surface SiH,/WFq treatment at 220 °C Ti 2p W 4d
Si—-H none 0 0
15 cycles 0 20.2
20 cycles 0 222
TiO, none 18.0 0.4
1S cycles 17.7 4.1
20 cycles 15.1 2.5

Si 2p O 1s F ls Cl 2p B Is Cls
79.2 7.5 1.2 0 0 12.1
1.5 53.7 0.3 0 0 24.3
2.6 47.4 0 0 0 27.8
0 48.5 6.8 0.7 4.9 20.7
0.2 SS 2.1 0.4 3 17.5
1.6 52 1.3 0 2.5 25

“The starting Si—H and TiO, were prepared by exposing Si—H or Si—OH wafers to TiO, ALD/ALE supercycles,' following the same procedure

applied to Si—H/SiO,-patterned wafers discussed in the text.

system, increasing substrate temperature from 220 to 275 °C
does not substantially change the W deposition rate,”” but a
larger etching rate is observed (Table S3), thereby allowing
process adjustment and optimization.

The same blanket samples used for thickness measurement
were also analyzed by XPS to evaluate the surface element
composition after SiH,/WFg treatment, and results are shown
in Table 1. As expected, all samples show oxygen and carbon
resulting from exposure to the ambient between deposition
and analysis. On the Si—H surface, both 15 and 20 SiH,/WEF,
cycles lead to strong W signals, consistent with expected W
deposition on the receptive Si—H. Also as expected, the signal
from Ti 2p was below the detection limit (<0.1 at. %). A small
Si signal after SiH,/WEFj is ascribed to remnant surface silicon
from the silane reducing agent. On the TiO, surface, the SiH,/
WF; leads to a small amount of W (~2.5—4.1 at. %), ascribed
to formation of tungsten oxides, as expected from the
thermodynamic analysis shown in Figure 1d.”” We also note
that the amount of W on TiO, does not increase when the
number of W ALD cycles increases from 1S to 20, further
indicating that tungsten oxide does not accumulate on the
TiO,.**” This small amount of tungsten oxide on the TiO,
can be effectively removed by exposing the surface to BCI,
vapor at the reaction temperature (Table S4).

We applied this approach on microscale and nanoscale line/
space patterns. Microscale-patterned substrates, used previ-
ously for ASD studies,'”*"** consisted of 3 um wide SiO,
lines, ~100 nm thick, separated by 3 ym of exposed Si—H (i.e.,
6 um full-pitch). To form the patterned sacrificial TiO, layers,
Si—H/SiO, samples were coated at 150 °C by ASD TiO, using
a supercycle sequence as mentioned above. A sequence of 20
supercycles produced ~16.4 nm of TiO, atop the SiO, regions,
with minimal TiO, on adjacent Si—H regions.'® After TiO,
ASD, samples were treated with a S s dip in dilute (5%) HF
solution and immediately transferred to the SiH,/WEF, reactor
to perform the second ASD step using simultaneous W
deposition and TiO, etching. This sequence of TiO, ASD on
SiO, followed by W ASD on Si—H provides an experimental
demonstration of multiple-material orthogonal ASD.*®

The resulting microscale self-aligned W/TiO, patterns are
shown in Figures 2 and 3. Figure 2b shows cross-sectional
scanning transmission electron microscopy (STEM) images
and corresponding STEM-EDX (EDX, energy-dispersive X-ray
spectroscopy) data after treating the TiO,/Si—H pattern with
15 cycles of SiH,/WF at 220 °C. A tungsten film with
thickness of 7.0 + 0.4 nm (given as the mean of 8
measurements =+ 1 standard deviation) is visible only on the
Si—H region, and the TiO, is visible only atop the SiO,. The
remaining ASD TiO, layer is 4.9 + 0.3 nm thick, indicating

depasition

(@)

etching

deposition SiH,, WFg

Figure 2. Self-aligned orthogonal microscale patterning of TiO,
and W films: (a) Schematic sequence used for preparation of
patterned sacrificial TiO, layer, followed by simultaneous
deposition and etching to form the self-aligned W and TiO,. (b)
Cross-sectional STEM and STEM-EDX after 15 SiH,/WFq cycles.
(c) Data collected from an identical sample after 20 SiH,/WF
cycles. The images show the SiH,/WF, cycles produce net W
deposition in exposed Si—H regions, with simultaneous etching of
the sacrificial TiO, layer.

