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Abstract

Nanoporous films have potential applications in thermoelectric cooling on a chip, sensors, solar
cells, and desalination. For phonon transport, amorphization and other pore-edge defects
introduced by the nanofabrication processes can eliminate wave effects by diffusively scattering
short-wavelength phonons and thus destroying the phonon phase coherence. As a result, phononic
effects can only be observed at 10 K or below, when long-wavelength phonons become dominant
for thermal transport. In this work, a 70-nm-thick silicon thin film with approximately 100-nm-
diameter nanopores was annealed under a high vacuum and the change of pore-edge defects was
observed with in-sifu transmission electron microscopy. It was found that the pore-edge defects

can be minimized to a sub-1-nm layer by annealing between 773 K and 873 K for 30 minutes,
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without changing the pore sizes. The largely reduced pore-edge defects are critical to the desired

phonon wave effects within a periodic nanoporous structure.

Main Text

Nanoporous thin films have wide applications in heat manipulation,'> thermoelectrics,*
sensors,® solar cells,” and water desalination.® For applications such as thermoelectrics, “phononic
crystals” based on phonon wave effects have been intensively studied in recent years, as the
thermal analogy to photonic crystals.'* Examples include superlattice thin films and periodic
nanoporous structures. In these structures, the backward reflected lattice vibration waves by
periodic interfaces or boundaries would interfere with the forward waves, which can largely
change the phonon behavior for heat manipulation. Such phononic effects have been intensively
studied for superlattice thin films with atomically smooth interfaces between alternating layers. In
experiments, it has been found that coherent phonon transport becomes dominant for <5 nm
periods at 300 K.*'© For periodic nanoporous thin films, comparable smooth pore edges cannot
be obtained by the employed pore-drilling techniques such as dry etching or a focused ion beam
(FIB). In transmission electron microscopy (TEM) studies, a 2-nm-thick amorphization and
oxidation layer can often be found at the pore edges.!! The pore-edge roughness is comparable to
the phonon wavelengths of 1-10 nm for Si at 300 K.!> !> The resulting diffusive pore-edge phonon
scattering can destroy the phonon phase and thus phononic effects at room temperature. In practice,
the pore-edge defects would effectively expand the pore diameters.'* '4 In comparison experiments
between ordered and disordered nanoporous patterns, the wave effects become critical only at a

temperature T of ~10 K or below.! > At such a low temperature, the dominant phonon wavelength,

A~1/T,'® becomes much longer than the pore-edge roughness and specular pore-edge phonon
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takes place to ensure coherent phonon transport. Along this line, reducing pore-edge defects is of
significance to the manipulation of phonon transport though such issues are less important for

photonic crystals manipulating photons with much longer wavelengths.

Without drilling or etching nanopores, pore-edge defects can be minimized by directly growing
nanoporous Ing.1GaogN films with SiO2 nanopillars as masks for metal-organic chemical vapor
deposition.!” As another common practice, annealing may also be considered as an effective way
to remove pore-edge defects. The reconstruction of carbon atoms at the edge of a hole'® or a
nanoribbon!® has been observed under electron beam irradiation or Joule heating within graphene
by TEM, which has offered significant insights into the phonon transport studies on graphene
nanoribbons or nanoporous graphene.* > 202> However, particular attention should be paid to the
possible shape variation of the nanoporous films at an elevated temperature.'® 2426 Besides phonon
transport, annealing can also impact the photoluminescence properties of nanoporous Si. For
instance, a significant reduction of photoluminescence intensity was observed for annealing
temperatures above 473 K.2” Another study showed photoluminescence quenching of nanoporous
Si after annealing at 623 K in N2 gas, which was associated with the structural changes and
dangling bond formations at pore edges.?® Despite these early studies, the exact pore-edge atomic
structure variation has not been obtained for nanoporous Si, which hinders a better understanding

of the annealing effect.

In this work, in-situ TEM studies were performed to track the pore-edge atomic structure
variation within a nanoporous Si thin film during the annealing process under a high vacuum of
~107 Pa, which revealed the reduction of the amorphous layer and other pore-edge defects with
this approach. It was found that annealing between 773 K and 873 K for 30 minutes can effectively

minimize the pore-edge defects but still maintain the nanopore shapes. Our results provide
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important guidance for how to fabricate high-quality nanoporous thin films for thermal and optical

applications.

