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ABSTRACT: DNA nanostructures are versatile templates
for low cost, high resolution nanofabrication. However, due
to the limited chemical stability of pure DNA structures,
their applications in nanofabrication have long been limited
to low temperature processes or solution phase reactions.
Here, we demonstrate the use of DNA nanostructure as a
template for high temperature, solid-state chemistries. We
show that programmably shaped carbon nanostructures can
be obtained by a shape-conserving carbonization of DNA
nanostructures. The DNA nanostructures were first coated
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with a thin film of Al,O; by atomic layer deposition (ALD), after which the DNA nanostructure was carbonized in low
pressure H, atmosphere at 800—1000 °C. Raman spectroscopy and atomic force microscopy (AFM) data showed that
carbon nanostructures were produced and the shape of the DNA nanostructure was preserved. Conductive AFM
measurement shows that the carbon nanostructures are electrically conductive.
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ecent advances in DNA nanotechnology make it
Rpossible to fabricate arbitrarily shaped 2D and 3D
DNA nanostructures through controlled folding and
hierarchical assembly of up to several thousands of unique
sequenced DNA strands.' " Both individual DNA nanostruc-
tures and their assembly can be made with almost arbitrarily
shaped patterns at a theoretical resolution down to 2 nm."'
Furthermore, the deposition of DNA nanostructures on a
substrate can be made with precise control of their location and
orientation, making them ideal templates for bottom-up
nanofabrications. *~"¢
As a template, a major limitation of pure DNA nanostructure
lies in its limited chemical stability. Hence, almost all reported
DNA-based nanofabrications were either based on solution
chemistry or conducted at close to room temperature.'”~° For
example, solution phase metallization on DNA has been
demonstrated using various metals (e.g, Ag, Cu, Ni and Au)
and can be made site-specific through modification of DNA
nanostructure with binding sites that accept DNA-modified Au
or Ag nanoparticles.”*>” As another example, Mao and
Woolley groups used DNA to pattern vapor-phase deposited
metal.”®~** We recently also showed that DNA nanostructure
can direct the etching and deposition of SiO, at room
temperature.’” In all these cases, high quality pattern transfer
was achieved; however, due to the low reaction temperature,
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the obtained inorganic nanostructures are often of low
crystallinity.'”

High temperature (>S00 °C) is often needed for the
synthesis and crystallization of most inorganic materials, such as
porous carbon. The possibility of using DNA nanostructure to
direct chemical synthesis at this extreme temperature range will
open up new opportunities in materials design and fabrication.
However, DNA decomposes when heated to >250 °C,’!
making it seemingly impossible to achieve pattern transfer from
DNA nanostructures under these conditions.

Herein, we demonstrate the fabrication of carbon nanostruc-
tures through high temperature (ca. 800 °C) shape-conserving
carbonization of DNA nanostructures. With a thin Al,O; film
coating, a DNA nanostructure can be converted to carbon
nanomaterial while preserving its nanoscale topography. Porous
carbon material plays an important role in a wide range of
applications, such aerospace structure, thermal management,
fluorescent marker, and energy s.torage.‘?’z_40 The nanoscale
structure of porous carbon material is essential to its
mechanical, thermal, and electrical properties. For example,
nanoscale hierarchical porous structures can be fabricated to
show very high strength (modulus ~200 MPa) at low density
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Figure 1. (A) Schematic of shape conserving carbonization of 1D DNA structure and the corresponding AFM topographic images of 1D DNA
structure (B) after deposition on top of Si substrate, (C) after ALD of Al,O; film, (D) after annealing at 800 °C for 5 min, (E) after removal of
Al O; film, and (F) after UV/ozone (UVO) treatment. (G) Average height of 1-D DNA at each step. (H) Height profile of the same 1D DNA
structure, marked by arrows in panel D. The traces were shifted in the vertical axis for clarity. (I) Average width of 1-D DNA at each step. (J)
Raman spectra of samples (C) to (F). The AFM height scale bars for 1D DNA (A—E) are 10 nm. Note: Panels C—F were AFM images taken
on the same location; in panels G and I, the horizontal axis represents the five steps of the fabrication process, (1) after deposition on top of
Si substrate, (2) after ALD of AL Oj film, (3) after annealing, (4) after removal of AL,O; film and (5) after UV/ozone treatment.

