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The effect of supercritical drying (SCD) on the preparation of porous silicon (pSi) powders has been
investigated in terms of photoluminescence (PL) efficiency. Since the pSi contains closely spaced
and possibly interconnected Si nanocrystals (<5nm), pore collapse and morphological changes
within the nanocrystalline structure after common drying processes can affect PL efficiency. We
report the highly beneficial effects of using SCD for preparation of photoluminescent pSi powders.
Significantly higher surface areas and pore volumes have been realized by utilizing SCD (with CO,
solvent) instead of air-drying. Correspondingly, the pSi powders better retain the porous structure
and the nano-sized silicon grains, thus minimizing the formation of non-radiative defects during lig-
uid evaporation (air drying). The SCD process also minimizes capillary-stress induced contact of
neighboring nanocrystals, resulting in lower exciton migration levels within the network. A signifi-
cant enhancement of the PL. quantum yield (>32% at room temperature) has been achieved, prompt-
ing the need for further detailed studies to establish the dominant causes of such an improvement.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4947084]

In the 25 years since the discovery of room-temperature
photoluminescence (PL) from porous silicon (pSi),' steady
improvements in PL efficiency and stability have resulted in a
growing interest in the photoluminescent properties of nano-
scale silicon and its application in optoelectronic devices, solar
cells, chemical sensing, biological labeling, and consumer care
products.z_14 Electrochemically etched pSi generates nanocrys-
talline silicon, and the green to near infrared PL properties have
been widely investigated, with the so-called “S-band” emission
likely to originate from band-to-band recombination of
quantum-confined excitons.'>'® Quantum yields (QYs) for this
emission band of up to 23% have been reported for pSi films
and nanoparticles™ and even higher than 50% for isolated sili-
con nanocrystals.*” Inter-nanoparticle energy transfer has been
shown to be at least partly responsible for limiting the quantum
yield of solid nanocrystalline silicon structures with closely
packed nanocrystals of varying size."”

For many potential applications, pSi is utilized as a mes-
oporous powder rather than a porous layer attached to the
parent substrate. However, obtaining pSi in powder form
with high micropore content and large surface area has been
challenging because capillary stress and surface tension
effects during the drying process cause collapse of the po-
rous framework, resulting in loss of mechanical integrity,
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surface area, and pore volume. This generates an increased
number of non-radiative defects that lowers the photolumi-
nescence QY substantially.'®'® In addition to defect-
mediated nonradiative carrier recombination, the QY of
photoluminescent pSi is limited by weak exciton localization
in the interconnected nanocrystalline silicon network. This is
not an issue with isolated colloidal nanoparticles.'

A variety of strategies have been investigated to mini-
mize fracture and shrinkage of highly porous structures during
drying, and to improve the reproducibility of material proper-
ties.”’ Pore collapse and morphological changes associated
with surface tension forces during solvent evaporation have
been reduced through use of pentane as a solvent; however,
this solvent carries concerns related to health and safety, and
the drying-induced changes are not completely elimi-
nated.”~** Supercritical drying (SCD) has been demonstrated
as a powerful tool for achieving very high porosity and sur-
face area for many mesoporous materials, including
pSi.'??22* The beneficial effect of the SCD process, in com-
parison with air-drying (AD), is mainly a higher degree of me-
chanical integrity being maintained within the etched pore
structure during removal of the electrolyte/rinse solution.
Residual electrolyte is gradually displaced from the pores
with isopropanol and subsequently replaced with liquid CO,,
which is then taken through the critical point and subse-
quently vented as a gas to leave an intact mesoporous struc-
ture with extremely large surface area (>1000 m?/g) and,
where appropriate, high micropore content.”

Published by AIP Publishing.
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In this letter, we report an investigation into the photolu-
minescent characteristics of pSi powders prepared by incor-
porating the SCD process. Since electrochemically etched
pSi contains closely spaced and interconnected silicon nano-
crystals (<5 nm), pore collapse and structural changes within
the nanocrystalline matrix after air-drying may affect the PL
properties. We propose that higher concentrations of non-
radiative defects, higher exciton migration levels, and lower
porosity, all caused by nanostructured pore collapse, can
lower the PL. QY of pSi; thus, a higher degree of structural
integrity being maintained through SCD facilitates high QY
of photoluminescent pSi powders.

