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In this research paper, the quenching effects of visible photoluminescence of porous silicon relevant to
doping types under an exposure of culture media such as Dulbecco’s Modified Eagle’s Medium and
Phosphate-Buffered Saline have been studied extensively in order to realize the application of a cell
culture growth technique for porous silicon, in which biocompatibility is directly based on its size-
dependent structures and morphologies. This could restrain the combination of either macro- or
micro-/nano-dimensional silicon morphologies by stain-etching single crystalline Si surfaces. The
dopant-related quenching effect of well-known neuron culture media over visible photoluminescent
porous silicon surface is found to be quite obvious for the two culture media mentioned above.
Scanning electron microscope images of the cultured neuron cells over porous Si show how they have
been linked to, and communicated with, each other, and directed along porous channels, fabricated by

a photolithographic technique.
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INTRODUCTION

Recent technological advances open up more
opportunities of establishing a new communication
channel between neural cell activities and
nanoelectronics world [1, 2]. In the near future,
mankind wishes to have a device technology to be
able to replace some of non-functioned sensory
organs with their hybrid bio- and nano-electronic
equivalents or even visualize the construction of
self-programmable  or  “thinkable”  semi-bio-
processors [3-5]. Before achieving all the concepts
above, the most fundamental objective is to study
interactive mechanisms of the communication
between the nervous system through neuron cells
and smart biomaterials being processed with a
precise control of every step of fabrication. It is
well-known that neurons communicate with each
other by ion-exchanging signals similar to the
current digital logic systems. That is the reason why
it is highly desirable to investigate the interface
interaction and biocompatibility between neuron
cells and some “smart” biomaterials in an attempt to
produce a variety of hybrid devices capable of
establishing some integrated networks of the
communication between biological and electronic
systems [6]. One of the promising and cheap
biomaterials, for example, PSi, which is a new form
of the well-known electronic substrate material, has
been studied to form some interfaces among such
hybrid assemblies [7-9].

neurons, visible photoluminescence, cell culture medium, SEM

Hence, the culture of neuronal cells over a variety of
differently modified surfaces of both nanocrystalline
diamond and PSi could become a more attractive
area for a new generation of biomedical application
[10-12], especially for some forthcoming bio/nano-
electronic interfaces for the usage of an intelligent
brain-functioning system and a compact bio-
computer [13, 14]. The present study is focused on
one of a smart biomaterial resulting from a degree of
some quenching effects over a surface of visibly-
luminescent PSi layer under the exposure to the
culture media, generally used for cell-culturing.

Here the experimental study covers some doping
effects of visible photoluminescence (PL) origi-
nating from nano PSi layer under an exposure of
well-known culture media during the cell-culturing
technique for a potential application in bionano-
technology [15]. This does also involve studying
their destructive consequences over the structural
morphologies of the nano-sized PSi surface without
any buffer layer. The visible PL spectra from each of
porous samples originally prepared from both n-and
p-types of c-Si were then characterized under two
different culture media after the exposure time of
one- and two-hours in addition to the one with
as-grown condition. The conclusive part is the
investigation of the way to adhere neuron cells
morphologically over a processed surface of PSi as a
“smart” biocompatible material without any buffer
layers at the interface [16-18].
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A “SMART” BIOMATERIAL: PSi

It is currently one of the remarkable
technological aims to realize a sophisticated
construction and engineering configuration of some
functional interfaces between PSi surfaces and living
neuron cells for a wide range of biomedical
applications. So, the fully-controllable production of
any biocompatible nano-device and/or neural
activation device for cell signaling application is one
of the future aims of the author after the phenomena
of neuron cells cultured in vitro are perfectly
understood [3, 19]. This potential device is to be
based on a variety of PSi surfaces, i.e. a nano-sized
morphological luminescent form of macro-sized PSi,
generally produced by one of such methods as an
anodization or a stain-etching, or a vapor phase-
etching. This is why the present work aims at
clarification of types of porosity and the doping
level of the porous surface that are most attractive to
living neuron cells, including with a critical
chemical resistance of nanoporous morphology to
the cell culture media. The cultured cells used in this
study are the immortalised rat hippocampal B50
neuron cells. Some cut pieces of Si wafer could be
made nanoporous through a chemical stain-etching
process, compatible with the current complementary
metal-oxide—semiconductor technology [20-22].