that the HF dip + SiH,/WFq treatment removed ~11 nm of
TiO,. The experiment was repeated on another TiO,/Si—H
substrate with ~16.4 nm of ASD TiO,, except for the second
ASD step; the SiH,/WFy exposure was performed for 20
cycles. Figure 2c shows the resulting STEM and STEM-EDX
images. In this case, the samples show 10.0 + 0.6 nm of W on
Si—H, with no visible TiO, on the SiO,. The 20 W ALD cycles
were sufficient to completely remove the sacrificial TiO,, while
simultaneously depositing 10 nm of W in the neighboring Si—
H regions.

Comparing the thicknesses of the TiO, and W films in
Figure 2 to those measured by ellipsometry on blanket
substrates following identical process conditions, the patterned
wafers show somewhat thinner W layers. The patterned wafers
also show net thinner TiO, layers compared to the blanket
samples. This thinner TiO, layer may result from faster etching
on the patterned surface. Mechanisms leading to pattern-
dependent deposition and etching rates are well-known during
ASD*?"** and generally relate to gas-transport and surface
diffusion effects that alter the local reactant concentration and
supersaturation across the sample surface. As discussed below,
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Figure 3. Angled-view SEM for (a) Si—H/SiO, patterns with no
TiO, present after 20 cycles of SiH,/WFq, indicating W deposition
on both of Si—H and SiO,; (b) the sample from Figure 2b,
showing surface texture consistent with W deposition on Si—H and
simultaneous etching of the TiO,; and (c) the sample from Figure
2¢ showing a small number of W nuclei on SiO,, consistent with
consumption of the TiO, sacrificial layer.

understanding pattern-dependent reaction rates remains an
overarching issue for self-aligned deposition-based patterning.

The self-aligned patterned samples shown in Figure 2 were
also analyzed by angled-view SEM, and images are presented in
Figure 3. Figure 3a shows a control Si—H/SiO, wafer (with no
TiO, initially present) treated with 20 cycles of SiH,/WFq.
The SiH,/WFq produces a cohesive W film on Si—H, and the
rough texture on SiO, is consistent with W nuclei.”’ Figure 3b
shows the sample from Figure 2b, corresponding to Si—H/
TiO, after 15 cycles of SiH,/WF,. Both the TiO, and W
regions appear smooth, with no visible W nuclei on the TiO,.
Figure 3c shows the sample from Figure 2c, identical except
after 20 SiH,/WFq cycles. Some particles appear in the SiO,
region likely corresponding to W nuclei that are expected to
form after complete consumption of the TiO,. Similarly sized
nuclei (10-20 nm) formed during ASD were previously
analyzed using SEM-EDX, but sensitivity was limited by the
small volume of the nuclei.'®

We further confirmed that the approach could extend to
nanoscaled patterns, and results are given in Figure 4. The
figure includes a schematic diagram, along with corresponding
STEM and STEM-EDX images of self-aligned W and TiO, on
~200 nm of Si—H/SiO,-patterned substrates (~400 nm full-
pitch) using the same condition as for samples in Figure 2b.
Four neighboring features in Figure 4b show consistent pattern
duplication, with an expanded higher resolution view of one
example region in Figure 4c,d. The sequence yielded 6.1 + 0.5
nm of W on the Si—H region and 5.8 + 0.3 nm of TiO, on the
SiO,. These values are reasonably similar to those in Figure 2b
obtained on the 3 ym features.