As shown in Figure 1(a), we fabricated nanoporous silicon thin films from the 70-nm-thick
single-crystal silicon layer of commercial silicon-on-insulator (SOI) wafers using the polystyrene
nanospheres (PSNS) based nanosphere lithography method.!* The obtained pore diameters ranged
from ~50 nm to ~130 nm, with the pitch averaging around 160 nm. The nanoporous 70-nanometer-
thick silicon thin films were released from the substrate by etching away the buried oxide layer
using diluted hydrofluoric (HF) acid, with the protection by a coated polymethyl methacrylate
(PMMA) layer. They were subsequently transferred onto a commercial MEMS heating chip with
through-holes (DENS solutions Wildfire Nano-Chip) and then subjected to PMMA removal,
leaving a suspended nanoporous thin film, as displayed in Figure 1(e), for observation using TEM
(JEM-2100Plus, JEOL) with a 200 kV acceleration voltage. More details of the sample preparation
procedures are provided in Supplementary Note 1. Figures 1(b) and (c) display the EDS (energy
dispersive X-ray spectroscopy) mapping of the silicon element and the EDS spectrum of the

nanoporous silicon thin film, respectively, the latter of which reveals a small amount of oxidation.

As depicted in Figure 1(d), our in-situ annealing process started at 295 K, gradually raising the
sample's temperature to 623 K over a duration of 1,968 seconds. Subsequently, we conducted
sequential annealing steps at 673 K, 723 K, 773 K, 823 K, and 873 K, each lasting for 30 minutes,
with a heating rate of 5 K/min between each temperature transition. The maximum annealing
temperature (873 K) represented approximately half of the bulk silicon's melting point (1683 K)*°.
TEM images were captured following annealing at each specified temperature. Figure 1(g)

illustrates the evolution of TEM images for a representative silicon nanopore as the temperature

increased from 295 K to 873 K. These images clearly depict the contraction of the amorphous edge
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and its partial transformation into a crystalline structure after annealing. Figure 1(f) presents the
fast Fourier transform (FFT) pattern derived from the TEM image of the silicon thin film. This
pattern enabled us to ascertain the crystal orientation as [1 0 0] and determine the lattice constant
as 0.191 nm. Additionally, Supplementary Figure S6 offers a plot of the measured lattice constant
versus the annealing temperature, revealing negligible variation in lattice spacing throughout the

annealing process.

We monitored the evolution of atomic structures along the edges of four representative
nanopores, as illustrated in Figure 2. Figures 2(a) to (d) display TEM images and the dimensions
of the amorphous edge at specific positions, captured at 295 K for Pore-1 to Pore-3 and at 623 K
for Pore-4 (TEM images of Pore-4 at 295 K were not obtained). In contrast, Figures 2(e) to (h)
show TEM images and the amorphous edge dimensions at the same positions at 873 K for Pore-1
to Pore-4, respectively. These TEM images demonstrate that the widths of the defective pore edges

were reduced from 2—3 nm to approximately 1 nm after the annealing process.

Given the non-uniform distribution of pore-edge defects around each pore, we measured the
sizes of the defective pore edges at ten or more positions along the circumference. The average
sizes of the amorphous pore edges for Pore-1 to Pore-4 are presented in Figures 2(i) to (1),
respectively, along with error bars representing the standard deviations. All TEM images and
positions used for the pore-edge size measurements can be found in Supplementary Note 2. The
dimensions of the amorphous pore edges reached their minimum value of approximately 1 nm
after annealing at 773 K for 30 minutes, with slight variations observed between 773 K and 873
K. This suggests that the minimal sub-1-nm-wide amorphous edge could be the limit in the
annealing process, potentially due to the small amount of inevitable oxidation as well as some

hydrogen termination initially. 3 Considering that the pore neck is approximately 20 nm in width,
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the reduction in the dimensions of the amorphous edges by approximately 2 nm constitutes a
significant change, equivalent to about one-tenth of the pore neck's width, which can result in

noteworthy modification in the thermal and optical properties of the nanoporous thin film.
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Figure 1 Experimental procedure and sample characterization. (a) Sample fabrication processes. (b)
Silicon elemental mapping with EDS of the nanoporous thin film. (c¢) EDS spectrum of the

nanoporous thin film. (d) Temperature history during the in-situ TEM observation. (e) Optical image
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of the nanoporous Si thin film on the MEMS heater. (f) Fast Fourier transform (FFT) pattern derived
from the TEM image of the nanoporous silicon thin film. (g) Structural change of a typical pore edge

at 295 K and 873 K.