(<100 kg/m?).*"** Currently, the porous carbon materials are
produced by carbonization of organic/polymer precursors in
the presence of an inorganic template.”” The morphology of
existing porous carbon materials is limited to simple periodic
lattices.** ™ We also note that fabrication of 3D, irregularly
shaped carbon nanostructures is extremely challenging using
existing approaches. Because DNA nanostructures (1D, 2D,
and 3D) can be made into almost arbitrary shapes, our method
has the potential to produce arbitrarily shaped 1D, 2D, and 3D
carbon nanostructures.

RESULTS

As illustrated in Figure 1A, the carbonization procedure
includes four main steps. First, DNA nanostructure was
deposited onto a Si wafer substrate. Then, ca. 20 nm of

Al,O; was conformally coated onto the DNA nanostructure
and the Si substrate by atomic layer deposition (ALD). The
Al,O;-coated DNA nanostructure was then annealed in a low
pressure H, atmosphere at high temperature, typically 800—
1000 °C for 3—5 min. This step converts the DNA to carbon
nanostructures. Finally, the Al,O; coating was removed by a
H;PO, etch to expose the carbon material for further
characterizations. Below, we discuss two examples in more
detail.

Shape Conserving Carbonization of 1D DNA Nano-
structure: 1D DNA Crystal. The 1D DNA brick crystal was
constructed using the DNA brick approach.”* An AFM image
of the DNA nanostructure is shown in Figure 1B. The
structures are several micrometers in length, 10.1 + 0.6 nm in
height and about 60 + 10 nm in width (measured from 10
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Figure 2. (A) Confocal Raman mapping of annealed 1D DNA structure at 1611 cm™' and (B) Raman spectra of two spots indicated by the

arrows in (A).

different samples). After coating the sample with a ca. 20 nm of
ALO; by ALD, the AFM image of the Al,O; surface still
showed the characteristic shape of the DNA nanostructure.
This observation is expected because ALD is a conformal
coating process; therefore, the topography of the DNA is
propagated to the Al,O; surface. We then thermally annealed
the Al,O;z-coated sample at 800 °C for S min. The highlighted
portion of Figure 1C and D show the same area of the sample
before and after the thermal annealing, respectively. Comparing
these two images, it is clear that there was no change in the
shape and relative position of the nanostructures. This
observation is again not surprising given the high melting
point of Al,O5 (2072 °C). We then proceeded to remove the
AlL,O; coating by a wet etching of H;PO, to reveal the
underlying carbon nanostructures (Figure S1);*” we note that
this etching is specific to Al,O; and does not attack carbon or
SiO,. In a separate experiment, we also confirmed the removal
of AL,O; by X-ray photoelectron spectroscopy (XPS) (Figure
S2A and B). After the etching, the sample was again imaged by
AFM at the same location and the image is shown in Figure 1E.
It can be seen that the overall shape of the nanostructure is
identical to that of the DNA template (Figure 1C). Additional
experiments demonstrated that these nanostructures are indeed
made of carbon (see below).

To quantify the degree of shape conservations, we measured
the average height (Figure 1G) of the nanostructures at each
stage of the fabrication. A minor decrease of the height was
observed after ALD coating (step 1 to step 2) due to the
shrinkage of DNA lattice under Al,O; film. Cross sections were
measured on a piece of linear DNA crystal, as marked by arrows
in Figure 1D, after each processing step. The cross sections
showed a high degree of similarity (Figure 1H) showing that
the shape of DNA nanostructure is conserved from step 2 to
step 4 (ie, ALD coating, thermal annealing, and removal of
AL, O5). Finally, Figure 1I shows that there was no change in the
width of the nanostructures after carbonization and removal of
Al O;.