Figure 4. (a) Broad-view schematic of the orthogonal selective
deposition of W and TiO, on Si—H/SiO,-patterned surfaces (200
nm width and ~100 nm height) after TiO, 20 supercycles and W
15 cycles. (b) Cross-sectional STEM of the multiple patterns: (c)
zoom-in view of one pattern from panel b; (d) STEM-EDX
corresponding to image panel c.

Careful inspection of the high-resolution images shows that
the TiO, layer may be thinner on top of the corner edge of the
SiO,, possibly indicating faster TiO, etching on exposed
corners. The high-resolution images also show uniform W
thickness on the exposed silicon, with no visible W nuclei on
the TiO,. The TiO,/W feature edge boundaries appear well-
defined, but understanding feature development at the atomic
scale remains a challenge. Figure S3 shows additional TEM/
STEM images of self-aligned nanopatterned W/TiO, samples.

This work presents simultaneous deposition and etching as a
route for direct-patterned area-selective deposition. Also
importantly, as shown in Figures 2 and 4, we show that the
starting sacrificial pattern can be formed by area-selective
deposition, thereby confirming experimental feasibility for
orthogonal multiple-material patterning™ as a step forward in
bottom-up nanomaterial surface synthesis.

Extension to Other Material Systems. In addition to the
W/TiO, system, thermodynamic modeling’® and published
rate data indicate that simultaneous deposition and etching can
be achieved for a range of other deposition and sacrificial
materials. Examples are presented in Table 2. The table include
calculated values of the Gibbs free energy changes for atomic
layer deposition and etching and the approximate overlapping
temperature range, where both reactions are expected to be
energetically favorable. Where available, the table also includes
experimental values for atomic layer deposition and etching
rates at an example temperature within the favorable
temperature range. For some systems, a range of etch rates is
reported because etch kinetics can depend strongly on detailed
process conditions. The etching rates (nm/cycle) correspond
to the expected thickness loss during the simultaneous atomic
layer deposition cycle. We further note that, for some materials
sets, reaction thermodynamics may favor simultaneous
deposition and etching but slow reaction kinetics may make
them experimentally difficult. The deposition reactions are
expected to proceed on any receptive surface where etching
does not occur.
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Table 2. Partial List of Example Material Systems Showing Thermodynamic Feasibility for Self-Aligned Patterning via

Simultaneous Deposition and Etching®

GE Sacrificial Reactants T °C Expected reactions Example Rl AG (ki/mol) Reference
material  material () G T(°C) (nm/cycle) @ example T
W TiO,  SiHg, WFg 200-300  Deposition  SiH,+ WFs > 220 0.58 -598 this work, 27
W) + SiFagg) + HF(g) + Hagq)
Etching TiO, + SiHs+ WFg > 0.02-0.2 -38 this work, 29
TiF 4 + WO,F,) + SiHg(g)
WO, TiO,  SiH, WF;,  200-275  Deposition WFq + SiHag + 3H,04 220 0.58 -653 27,36
H,0 WOs) + SiFs) + 2HF (g + 4Hy
Etching TiOy(5)+ SiHy(g) + WFg(g) + Hy0) > 0.02-0.2 -38 this work, 29
TiF4) + WO,F;g) + SiHyg) + H,0()
WO, TN  H,0,SiH,  200-275  Deposition WFgp + SiHag + 3H,0 = 220 0.58 -653 27,36
WF WOs + SiFag + 2HFg + 4Hy
Etching TiN() + 2H,0(g) + SiHg(g) + WFg) > 0.02-0.2 -158 this work, 29
TiFagg) + WO,Fy(q) + SiHag) + NHag + 0.5Hyp)
WS, TiO,  WFg, H,S 250-300  Deposition  H,S + WFg > 300 ~0.1 -409 37
WSy(s) + HFg) + Sa)
Etching TiO, + WFg + H,S > ~0.3 -57 29
TiF4g) + WO,F ;) + H S
AlF; Zn0 HF, TMA 200 - 250 Deposition  Al(CH3)3) + 3HFg > 220 ~0.05 -701 34
AlF3¢) + 3CHy )
Etching Zn0yy + 2HFg) + 2A1(CHa )3 > 0.11 ok 35
Zn(CH3),(g) + 2AIF(CH3) () + HOp
AlF, Ga,0; HF, TMA 200-250  Deposition  Al(CHs)s + 3HF g = 250 ~0.05 -699 34
Al + 3CHyg
Etching Ga,03) + 6HF(g) + 4AI(CH3)3g) > ~0.082 <0 38
3H,0(,) + 2GaF(CH3) () + 4AIF(CHs) g
SisN, HfO, HF, SiCl,, NH; 300 - 350 Deposition  3SiCly(q + 4NHg(g) > 350 0.2 -104 39
SigN4(s) + 12HCl gy
Etching HfOp(s)+4HF(g)+SiCls(g) = 0.005 -77 40
2H,0q#SiF 4(qHHfClyq)
SnS HfO,  HF, Sn(acac),, 200 - 250 Deposition  Sn(acac)y) + HaSg) > 200 0.019 <0® 41
H,S SnS,)+ 2H(acac) g
Etching HfOy) + 4HF (g + 4Sn(acac)yg) - 0.006 <0 40
Hf(acac),) + 4SnF(acac) g + 2H,0(,
SnS Al,O;  HF, Sn(acac),, 200 - 250 Deposition  Sn(acac), + HySg) = 200 0.019 <0® 41
H,S SnSi) + 2H(acac) g
Etching ALOs( + HFg + Sn(acac),g > 0.023 <0’ 40

