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Abstract: A metal-oxide-semiconductor (MOS) gate stack that is self-aligned with the underlying
silicon doping profile using a bottom-up process is demonstrated. We combine a new bottom-up
patterning technique with atomic layer deposition (ALD) to selectively deposit a platinum-
hafnium dioxide-silicon MOS gate stack. A poly(methyl methacrylate) (PMMA) brush is blanket
grown from a Si(100) surface and selectively removed from the lightly-doped (~10'® cm™) regions
using a doping-selective KOH etch. The PMMA brush that remains on the heavily-doped (~10%
cm) regions effectively blocks the ALD of both HfO, and platinum. MOS capacitors exhibit
promising capacitance-voltage characteristics, with a HfO; dielectric constant of ~25 and an

average interface state density of 2.1 x 10!'! cm™ following forming gas anneal.

Main Text:

The availability of fully bottom-up fabricated device structures, such as metal-oxide-
semiconductor (MOS) capacitors, would be valuable for a variety of emerging device applications.
For example, vertical nanowire transistors monolithically integrated into the back end of line
(BEOL) are being considered to further increase device density in integrated circuits.! Fabrication
of the gate stack on the vertical nanowire sidewall is no simple task, currently requiring
photolithography and complex, multistep process flows.? However, the process could be simplified
if a self-aligned gate stack could be achieved with a bottom-up approach. Flexible electronics offer

a variety of new use cases but necessitate low-temperature processes since most flexible substrates



cannot withstand high temperatures and alternative patterning techniques that are more scalable
than conventional photolithography.?

Atomic layer deposition (ALD) allows for the area-selective and low temperature
deposition of thin films intimately aligned with compositional patterns of the underlying substrate,

largely irrespective of the geometry. The most common techniques for area-selective ALD (AS-

)4-11 12-17

ALD) involve the use of self-assembled monolayers (SAMs or other polymeric materials
to mask the surface by preventing ALD precursors from chemisorbing. These techniques often
require photolithography to pattern the surface modification layer’!'?-!# or use surfaces patterned
with different materials*®!718 to apply the masking material selectively based on the underlying
substrate. For example, a SAM can be assembled only on silicon dioxide (SiO.) regions of a
patterned silicon wafer, leaving hydrogen-terminated silicon exposed.* This allows for deposition
of self-aligned features based on the underlying substrate but requires the underlying materials
(silicon and Si03) to have significantly different properties.

There are a number of challenges associated with the AS-ALD of a high-performance MOS
gate stack. For BEOL and flexible electronics, one needs low temperatures and AS-ALD is well
suited in this regard.!” However, a high-performance gate stack needs high-quality materials and
low defect density interfaces. While there has been some electrical characterization of AS-ALD
films in the literaure,”%!52% there have been relatively few AS-ALD studies for such applications.
In many cases, a self-aligned gate stack also requires selective deposition on chemically similar
materials with only variation in dopant concentration designating the pattern (e.g.,
source/channel/drain), which is currently difficult to achieve with AS-ALD.

In this work, we combine a new bottom-up patterning technique with AS-ALD to deposit

hafnium dioxide (HfO,) and platinum (Pt) thin films based on the local carrier concentration of a



Si wafer. The patterning technique is a derivative of selective co-axial lithography via etching of
surfaces (SCALES),?! which was originally demonstrated on cylindrical nanowires (hence co-
axial) but is equally amenable to planar substrates. The SCALES technique begins with the blanket
growth of a polymer brush, followed by its selective removal based on differences in the etch rate
of the underlying substrate. This work uses a poly(methyl methacrylate) (PMMA) brush
chemically bonded to the silicon surface, as an alternative to the more commonly used spin-coated
PMMA, which allows for selective removal based on the underlying Si carrier concentration by
leveraging the selective etch properties of KOH.?? KOH diffuses through the PMMA, removing a
few layers of lightly-doped Si, which also removes the PMMA from these regions. The PMMA
remains on the heavily-doped Si, serving as a mask. Using the SCALES patterning technique in
combination with AS-ALD, we fabricate a self-aligned gate stack with promising capacitance-
voltage characteristics.