Micro-Raman spectroscopy was used to characterize the
carbon nanomaterial produced by the carbonization procedure.
The DNA nanostructure does not produce detectable Raman
signal due to its small Raman cross section and low surface
coverage. As shown in Figure 1], the sample became Raman
active after thermal annealing. Both D band (1339 cm™') and G
band (1611 cm™") were observed; both peaks are characteristic
of carbon nanomaterials.”® The Raman signals persisted after
the removal of Al,Oj; layer, indicating that the Raman active
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material was derived from DNA nanostructures underneath the
Al,O; film. The presence of G band confirms the formation of
sp” hybridized carbon materials (i.e., graphitic carbon); the
absence of 2D band at ca. 2700 cm ™" indicates the lack of large
scale conjugated sp® carbon structure. The strong D band
indicates the presence of defects in the DNA-derived carbon
material; the D band could originate from several sources:
presence of edges; formation of sp’ carbon structure during
annealing; and potentially doping by the heteroatoms in DNA
(e.g, N atoms, see Figure S2C)). The sp> domain size was
estimated to be ~8.1 nm according to the Tuinstra—Koenig
relation (see Supporting Information for detailed calcula-
tion).” ™" We notice that the sp> domain size estimated from
the Raman data coincides with the height of the carbon
nanostructure.

XPS was also used to further confirm the graphitic nature of
the nanostructure product. After carbonization and removal of
AlO;, the C 1s peak of the exposed carbon nanostructures
shifted to lower binding energy from that of the as-deposited
DNA (Figure S2D and inset). Deconvolution of the C 1s peak
identified that the largest contribution in as-deposited DNA
sample came from the C—H components (Table S1). After
annealing, we observed a significant decrease in nitrogen
content and the sp> C=C species increased from 22% to 70%,
confirming that the shape-conserving carbonization produced
graphitize carbon nanostructures.

To further confirm the formation of carbon nanostructures,
we subjected the annealed sample to an UV/ozone treatment
after the removal of Al,O;. Both D and G bands disappeared
(Figure 1J) after the UV/ozone treatment; this observation is
consistent with the expected oxidation of carbon material by
UV/ozone. Interestingly, the nanostructures were still visible by
AFM and there was no change in their shape and relative
position (Figure 1F), although their average height and width
decreased dramatically (Figure 1G and I). The height profile
along an individual DNA crystal structure also showed
significant increase of roughness (Figure 1H). These results
suggest that although the carbon materials were removed by
UV/ozone treatment, certain oxidation-resistant materials were
left on the surface. We speculate that these residues are
inorganic salt from the buffer or thermal decomposition of
DNA.Zl,sl

Finally, to confirm that the Raman activity was due to the
annealed DNA nanostructure, we carried out confocal Raman
mapping of the annealed 1D DNA crystal sample over a 10 X
10 pim area. Figure 2A shows the map of integrated intensity of
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Figure 3. AFM topographic images of DNA triangle (A) after deposition on top of Si substrate, (B) after ALD of AlL,O; film, (C) after
annealing at 800 °C, (D) after removal of Al,O; film, and (E) after UVO treatment. (F) Average height and (G) width of DNA triangles at
each step. (H) Raman spectra of samples (B) to (E). The AFM height scale bars for DNA triangle (A—D) are 5 nm, respectively. The scale bar
for the inset of panel D is 200 nm. In panel E, the height bar is 2 nm and the circles highlight several noncarbon residues.

the G peak region (1531 to 1661 cm™"), where linear features
of several micrometers in length were clearly observed. Figure
2B shows two representative Raman spectra, one taken from
the linear feature and another from a spot nearby that was
Raman-inactive. Only the spectrum from the linear structure
showed Raman features characteristic of carbon. Those linear
structures are consistent with the dimension of the DNA
nanostructures measured by AFM (Figure 1A—E), providing
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direct evidence that the DNA-to-carbon nanostructure trans-
formation is shape-conserving.