The pSi layer was manufactured by electrochemical
etching of a single crystal p-type Si wafer in hydrofluoric
acid (30 wt. %) with sulfuric acid additive (38 wt. %). After
anodization, the pSi layer was separated from the parent Si
substrate by application of an additional anodization in dilute
HF solution, and then the electrolyte was displaced by flush-
ing with isopropanol (IPA) while avoiding exposure to air.
The pSi powders (several microns to millimetre-sized) were
thoroughly rinsed with IPA, stored in IPA, and subsequently
divided for each drying process: air-drying or supercritical
drying. For SCD, the pSi powders were transferred while
wet to a supercritical drying chamber (K850 Critical point
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dryer, Quorum Technologies, Ltd.), this being immediately
filled with liquid CO,, followed by the standardized sequen-
tial procedure reported previously.”> For air-drying (AD),
the IPA was allowed to evaporate in ambient air.

X-ray diffraction (XRD) patterns were first analysed to
investigate the crystallinity and the size of the Si nanocrys-
tallites. The XRD spectra of both air-dried pSi (AD-pSi)
and supercritically dried pSi (SCD-pSi) powders revealed
intense peaks for Si (111), (220), and (311) planes (Fig.
1(a)). The diffraction peaks of the AD-pSi sample were
broader than the SCD-pSi sample; this suggests that the
mean Si crystallite size in AD-pSi is slightly smaller than
that of SCD-pSi according to the Scherrer equation.”> The
Raman spectra also support the conclusion that crystallite
size in AD-pSi is smaller. The first-order Raman peak from
crystalline silicon in the AD-pSi sample was broadened and
shifted to lower energy compared to the SCD-pSi sample,
consistent with a reduction in average crystallite size upon
air-drying.”® Using the model of Campbell and Fauchet,*’
the average particle sizes based on the Raman data are
2.5nm and 3.7nm for AD-pSi and SCD-pSi, respectively.
However, the above interpretation is confounded somewhat
by the known effects of lattice strain on XRD and Raman
data ?*?®
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FIG. 1. (a) X-ray diffraction (XRD) spectra of pSi powders. The intensity is normalized to the Si (111) reflection. Green solid line: AD-pSi, red dashed line:

SCD-pSi. (b) Raman spectra of pSi powders measured relative to a 785 nm laser line, at room-temperature. Si standard: 520.5cm ™ '; AD-pSi: 507.3cm ™ ;

1

SCD-pSi: 513.6 em™ L (¢) Bright field (BF) image of AC-STEM of a representative SCD-pSi (red circles indicate nanocrystalline silicon), and (d) correspond-
ing nanocrystalline particle size distribution obtained by Feret diameter analysis of the BE-STEM images using ImageJ.*’
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In order to characterize the size and size distribution of
isolated silicon nanocrystallites prepared by SCD, a represen-
tative SCD-pSi sample was subjected to mechanical grinding
between two highly polished silicon wafers, and then blown
off the wafer surface directly onto a copper grid using a nitro-
gen gun. Aberration corrected scanning transmission electron
microscopy (AC-STEM) analysis (JEOL 200kV JEM2100F
equipped with a CEOS probe corrector) revealed various
shapes and sizes of silicon nanocrystals (Figs. 1(c) and 1(d)),
although no nanocrystalline skeleton dimensions larger than
about 2.5 nm in size were observed. This provides evidence of
a tight size distribution of the SCD silicon nanocrystals, which
can be expected to minimize the effects of exciton migration
on PL quantum yield.**!

Nitrogen gas adsorption/desorption analysis was con-
ducted to determine surface area, pore volume, and average
pore diameter for each powder obtained from the different
drying processes (Fig. 2). Most notable is the substantially
larger specific surface area per unit mass (1150 m?/g) realized
by utilizing SCD instead of AD (cf. 748 m?/g), consistent with
our previous study.”® Analysis of the adsorption data revealed
a correspondingly higher pore volume (>1cm?/g) and larger
average pore size (~3.3nm) for SCD-pSi. This result also
indicates a higher degree of mesoporosity has been main-
tained compared with AD-pSi (pore volume: ~0.7cm?/g,
pore size: ~2.7nm). To confirm the ability of SCD to retain
higher surface area in the pSi powders, the SCD-pSi powder
was re-wetted in IPA and then dried in air; this caused reduc-
tions in both surface area (671m?/g) and pore volume
0.6 cm3/g), in a consistent manner. One can assume, there-
fore, that structural integrity is maintained for SCD-pSi pow-
ders due to the ability of SCD to avoid the enormous capillary
forces generated at a typical liquid-vapour interface.