Si(100) with doping levels of ~10'® cm (lightly-doped) and ~10?° cm™ (heavily-doped) is
used as the substrate to mimic a typical MOSFET structure. A lightly boron-doped Si(100) wafer
is patterned with a 500 nm-thick SiO; mask before being doped with boron via solid state diffusion
(2 h at 1050 °C, B20s source). The masked regions (100 pm x 100 pm squares and a large 4 mm
x 6 mm rectangle for XPS characterization) remain lightly-doped while the rest of the Si substrate
is heavily boron-doped. A PMMA brush is synthesized to deactivate the Si surface using an
adaptation of a previously described procedure.?! Briefly, an anchoring molecule (11-undecen-1-
ol) is attached to the hydrogen-terminated Si surface via hydrosilylation at 150 °C for 2 hours.
Next, an initiating group (bromoisobutyryl bromide) is attached at room temperature for 2 hours.
Finally, PMMA is polymerized at 90 °C for 4 hours via atom transfer radical polymerization of

methyl methacrylate. The PMMA brush is selectively removed from the lightly-doped regions via



cycles of exposure to KOH solution (1 mL 45 wt% KOH : 3 mL IPA : 8.5 mL DI H>O) to etch the

Si and acetone to solvate the PMMA.
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Figure 1. XPS characterization of surface-initiated

polymerization before and after selective KOH etch.

C(1s) spectra on the heavily-doped (blue) and lightly-

doped (black) regions after PMMA polymerization (a)

and after the KOH etch (b).

X-ray photoelectron spectroscopy (XPS) is used to characterize the selective removal of
PMMA from the lightly-doped silicon. The XPS measurements are conducted using a
monochromatic Al Ka source with a spot size of 400 um and pass energy of 50 eV. Figure 1 shows
typical C(1s) XPS spectra for the heavily- and lightly-doped silicon immediately after the
polymerization process and after 25 etch cycles. After polymerization (Figure la), both the
heavily- and lightly-doped silicon show strong C(1s) peaks characteristic of PMMA. It is known
that the C(1s) photoelectron spectrum shows four strong peaks for PMMA corresponding to the
C-C/C-H, C in a-position to the ester group, C-O, and O-C=0 components at 285.0 eV, 285.7 eV,
286.8 €V, 289.1 eV, respectively.?*?* Following 25 etch cycles (Figure 1b), the C(1s) spectrum is

unchanged for the heavily-doped silicon, while the C(1s) peaks reduce by 90% for the lightly-



doped Si. The C(1s) signal observed for the heavily-doped silicon after PMMA removal is

equivalent to that of adventitious carbon (not shown).
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Figure 2. XPS and Ellipsometric characterization of PMMA brush during KOH etch process: (a)
Integrated area of the C(1s) XPS spectrum (normalized to initial peak area) vs number of etch
cycles; (b) Integrated area of the Si(2p) XPS spectrum (normalized to initial peak area) vs number
of etch cycles; (c) PMMA film thickness measured with ellipsometry vs number of etch cycles.

PMMA removal as a function of number of etch cycles is investigated and characterized
with XPS integrated area ratios as well as spectroscopic ellipsometry. As seen in Figures 2(a) and
2(b), the constant C(1s) and Si(2p) peak areas on the heavily-doped Si verify the durable
attachment of the PMMA brush. On the lightly-doped Si, the C(1s) peak area decreases, and the
Si(2p) peak area correspondingly increases as the PMMA is removed. Spectroscopic ellipsometry
is performed using a Woollam M200 Ellipsometer, and the CompleteEASE software is used for
fitting with the PMMA, Si0O., and HfO; film models. Ellipsometry data in Figure 2(c) shows that
the PMMA film thickness remains relatively constant on the heavily-doped Si while it decreases
down to just a few nanometers on the lightly-doped Si. Overall, the results indicate that the process

can achieve selective masking based on the underlying doping concentration.



To fabricate a gate stack leveraging the SCALES-patterned PMMA mask, HfO> and Pt are
deposited via AS-ALD. A modified RCA clean consisting of 1 min in SC-1 (5 DI H>O : 1 H20Ox :
1 NH4OH) at 75 °C, 30 sec HF etch, and 10 min in SC-2 (5 DI H2O : 1 H2O> : 1 HCIl) at 75 °C is
used to clean the exposed Si before depositing the oxide and metal layers. The organic SC-1 clean
is shortened to one minute to minimize damage to the patterned PMMA film, and the SC-2 clean
forms a ~ 2 nm-thick passivating layer of chemical oxide on the Si surface. HfO; is then deposited
selectively with 60 cycles of thermal ALD using tetrakis(dimethylamido)hatnium (TDMAHY) and
H>O precursors at 200 °C. The exposure times for TDMAHf and H>O are 0.25 and 0.06 s,
respectively, followed by purge times of 20 and 15 s. Immediately following HfO, deposition,
platinum is selectively deposited with 300 cycles of thermal ALD using
(trimethyl)methylcyclopentadienylplatinum(IV) (MeCpPtMes) and O: precursors at 300 °C. The
exposure times for MeCpPtMes and O; are 1 and 10 s, respectively, followed by purge times of 10
s. All materials are deposited with a Cambridge Fiji ALD system with argon as a carrier/purging

gas and a total chamber pressure of 0.45 Torr.
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Figure 3. (a) Hf(4f) XPS spectra after HfO, ALD of PMMA-
covered heavily-doped Si region and of lightly-doped Si region; (b)
Pt(4f) XPS spectra after Pt ALD (immediately following HfO»
ALD) of PMMA-covered heavily-doped Si region and of lightly-
doped Si region.