Shape-Conserving Carbonization of 2D-DNA Nano-
structure. Following the successful shape-conserving carbon-
ization of the simple linear DNA crystal, efforts were made to
extend the methodology to more complex DNA structures.
Triangle-shaped DNA nanostructure, with height of 1.6 + 0.2
nm and width of 28.6 + 5.2 nm on the edge, was selected for its
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Figure 4. AFM images of (A) the annealed Si/DNA and (C) annealed Si/carbon material; Raman spectra of (B) annealed Si/DNA with and
without AL,O; film and (D) comparison of the exposed carbon material before and after the second annealing. The height bars for panels A
and C are 5 nm; the scale bar for the inset of panel C is 200 nm. The circles in panel C indicate location of carbon nanostructures.

unique structural features (e.g., linear sides, central void, and
sharp tips) as well as its resistance to aggregation."' Unlike the
1D DNA crystal, which consists of six overlapping layers of
double stranded DNA (ds-DNA),”* the DNA triangle is made
of just one layer of ds-DNA. Considering the carbonization
yield of sugars at 800 °C is only ca. 30%,” we are curious if a
continuous carbon nanostructure can be derived from only one
layer of ds-DNA.

Similar to the case of 1D DNA crystals, DNA triangles
retained their shape after a series of harsh treatments, including
ALD, annealing at 800 °C for 5 min and removal of Al,O; by
H;PO, etching (Figure 3A—D). The average width of the
triangle edges changed less than 4% (Figure 3G), indicating
that the DNA nanostructure was well confined during the
carbonization procedure. It is interesting to notice that the
average height decreased slightly after ALD (from 1.6 + 0.2 nm
to 1.3 + 02 nm) and annealing (to 1.1 + 0.2 nm), but
increased (to 1.9 + 0.2 nm) unexpectedly after the removal of
ALO; (Figure 3F). It is known that the apparent height
measured by AFM is sensitive to the tip—substrate interaction
and may deviate from the actual height by as much as 1 nm,
especially in cases where the sample and the substrate are
chemically different (e.g,, carbon vs SiO,).”* High resolution
AFM image was taken after the removal of AL, O; film; the
image presented a continuous, intact triangular nanostructure
with a central void (Figure 3D, inset).

Micro-Raman spectroscopy was conducted to detect the
presence of carbon materials at each step. Similar to the case of
1D DNA crystal, the DNA triangles sample became Raman
active after annealing at high temperature, showing clear D and
G bands; such Raman features were still observed after the
removal of ALO; coating (Figure 3H), indicating successful
carbonization of DNA material. After exposure to UV/ozone,

3073

the triangle-shaped nanostructure (Figure 3E) disappeared
along with the D and G bands in the Raman spectra (Figure
3H), proving that the triangular nanostructures in Figure 3D
were indeed made of carbon. In a control experiment, we also
treated the samples with UV/ozone before removing the Al,O;
coating. In this case, we observed no change in the Raman
activity and AFM topography of the sample (Figure S3). This
control experiment showed that the carbon material was
underneath the Al,O; film and that the Al,O; coating protects
the carbon material from oxidation by Oj.

This shape conserving carbonization approach is compatible
with other DNA templates as well. As another example, we
show that a large 2D DNA crystal, prepared using the DNA
brick approach,”” maintained its shape after the carbonization.
Figure S4A and B are AFM image of the 2D DNA crystal
before and after thermal annealing; the height profiles present
similar surface features, with the same height of 1.82 + 0.15 nm.
The Raman spectrum shows that D and G bands appeared after
annealing (Figure S4E). In addition, Raman mapping showed
that the Raman activities originate from micron-sized objects
whose dimensions are similar to that of the 2D DNA structures
(Figure S4F); this data again shows that the carbonization of
DNA nanostructure is a shape-conserving process.