The PL measurements for pSi powders were conducted in
ambient conditions. The excitation source was a UV LED (light
emitting diode) (Lex =365nm, Ocean Optics). The absorption
and emission spectra were obtained using an absolute measure-
ment setup equipped with an integrating sphere (Labsphere,
NH, USA) and a spectrometer (QE Pro, Ocean Optics). The
emission spectrum of AD-pSi shows an approximate 2-fold
lower intensity in comparable absorption ranges with that of
SCD-pSi (Fig. 3). The absolute PL. quantum yield of SCD-pSi
powder was found to be 32.1%, while significantly reduced
quantum yield (17.5%) was observed for AD-pSi (Table I). In
addition, the quantum yield of the re-wetted SCD-pSi after air-
drying (SCD-AD-pSi) decreased to 15.8%, which is compara-
ble with the AD-pSi. The PL emission spectra of SCD-AD-pSi

T

10 15 20

Pore diameter (nm)

and AD-pSi were also comparable (Fig. 3). The slight blue shift
(Amax: 685 nm — 660 nm) observed in the PL spectrum can be
a result of either (1) decreased size of quantum-confined nano-
crystalline silicon domains consistent with the XRD and
Raman analysis or (2) structural disorder and stress affecting
the PL peak position,?*2%-3

It is noted from Table I that while the quantum yield is
significantly raised with supercritical drying, the FWHM is
not dramatically narrowed. This latter observation has simi-
larities to a previous study on size purification of isolated
nanoparticles where, for example, narrow fractions (e.g.,
1.31 £0.24 nm) gave rise to only minor improvements in
FWHM.** A clue might come from spectroscopic measure-
ments of single silicon nanocrystals, where oxide passiva-
tion layer thickness was reported to have a dramatic effect
on luminescence linewidth.> Here, the homogeneous line-
width for specific chemical passivations appears to set a
lower limit on linewidth improvements that can be expected
by narrowing the size distribution. In addition, for intercon-
nected nanocrystals, if collapsed larger parts of the air-
dried skeleton are virtually non-luminescent, then the
FWHM of photoluminescence may not be substantially
broadened as a result of choice of drying technique.

We next compared the PL decay dynamics of samples
subjected to the different drying processes. The emission

- — AD
scD AD SCD SCD-AD
........ SCD_AD —_—
3
s
>
K7
C -
] 7o, S
£ 7N
= i "\
o “a
"y
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P ..
; \.\..
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FIG. 3. Photoluminescence (PL) spectra (4., =365 nm, excitation intensity
variation was <3% between each sample) of pSi powders obtained from dif-
ferent drying processes: Air-drying (AD) and supercritical-drying (SCD) of
as-etched pSi powders, and air-drying of re-wetted SCD-pSi powders in IPA
(SCD-AD). Inset: Photograph of the emission of corresponding pSi powders
under UV excitation at room-temperature (taken with 460 nm long-pass filter
to remove A, = 365 nm excitation light).
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TABLE 1. Absolute quantum yield of pSi powders prepared by different
drying processes.”

Sample type AD-pSi SCD-pSi SCD-AD-pSi
Quantum yield (%) 17.5+2 32.1%2 158+%3
Zmax (M) 660 £ 3 6853 657+ 4
FWHM 127 £3 1212 129 £3

*AD-pSi is air-dried porous Si, SCD-pSi is supercritically dried porous Si,
and SCD-AD-pSi is supercritically dried pSi that was then re-wetted with
isopropanol and air-dried, as described in the text. Excitation wavelength is
Jex =365nm. Ay, is the wavelength where the PL emission intensity is
maximum. Full width at half maximum (FWHM) is obtained from a
Gaussian fit, as an approximation of the inhomogeneous broadening associ-
ated with the ensemble of silicon nanocrystallites comprising the porous
matrix.*

decays for all the samples studied here were found to fit rea-
sonably well to an exponential function.>® As seen previ-
ously for porous Si, the decay time constants (t) were on the
order of tens of microseconds, and each sample showed a
pronounced increase in t with increasing emission wave-
length, in accordance with the quantum-confinement model
(Fig. 4 and Table II)."*> Notably, the AD-pSi and SCD-AD-
pSi samples displayed somewhat smaller emission decay
lifetimes compared to SCD-pSi at each PL. wavelength, con-
sistent with the lower quantum yields observed for samples
subjected to air-drying.