Al(acac)yg) + SnF(acac)g) + Ho0,

“The reported temperature range indicates the values where simultaneous deposition and etching are expected to both be energetically favorable.
The reported AG values for deposition and etching are evaluated at the example temperature shown. Rates are estimated from published reports of
deposition by ALD and etching by CVE or ALE determined from ellipsometry. Etch rates correspond to the expected amount etched per ALD

cycle. bFavorable reaction energetics consistent with published experimental results.

As one example, data in Table 2 indicate that, with use of
trimethylaluminum (TMA) and hydrogen fluoride (HF) as co-
reactants at 240 °C, a receptive surface (such as AL, O3)*" is
expected to yield favorable deposition of AlF;. Further, when a
ZnO surface is exposed to these same conditions, reaction
energetics favors ZnO atomic layer etching, producing volatile
dimethyl zinc, dimethyl aluminum fluoride, and water.”*

To confirm the feasibility of the AlF; and ZnO system, we
used QCM analysis to observe mass changes on different
surfaces exposed to HF/TMA and results are shown in Figure
5. For these data, the experimental procedure follows that was
used to collect data in Figure 1. First, a QCM crystal was
precoated with ALD AL, O; at 150 °C to be receptive to AlF;,
followed by exposure to repeated doses of HF and TMA at 240
°C. The data in Figure S show stepwise mass gain, consistent
with ALD of AlF,;."* Also in Figure 5, a second QCM crystal
was precoated with ZnO at 150 °C and then exposed to HF/
TMA under identical conditions at 240 °C. The QCM results
show clear mass loss, consistent with ZnO etching.>
Therefore, the concept demonstrated above for simultaneous
deposition and etching can also be extended to other ASD

material systems, including AIF; on Al,O; with sacrificial
etching of neighboring ZnO.

CONCLUSIONS

In summary, our findings highlight the importance of
thermodynamically designed surface chemistry for nanoscale
self-aligned thin film patterning. Counterintuitively, results
show that, at low temperatures, using a single set of reactants,
it is possible for both deposition and etching to be favored at
the same time on different regions of an exposed patterned
surface. This means that unwanted nucleation, a broad
problem in area-selective deposition, can be avoided because
the etching reaction locally consumes the nucleation reactants.
This approach to avoid unwanted nucleation may be useful for
low-temperature self-aligned patterning in back-end electronics
manufacturing and other nanoscale material systems. As one
key prospect, we show a sequence of two deposition processes
can orthogonally self-align two different materials in different
regions on a single starting patterned substrate.
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Figure 5. (a) Collected QCM mass gain data from AlL,O; or ZnO
precoated crystals during 15 cycles of (HF/TMA) exposures. (b)
AlF; deposition mechanism on Al O, surface and (c) ZnO atomic
layer etching mechanism on ZnO during 15 HF/TMA cycles.
Reaction schemes indicate the expected dominant products from
thermodynamic analysis.