With a thicker 2D DNA crystal of 11.3 + 0.4 nm in height,
we obtained carbonized structures with a height of 7.3 + 0.7
nm after annealing and removal of Al,O; (Figure S4C). The
electrical property of this carbon nanostructure was measured
using conductive AFM on the same location of Figure S4C.
With an electrical bias of 2 V, the current measured on the
carbon nanostructure is 0.28 + 0.03 nA higher than that of the
Si substrate (Figure S4D). Given the fact that the Si substrate is
covered by a native oxide layer after the removal of Al,O;
(Figure S4D inset), this result indicates that the DNA-derived
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carbon nanostructure is conductive to a certain degree.
Although only a nanoampere level of current was observed in
the conductive AFM measurement, we note that this current
may be limited by contact resistance between the AFM tip and
the sample; the intrinsic conductivity of the carbon
nanostructure may be much higher.

DISCUSSION

Almost any organic materials can be carbonized, including
sugar, synthetic polymers, and cellulose.* Among them, the
best substrates for carbonization are those with aromatic rings.
DNA is composed of three major components: the phosphate
backbone, the sugar, and the four bases. Among the three, sugar
is known to carbonize to produce amorphous carbon.’® The
four bases are aromatic and structurally similar to a lar%e
number of compounds (e.g, polyimide) that carbonize.>>°
However, bulk DNA decomlposes to produce gaseous products
when heated to >250 °C,* making it a challenge to achieve
pattern transfer from DNA nanostructure at typical carbon-
ization temperatures (>500 °C). We note that Cu**-
impregnated DNA filaments have been used to catalyze the
growth of graphene nanoribbons; however, the degree of shape
conservation was not reported in that work.”” Our work is the
first to demonstrate precise shape conservation between the
DNA templates and the resulting carbon nanostructures.

Systematic Study of Carbonization Condition. We
found that the 20 nm Al,O; film is a key component in the
success of our experiments. In a control experiment, we
annealed a DNA triangle sample without the ALO; film.
Although triangular shaped structures were still observed after
annealing (Figure 4A), they are significantly lower (0.58 + 0.14
nm) in height, and there was no D and G band observed
(Figure 4B, red). We believe that this Raman-inactive structure
is the salt residue following decomposition of DNA.”"*" In
contrast, in the presence of Al,O; film even a single layer of ds-
DNA is capable of producing carbon material (Figure 4B,
green) and preserving its nanoscale morphology. Our control
experiments also showed that a ca. 20 nm of Al,O; coating is
impermeable to gas at room temperature (Figure S3). We
speculate that in addition to preserving the shape of the
nanostructure, Al,O; coating also prevents or slows down the
decomposition products of DNA from escaping and as a result
increases the carbonization yield.

With the Al,O; coating removed, the carbon nanostructure
broke down to small particles after heating at 800 °C for S min
(Figure 4C), indicating poor stability at high temperature, likely
due to the enhanced diffusion. However, storing an annealed
sample (with AL O, removed) at room temperature did not
lead to degradation of the nanostructure, as indicated by the
AFM images (Figure SSA and B) and Raman spectra (Figure
S5C) taken on the same sample. Finally, additional experiments
showed that the carbon nanostructures are stable upon
repeated AFM imaging and is not affected by laser-induced
heating in the time scale of our Raman measurement (see
Supporting Information for details).

The annealing conditions were systematically varied to study
the effect of temperature, duration and gas environment on the
carbonization. To understand the effect of temperature, we
carbonized the triangle DNA nanostructure at 780 °C, 800 °C,
and 1000 °C; in all three cases, the Raman spectra showed clear
D and G bands (Figure S6A), indicating that the carbonization
occurred over a wide temperature range. We note that DNA
contains sugar and aromatic rings and previous studies have