The selectively deposited Pt-HfO,-Si gate stack is characterized with XPS after each step.
Though the deposition temperatures are above the glass transition temperature of PMMA (~115
°C),? the polymer brush offers robust passivation against ALD. The Hf(4f) XPS spectra taken
after HfO2 ALD in Figure 3(a) show a doublet with peaks at 16.7 eV and 18.3 eV in the lightly-
doped region, confirming the selective deposition of HfO> on the exposed Si surface. As can also
be seen, minimal HfO; deposits on the PMMA covering the heavily-doped regions. A comparison
of integrated XPS peak areas for the lightly- and heavily-doped Si regions reveals a deposition
selectivity of 30:1. Notably, an examination of TiO; and ZrO> AS-ALD shows these materials are
also compatible with this process (see supplementary material). The Pt(4f) XPS spectra taken after
Pt ALD in Figure 3(b) show a strong doublet with peaks at 71.2 eV and 74.5 eV verifying selective
deposition of Pt on top of HfO: in the lightly-doped regions with very little deposition on the
PMMA on the heavily-doped regions. Here, the deposition selectivity between the lightly- and
heavily-doped Si regions is found to be 69:1, consistent with what is observed with SAMs?¢ and

spincoated PMMA.. 12,
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Figure 4. EDS characterization of self-aligned Pt-HfO»-Si MOS
capacitors: (a) SEM image of four, square capacitors; (b) Si
elemental mapping by EDS; (¢) Hf elemental mapping by EDS; (d)
Pt elemental mapping by EDS.



Energy dispersive x-ray spectroscopy (EDS) is used to characterize the resulting self-
aligned MOS structures to examine the spatial selectivity of deposition. Figure 4(a) shows an SEM
image of four 100 um x 100 um MOS capacitors that are aligned with the lightly-doped Si (square)
patterns. Figures 4(b), (c), and (d) show EDS maps for Si, Hf, and Pt, respectively, confirming the
presence of HfO> and Pt mainly within the square patterns. The Hf Mal peak overlaps with the
large Si Kal peak from the substrate, and the extra noise makes the pattern less clear, but a stronger

intensity can be seen inside the square patterns where HfO, is present under the Pt layer.
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Figure 5. Capacitance vs voltage behavior of three
selectively deposited Pt-HfO,-Si MOS capacitors
before and after forming gas anneal.

The MOS capacitors are characterized with capacitance-voltage (C-V) measurements to
study the electrical properties of the selectively deposited gate stack and investigate the impact of
a forming gas anneal. Capacitance and conductance are measured at 100 kHz with a voltage sweep
range from 3 V to -3 V using a Keithley 4200-SCS semiconductor analyzer. Figure 5 shows the
C-V behavior of three different MOS capacitors before and after a forming gas anneal at 400 °C
for 30 min (96% N>/ 4% H;). With an oxide thickness of 6.1 nm of HfO, and a 2 nm-thick

interlayer of SiO: (estimated from ellipsometry measurements), the maximum capacitance (from



Figure 5) is used to estimate a relative dielectric constant of ~ 25.3, as expected for HfO».2” The
C-V curves demonstrate typical MOS characteristics and show improved behavior after the
forming gas anneal, indicated by the curve’s reduced stretch out. The average interface state
density of MOS capacitors following AS-ALD is 8.0 x 10'! ¢m™, as approximated using the

p

2.5
conductance peak and D;; ~ " (w

) . The inset plot in Figure 5 shows that Dj can be reduced
max

by a factor of 4 using a forming gas anneal. The Dy is relatively high for silicon based MOS
capacitors, however, and future work will be performed to improve the interface quality with
alternate surface cleaning techniques and improved interfacial layers.

In summary, a self-aligned gate stack structure is demonstrated using a bottom-up process
that combines SCALES and AS-ALD. The PMMA brush grafted from the Si(100) surface is
selectively removed based on the underlying semiconductor carrier concentration and serves as a
mask for ALD. HfO, and Pt are selectively deposited, forming MOS capacitors suitable for a gate
stack. Current-voltage measurements show expected MOS capacitor behavior and improvement
upon forming gas anneal. This process can be used to fabricate complex nano- and micro-structure
devices without photolithography, which holds promise for BEOL processes and flexible

electronics applications.

Supplementary Material: See supplementary material for XPS characterization of selectively

deposited TiO; and ZrO, films.
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