Our findings also reveal several challenges and remaining
problems. One challenge is that reaction conditions should
allow the etching and deposition rates to be balanced so that
the etching rate is sufficient to consume the gas-phase reactants
and avoid unwanted nucleation, with fast enough deposition to
develop the desired pattern thickness. Also, while we show the
approach works using tungsten and TiO,, which are important
materials in semiconductor processing, semiconductor device
manufacturers are seeking self-aligned patterning solutions for
a broad and expanding set of materials. Discovering additional
material systems will require more extensive modeling and may
include the design of new precursors and reactants. Another
important outstanding problem is to what extent this process
can apply to features approaching atomic scale dimensions.
Results show uniform patterning at the 200 nm scale, but we
see that etching and deposition rates may depend on feature
shape and size. Further scaling will require better under-
standing of these effects.

Eventually, scaling of deposition-based self-aligned pattern-
ing to single-atom dimensions will allow ultimate precision in
materials fabrication. Achieving this feat using designed surface
chemistry will be a critical step toward producing large
numbers of devices in parallel across large surface areas under
conditions using limited thermal exposure.

METHODS

Substrate Preparation. For all deposition studies reported here,
each run was performed using wafer pieces with Si—H/SiO, patterns
and/or separate blanket Si—H and Si—OH pieces, with both pieces
always present in the deposition chamber. Surfaces designated as “Si—
OH” consist of piranha cleaned silicon producing hydroxyl
termination, whereas surfaces designated as “SiO,” are thermally
oxidized silicon, also with hydroxyl termination. “Si—H” surfaces are
formed by dipping the Si—OH in 5% HF for 30 s, producing
hydrogen termination. Before deposition, lithographically patterned
Si—H/SiO, substrates were prepared by piranha cleaning and HF
dipping of Si/SiO,. The piranha solution was prepared by mixing 30%
hydrogen peroxide (electronic grade, J.T. Baker) and 98% sulfuric
acid (certified ACS plus, Fisher Chemical) with 1:1 volume ratio.

A boron-doped silicon (100) wafer with S—10 Q-cm resistivity was
cleaved into small pieces (10 mm X 10 mm). These wafer pieces were
cleaned with the piranha solution for 15 min, rinsed with deionized

(DI) water, and stored in a DI water filled glass vial. They served as
our oxide-terminated blanket silicon substrates (Si—OH) after being
rinsed with DI water and dried with N, flow.

Hydrogen-terminated blanket silicon (Si—H) samples were
prepared from the Si—OH pieces described above by employing a
30 s dip in 5% HF solution, a 30 s rinse in flowing DI water, and then
drying with N,. The Si—H substrates were always loaded into the
reactor within 10 min after preparation.

Si/SiO, line patterned substrates were prepared by photolitho-
graphic wet etching of 100 nm thick thermally grown silicon dioxide
(SiO,) on silicon wafers. The pattern consists of long (>10 mm)
alternating lines of SiO, and Si, each 3 ym wide for a 6 ym pitch. The
wafer was cleaved into small pieces (10 mm X 10 mm) and prepared
immediately prior to loading, as described above for Si—H sample
preparation. The 200 nm half-pitch patterned samples were provided
by industry and prepared in the same way.