The superior quantum yield and longer excited state life-
time observed for SCD-pSi are attributed to lower structural
disorder and fewer non-radiative defects, combined with a
tight crystalline size distribution. It has been shown that struc-
tural disorder and stress in air-dried materials affect photolu-
minescence characteristics by formation of surface-related
non-radiative recombination centers.'”?* The gas adsorption
data show that the AD process induced a loss of surface area
and a decrease in pore volume consistent with collapse of the
silicon nanostructure.”> We conclude that the reduced PL
quantum yield in air-dried nanocrystalline silicon potentially
derives from an increase in non-radiative defects at the sur-
face of the silicon skeleton; the escape of excitons via the
interconnected nanocrystalline silicon network; and higher
total internal reflections due to higher refractive index (lower
pore volume). Reduced exciton localization in interconnected
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TABLE II. PL decay time constant (7) of pSi prepared by different drying
process (Lex = 365 nm). The time constant values are obtained from the nor-
malized PL intensity-time trace in Fig. 4 fitted to first-order exponential
function. Standard deviations of each time constant in multiple experimental
measurements (n > 3) are less than 1.5 us.

Wavelength (nm) AD-pSi SCD-pSi SCD-AD-pSi
T (us) 600 15.1 19.5 14.8
650 24.6 31.9 23.8
700 36.5 41.9 35.5
750 47.6 54.3 443
800 57.1 64.8 55.4

quantum-confined Si nanocrystals has been suggested as an
important factor,? and the present results indicate that exciton
migration into neighbouring Si nanocrystals is highly proba-
ble in AD-pSi. The fact that the air-dried samples are exposed
to oxygen implies that their surface may become oxidized
during the drying process. Oxidation-derived passivation of
surface defects is known to reduce non-radiative recombina-
tion and increase QY on these types of samples,>>>*%¥ so
any differences in surface oxidation are apparently not as im-
portant in the present samples.

Based on these results, the beneficial effect of using
supercritical drying for the preparation of pSi powders with
enhanced photoluminescent properties is clear. Another im-
portant factor that may have some bearing on how the PL
properties can be improved is how the pSi is stored after fab-
rication.*® Specifically, it has been shown that the PL effi-
ciency increases with storage time in ethanol solution.? In
the present study, samples were stored in IPA between anod-
ization and drying (SCD or AD) process, and like-for-like
comparison must take the storage conditions into account.
Moreover, complete removal of any residual toxic compo-
nents or solvent from the pores while retaining an intact po-
rous structure (with high surface area) and high PL quantum
yield is important for many potential applications: e.g., load-
ing of therapeutic molecules in biodegradable pSi for drug
delivery and for tracking in vivo. Improved gas adsorption
properties obtained herein with SCD indicate that a greater
degree of physical integrity has been maintained during the
drying process. The SCD process requires more expense

600 nm
650 nm
700 nm
750 nm
800 nm

*dpon

104 ® A% X

" .‘A 7 FIG. 4. Normalized PL intensity-time
trace at different emission wavelength
after pulsed excitation (4ex =365 nm):
(a) AD-pSi, (b) SCD-pSi, and (c)
SCD-AD-pSi.
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than AD to manufacture but is likely to be very important for
material optimization in many high-value applications.

In summary, the benefits associated with the use of SCD,
in comparison with conventional air-drying, for preparing
photoluminescent pSi powders with extremely high surface
area (>1000 m*/g) have been demonstrated. The PL intensity
and QY of as-etched pSi powders are significantly enhanced
by employment of the SCD process. The PL QY of SCD-pSi
is achieved up to 32%, which is ~two-fold higher compared
with that of AD-pSi. Maintaining both a narrow size distribu-
tion for interconnected nanocrystals and a low concentration
of non-radiative interfacial defects after the drying process is
thought to be responsible for this advance with regard to pSi.
The SCD process is a practical and promising approach for
producing highly photoluminescent pSi materials.

This work was supported by the Defence Advanced
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Agreement HR0011-13-2-0017. The content of the information
within this document does not necessarily reflect the position
or the policy of the Government. The AC-STEM instrument
employed in this research was obtained through the
Birmingham Science City project “Creating and characterizing
next generation advanced materials,” supported by Advantage
West Midlands and in part funded by the European Regional
Development Fund.
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