3074

showed that similar structured materials undergo carbonization
at this temperature range.>® To evaluate the effect of annealing
time, two Al,O;-coated DNA triangle samples were annealed at
800 °C for S and 20 min, respectively. Raman spectra (Figure
S6B) and AFM images (Figure 3C and S6C) showed that in
both cases, the shape conserving carbonization occurred.
Additionally, the same 1D DNA crystal sample was annealed
at 800 °C for 5 min and then subjected to 1000 °C annealing
for another 3 min. AFM topography images (Figure 1D and
Figure S6D) and height profiles (Figure S6E) indicate
remarkable preservation of nanostructure and Raman spectra
(Figure S6F) show D and G peaks after both annealing. These
results show that the carbonization was completed within 5 min
and the carbon structure can be preserved at high temperature
during extended heat treatment, owing to the high melting
point of Al,O; film. The effect of gas environment was studied
by heating the Al,O;/DNA/Si samples in H,, Ar, and air at 800
°C for 5 min. In the case of H, and Ar, the Raman spectra
showed clear D and G peaks, whereas no graphitic signal was
observed from the samples annealed in air (Figure S6G).
Furthermore, for the sample annealed in H,, we subjected it to
a second annealing in air at 800 °C for another 5 min, and the
D and G peaks vanished (Figure S6H). Compared with the
previous demonstration of additional annealing in H,
atmosphere, the results indicate that the carbonization
procedure required inert atmosphere since the Al,O; film was
not impermeable to O, at high temperature although it does
provide protection against UV/O; oxidation (Figure S3).

Origin of Carbon. Carbon source other than DNA
nanostructure could be introduced during the carbonization
process. Possible non-DNA carbon source include the airborne
carbon contamination,”® the byproduct of ALD,* and the
buffer solution used for DNA deposition. Control experiments
were conducted to determine the possible contribution from all
these sources, as detailed below.

As shown in Figure S7A, the Raman spectrum taken from
annealed Al,O;/Si, which was prepared from direct deposition
of Al,O; on the blank Si surface (without DNA), showed no D
or G peak, indicating the ALD product residue and airborne
carbon contaminations do not produce carbon material.
Similarly, we found that the buffer solution did not introduce
significantly amount of carbon precursor. During the deposition
of the 1D DNA crystals, the Si wafer was rinsed with water after
the DNA deposition. A control sample was prepared by soaking
a Si wafer in a DNA-free buffer solution, followed by rinsing the
wafer with water. This sample was then coated with Al,O; and
no carbon material was detected by Raman spectroscopy after
thermal annealing (Figure S7A). The preparation for DNA
triangle and 2D DNA crystal samples involve rinsing with an
ethanol—water mixture. In this case, the control sample (Si
wafer soaked in DNA-buffer then rinsed with ethanol—water
mixture) showed weak D and G peaks in the Raman spectrum
after ALD coating and annealing (Figure S7A). However, the
Raman signal intensity is 22%—27% of that from samples
having deposited 1D and 2D DNA crystals.

CONCLUSIONS

We have demonstrated that DNA nanostructures can be
converted to carbon nanostructures of the same shape by high
temperature annealing. A thin Al,O; coating was found to be
essential to preserving the shape of the carbon nanostructures.
Although the application of DNA nanostructures have long
been limited to room temperature, aqueous environments, our
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work showed that they are also useful as material templates for
high temperature solid state chemistries. We hope that this case
study may catalyze further use of DNA nanostructure in the
fabrication of inorganic nanostructures.

METHODS

1.1. Preparation of DNA Nanostructure on Si Substrate.
Preparation of DNA Nanostructure. Synthetic and M13mp18 DNA
for preparing the DNA triangle origami were purchased from IDT and
New England Biolabs, respectively. 2D DNA triangles was prepared
using DNA origami approach.'’ 1D-DNA crystals and 2D DNA
crystals were prepared using the DNA brick approach.>”

Deposition of DNA Nanostructure on Si Wafer. Silicon wafers
were purchased from University Wafers. It was cleaned with hot
piranha solution (7:3 (v/v) of concentrated H,S0,:35% H,0,).
Warning: Piranha solution presents an explosion danger and should be
handled with extreme care; it is a strong oxidant and reacts violently with
organic materials. All work should be performed in a fume hood. Wear
proper protective equipment. Triangular DNA origami and 2D DNA
crystals were assembled on the substrate by incubating 2 4L of DNA
solution on the substrate in a wet chamber for 40 min before blowing
away the solution. The substrate was immersed in a 9/1 (v/v)
ethanol/water solution to remove the salt from the buffer solution.
1D-DNA was assembled by incubating 2 uL of DNA solution on the
substrate for 4 min and then washing the substrate with 400 uL of
deionized water. After the deposition of DNA, the substrate was
preceded to the ALD step within 1 day.