TiO, ALD/ALE Supercycles Condition. TiO, ALD was
performed using 99% pure TiCl, (Strem Chemicals) and deionized
water (DI water), and the ALE was performed using 99.999% pure
WF; (Galaxy Chemicals) and 99.9% pure BCl; (Matheson). The
ALD/ALE supercycles were conducted in a custom-built tubular hot-
walled isothermal viscous-flow ALD reactor, further notified as “TiO,
reactor”, under constant wall temperature (150 °C) and pressure
(0.9—1.1 Torr) with 150 sccm of 99.999% pure N, (Arc3 Gases) as a
carrier gas. One TiO, ALD cycle was defined as “TiCl, pulse (0.1 s)
— N, purge (45 s) » H,0 pulse (0.05 s) = N, purge (45 s)” and
one TiO, ALE cycle was defined as “WF; pulse (0.1 s) — N, purge
(45 's) > BCl, pulse (1 s) = N, purge (45 s)”. One TiO, ALD/ALE
supercycle consisted of 30 cycles of TiCl,/H,O (for TiO, ALD)
followed by 7 cycles of WF¢/BCl; (TiO, ALE). The supercycles were
performed in a single reactor at a fixed temperature of 150 °C. Using
12 or 20 supercycles produced ~11.5 and ~16.4 nm of TiO, on Si—
OH, respectively, with less than 1.9 nm of TiO, on exposed Si—H
surfaces.

W ALD Cycles Condition. W ALD, using 2% SiH, (Custom Gas
Solution) and 99.999% pure WF4 (Galaxy Chemicals), was performed
in a separate custom-built tubular hot-walled isothermal viscous-flow
ALD reactor, further notified as “W reactor”, under constant wall
temperature (220 °C) and pressure (2.0—2.4 Torr) with 210 sccm of
99.999% pure Ar (Arc3 gases) as a carrier gas. One W ALD cycle was
define as “SiH, pulse (45 s) — Ar purge (45 s) - WF; pulse (1s) >
Ar purge (45 s)”. W film was deposited on prepared substrates by
running W ALD 10—20 cycles. In this experiment, we first performed
Al,O; ALD to initialize the internal surface of the hot-walled reactor
and the surface of the QCM crystal. Trimethylaluminum (TMA; 98%,
Strem Chemicals) and DI water were used for the ALO; ALD to
initialize the wall condition of the W reactor between batches. One
cycle of TMA/H,0 was defined as “TMA pulse (0.1 s) — Ar purge
(45 s) > H,O pulse (0.1 s) — Ar purge (45 s)”, and 25 cycles of
TMA/H,O were used for the initialization.

Integrated Sequence of “TiO, ALD/ALE — HF Dipping - W
ALD”. Prepared blanket Si—OH and Si—H samples as well as Si—H/
SiO,-patterned substrates were loaded into the TiO, reactor and
allowed to reach thermal equilibrium for 60 min under 150 sccm of
N, flow at 150 °C wall temperature. TiO, ALD/ALE 12 or 20
supercycles were performed for TiO, ASD on SiO,. Following TiO,
ASD, the samples were removed from the reactor, dipped into 5% HF
for S s, rinsed with flowing DI H,O for 30 s, and dried with N, flow in
atmospheric conditions to remove undesired oxides on Si—H surfaces.
Next, the samples were loaded into the W reactor and allowed to
reach thermal equilibrium for 30 min with 210 sccm of Ar flow at 220
°C wall temperature. Subsequently, 10-20 W ALD cycles were
carried out at 220 °C to selectively deposit W film on Si—H

HF/TMA Exposures on ZnO and Al,0;. Hydrogen fluoride
pyridine (~70% HF + ~30% pyridine, Sigma-Aldrich) was used as the
HE source. One cycle of HF/TMA exposure was defined as “HF pulse
(2's) = N, purge (90 s) > TMA pulse (1 s) — N, purge (90 s)”,
and 15 cycles of HF/TMA exposure were performed at 240 °C after
either ZnO or Al,O; predeposition on QCM crystals at 150 °C.