During the annealing process, the silicon atoms at the amorphous edge gain thermal energy and
evaporate or transform to crystalline structures.'® ! The rate of the edge reconstruction depends
on the energy barrier for migration of a silicon atom, denoted by Ep, with an exponential

relationship of ~exp( — Ev/ksT), where kg is the Boltzmann constant, and 7 is the annealing

temperature.'® 3! Thus, we can estimate the width of the amorphous pore edge, d, by an expression

of d = do[1-exp( — Ev/ksT)], where dp is the initial width of the amorphous edge. We use this

expression to fit the measured amorphous widths for Pore-1 to Pore-3 in Figs. 2(i) to (k), where
the red curves present the fitting results. For Pore-4, we could not fit for the migration energy
barrier due to the lack of room-temperature data. If we express the migration energy barrier in
terms of the Boltzmann constant as Ev= ksTb, the exponential fitting gives Ty = 275 K for Pore-1,
182 K for Pore-2, and 591 K for Pore-3, while dop = 4.76 nm for Pore-1, 7.36 nm for Pore-2, and

3.36 nm for Pore-3.
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Figure 2 The defected pore edges changing with the annealing temperature. (a)-(c): TEM images of
the edges of Pore-1, Pore-2, and Pore-3 at 295 K; (d): TEM image of the edge of Pore-4 at 623 K;

(TEM images of Pore-4 at room temperature were not captured.) (e)-(h): TEM images of the edges
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of Pore-1 ~ Pore-4 at 873 K; (i)-(1): the characteristic sizes of the defected pore edges changing with
the annealing temperatures for Pore-1 to Pore-4 along with the theoretical fitting curves with the

defect migration energy barriers for Pore-1 to Pore-3.
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Figure 3 (a) Diameters of representative nanopores changing with the annealing temperature, inset
of (a) illustrates the studied Pore-a to Pore-e; (b) Raman spectra of the nanoporous silicon thin film
before and after annealing.

We examined whether the pore shape underwent any change during the annealing process and
monitored the evolution of pore diameter for five representative pores, labeled as Pore-a to Pore-
e in the inset of Figure 3(a), at each annealing temperature. Since the pore's shape closely resembles
that of a truncated cone, we determined the pore diameter as the average value of the inner and
outer diameters, as depicted in Supplementary Note 3. As demonstrated in Figure 3(a), the
diameters of these five nanopores, ranging from approximately 110 nm to 130 nm, exhibited no
significant variations throughout the entire annealing process, spanning from room temperature to
873 K. Consequently, we achieved a reduction in the dimensions of the amorphous pore edges

without altering the overall pore shape.
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We also examined the Raman spectra of the nanoporous silicon thin film before and after the
in-situ annealing process using a 488 nm laser, as shown in Figure 3(b). The Raman shifts of the
nanoporous thin film exhibited minimal change, shifting from 519.85 cm™! before annealing to
519.81 cm™! after annealing. However, the full width at half maximum (FWHM) reduced from
3.43 cm’!' before annealing to 3.35 cm’! after annealing, and the intensity nearly doubled,
increasing from 437 counts to 774 counts after annealing. The changes in the Raman peak intensity
and the FWHM suggest the crystallization of the amorphous pore edges and a decrease in defects

within the pore necks after the in-situ annealing in TEM.

In summary, we conducted in-situ annealing of a 70-nm-thick nanoporous silicon thin film
within the high-vacuum environment of TEM, thus preventing contamination and oxidation
throughout the entire annealing procedure. The studied nanopores had diameters of approximately
120 nm, with pore necks measuring about 20 nm in width. Following sequential annealing at
temperatures of 673 K, 723 K, and 773 K, each for 30 minutes, the dimensions of the amorphous
layers along the pore edges were notably reduced from about 3 nm to less than 1 nm. Subsequent
annealing up to 873 K induced only slight changes, while the sizes and shapes of the nanopores
remained unchanged. The presence of a minimal sub-1-nm amorphous edge might represent a limit
within the annealing process, possibly due to a minimal amount of inevitable oxidation and
hydrogen termination prior to TEM studies. The substantial reduction in pore-edge defects holds

significance for achieving desired phonon wave effects within a periodic nanoporous structure.

Supplementary Material: Supplementary material (details of the sample fabrication processes,
all the high-resolution TEM images for the pore-edge characterization, pore diameter measurement
method, and lattice spacing at each temperature) are available in the online version of this article
at http://
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