1.2. Deposition of Protective Inorganic Film. Atomic layer
deposition (ALD) of ALO; on DNA/Si substrate: The ALD was
conducted using a Cambridge Nanotech Fiji ALD system by Dr. Kline
and Dr. Bowman in ECE department at Carnegie Mellon University.
We used trimethylaluminum (TMA) and H,O as precursor. The
chamber and substrate heaters were set to 200 °C and the throttle
valve position was set to give 200 mTorr at 260 sccm total Ar flow.
The deposition looped 200 times of 0.006 s TMA pulse, 10 s interval,
0.06 s H,O pulse and 10 s interval. The preset deposition thickness of
oxide film was 20 nm and the experimental thickness of the film was
measured by ellipsometry. The surface of the sample was imaged using
tapping mode AFM.

1.3. Annealing Experiment. Typically, the prepared sandwich-
like substrate was placed at the center of a quartz plate in a 1 in.
diameter fused quartz tube. The furnace tube was evacuated and H,
gas flowed at a rate of 2.0 standard cubic centimeters per minute
(sccm) with a pressure of 70 mTorr for S min. Then the furnace was
heated to 800 °C under a 2.0 sccm of H,. Time was recorded when the
temperature reach the setting value. Then the substrate was cooled to
room temperature under H, gas flow and taken out from the tube
furnace.

1.4. Etching Experiment. The Al,O; film was etched in the 4.56
M H;PO, solution for 1 h, followed by rinsing with 1 M H;PO, and
H,O0. As shown in Figure S1, the etching procedure was studied on the
annealed Al,0;/SiO, wafer and the etching rate is about 0.3 nm/sec.

1.5. UV/Ozone Experiment. The substrate was subjected in the
Novascan PSD Pro Series UV/ozone cleaner for UVO treatment. The
UV/O; chamber was flushed with oxygen for S min before UV
irradiation. The typical duration for the treatment was 60 min.

1.6. Characterization Methods. Raman Spectroscopy. Individ-
ual Raman spectra were collected using a custom-built Raman setup
consisting of a Nikon inverted microscope (Nikon Eclipse Ti/U with a
40X objective, NA: 0.60), a long pass edge filter (Semrock), a single
stage spectrograph (Andor Shamrock 303), and an back illuminated
CCD camera (Andor iDus). Each spectrum was taken with 20 to 600 s
integration time under a low incident laser power of 1.2—1.4 mW, thus
the heating effects can be neglected.

Confocal Raman Mapping. The confocal Raman mapping was
performed using a Renishaw inVia Raman microscope, with 633 nm
laser excitation. The spatial step was 0.5 gm, and the integration time
for each spot was 10 s. The laser power was 1.7 mW and the grating
was 1800 L/mm.
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Atomic Force Microscopy. Surface morphology was measured
using tapping mode atomic force microscopy (AFM) using a Veeco
Dimension 3100 or an Asylum Research MFP-3D with pmasch
NSCIS tips in air. Contact mode and conductive AFM images were
taken on an Asylum Research MFP-3D AFM using an ORCA module
and BudgetSensors Tap300E-G tips in air.

Ellipsometry. Thickness measurements of the oxide film were
carried out on an alpha-SE Ellipsometer. The literature refractive index
values of SiO, and Al,O; were 1.450 and 1.921, respectively. The
refractive index was also measured by using Cauchy self-fitting model.

X-ray Photoelectron Spectroscopy (XPS). XPS was conducted in
the Escalab 250XI XPS microscope. Deconvolution of the C 1s peak
was calculated using XPSPEAK 4.1. We note that the carbon XPS data
should be interpreted with caution because airborne hydrocarbon
could contaminate the surface. This contamination is known to occur
on SiO, surface; we recently also reported that the contamination
occurs on graphitic surface as well.>®
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