https://doi.org/10.1021/acsnano.1c04086
ACS Nano 2021, 15, 12276-12285


https://pubs.acs.org/doi/10.1021/acsnano.1c04086?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04086?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04086?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04086?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c04086?rel=cite-as&ref=PDF&jav=VoR

ACS Nano

www.acsnano.org

95% pure diethylzinc (DEZ) from Strem Chemicals and DI water
were used to deposit ZnO films on QCM crystals. One cycle of DEZ/
H,O was defined as “DEZ pulse (0.5 s) = N, purge (60 s) - H,0
pulse (0.1 s) — N, purge (60 s)”, and 100 cycles of DEZ/H,0
exposure at 150 °C were performed before the HF/TMA exposures at
240 °C.

One cycle of TMA/H,O was defined as “TMA pulse (0.5s) — N,
purge (60 s) — H,O pulse (0.1 s) = N, purge (60s)”, and 100 cycles
of TMA/H,0 exposure at 150 °C were performed before the HF/
TMA exposures at 240 °C.

Characterization. For monitoring mass uptake on TiO, or W
films during deposition, a quartz crystal microbalance probe (Kurt
Lesker) with a 6 MHz gold-coated crystal sensor (Inficon) was
inserted into the reactor and kept in the reactor at least 120 min to be
thermally stabilized. To avoid deposition on the exposed electrical
contacts, the backside of the crystal was purged with 25 sccm of
carrier gas flow during the measurement. In situ mass loading (ng/
cm?) was obtained by electronic data acquisition.

W or TiO, thickness was measured by ex situ spectroscopic
ellipsometry (alpha-SE ellipsomter, J.A. Woollam) in the 380—890
nm of wavelength (4) at 70° incident angle. A Cauchy model
provided from J.A. Woollam was used to calculate the TiO, thickness.
The values for W thickness were estimated by correlating ellipsometry
parameters A and W collected at A = 700 nm to film thickness.>'

Chemical composition of obtained TiO, and W films was
characterized using ex situ X-ray photoelectron spectroscopy (XPS,
Kratos Analytical Axis Ultra) with an Al Ka (1486.6 eV) gun
(operating at 15 kV and 10 mA). A neutralizer was used to reduce the
charging effect. Survey and high-resolution scans were carried out for
C 1s, O 1s, F 1s, Cl 2p, Ti 2p, W 4f, W 4d, B 1s, and Si 2p. Casa XPS
software was used to process the collected raw data, and peak
positions were calibrated with the adventitious C 1s peak as 284.8 eV.
The high-resolution and survey scans were used to obtain atomic
concentrations (at. %).

Angled- and top-view images of patterned samples were obtained
using field emission scanning electron microscopy (SEM, FEI Verios
460L). A high-current Ga* liquid metal focused ion beam (FIB; FEI
Quanta 3D FEG) was used to prepare samples for TEM. The dual
beam FIB provided 7 nm resolution at 30 keV for the ion column and
1.2 nm resolution at 30 keV for the SEM column. Prior to the lift-out,
samples were coated with a Pt capping layer with thickness of ~3.2
pum. The Ga* ion source was used to mill-out a 20 ym X 2 um region,
followed by a final milling to ~100 nm thickness using of 5 kV at 48
pA ion emission current. The TEM specimen was then removed from
the sample using a micromanipulator and placed directly onto a 3 mm
diameter Cu TEM grid. Cross-sectional images of patterned samples
were collected by transmission electron microscopy (TEM; FEI Talos
F200X) operated at 200 kV with 0.12 nm resolution. The TEM
camera (ThermoFisher Ceta) acquired images with 4k X 4k
resolution. Energy-dispersive X-ray spectroscopy element mapping
was performed using scanning transmission electron microscopy
(STEM). In STEM mode, the HAADF images were acquired with
camera length of ~100 mm. The FEI Talos F200X TEM uses the
Super-X EDX system, which is comprised of four in-column EDX
detectors with a collection angle of ~0.9 sr. The typical parameters for
STEM-EDX used a beam current of 350 pA, and each EDX collection
time exceeded S min.
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