EXPERIMENTAL

The production of samples was performed in two
major steps with the aim so as to realise the
guenching effects of visible PL of PSi under two
cell-culturing media for biocompatibility. First,
various types of macro-, micro- and nano-sized
porosities of the processed Si surfaces were formed
by the chemical stain etching of Si in an HF-based
solution [23-24]. Second, porous surfaces, obtained
from both p- and n-type c-Si substrates, have been
exposed to the cell culture media such as Dulbecco’s
Modified Eagles Medium (DMEM) and Phosphate-
Buffered Saline (PBS). Those types of culture media
are also used for one of the processing steps within
bio-interfacing procedures between neuron cells and
microelectronic interfaces in some integrated circuit
components.

Photolithography. After a standard cleaning
procedure of a single c-Si wafer, a mask patterned
with stripes of various widths is used for the
fabrication of PSi channels to realize the
manipulation of neuron cells along the fabricated
channels. So, both porous and non-porous channels
could be produced in order to realize the existence of
the preferable lines with various widths suitable for
the neuron cells analysed here.

Formation. Visibly-luminescent porous surfaces
fabricated from both p- and n-type Si wafers by a

simple and cost effective stain-etching technique
were formed by using a new ratio of the etchant
concentration between HF and HNO; together with
ionic additives and surfactants. Both boron- and
phosphorous-doped Si wafers with a resistivity
range of 0.05-0.50 Ohm-cm were employed as
preliminary substrates. After being cut into small
square pieces of approximately 1.0 cm® and then
being cleaned surface oxidation in a HF buffer
solution, the cut pieces were prepared to be
chemically stain-etched. This stain-etching process
differs from the electrochemical etching process
because it enables the micro- and nano-sized
structural formation of porous layers without any
damage in any formation of previously-
manufactured components of the entire IC circuitry.
For the optimisation of the stain-etch process of
silicon for an efficient visible PL and the resulting
porous morphology of the surfaces suitable for
coherent cell culture methods, a number of
experiments with various parameters have been
carried out, comprising three essential steps. First, a
range of the volumetric ratios of HF to HNO; was
challenged, subsequently some of the optimal ratio
was found to be either 600:1 or 800:1 for a higher
PL efficiency and uniformity from the point of view
of surface morphology and visibly-luminescent
perspectives. Second, for the reduction of an
incubation period before the initialization of actual
formation of a thin porous layer during the etching
process, the component NaNO, about 1g-L™ to the
proposed etching solution was a good compromise.
Third, an active surface agent capable of influencing
the surface tension of the interface between Si
surface and etching solution was explored to
optimize structural surface uniformities of stain-
etching [23]. Hence, the etchant solution used for
this process is a chemical solution of HF:HNO;
(800:1) arranged by mixing HF(48% at. wt.) and
HNO; (70% at. wt). During stain-etching processes,
both p- and n-type Si substrates were just introduced
for a duration of 10 minutes under ambient
illumination and room temperature. After being
rinsed several times with ultra-pure millipore water,
all samples were blown up with a gun of nitrogen
gas to dry up porous surfaces. Quite a strong red and
orange PL were observed under a UV excitation of
the 325 nm wavelength selected from a He-Cd dual
beam laser system. A fluorescence microscope was
used to take a visible photoluminescent image from
the PSi channels fabricated by a photolithographic
technique.

Exposure. Some important culture media such as
DMEM, suitable for the majority types of neuron
cells, and a buffer solution of PBS were chosen so as
to analyze their effects over visible PL emitted from



a nanostructured surface (also containing macro-
porous), in which it was earlier prepared from both
p- and n-type single c-Si pieces, since PSi is
considered to be as a “smart” material for
biocompatibility. These photoluminescent porous
surfaces were exposed to the culture media in which
they are usually widely used for cell culturing
methods of B50 rat hippocampal neurons. Strong
visibly-luminescent samples, cut in small squares of
approximately 3x3 mm?, have been exploited after
several exposure periods of porous surfaces into cell
culture media.

Spectra. First, spectral measurements were
carried out for each of two dopant types of the
samples named “as-prepared” surface along with an
additional porous surface exposed to the cell
culturing media of DMEM and PBS for a duration of
one and two hours. Then, the spectrum analysis of
the resulting samples has been made in the visible
range by measuring the emitted light under an
excitation wavelength of the UV line 325 nm of dual
beam He-Cd laser. PL measurement setup contains
the followings: (1) a dual He:Cd laser lined with a
UV-325 nm, and Blue-442 nm, (2) transfer of a laser
beam by an optic fibre, (3) a sampling holder stage
for positioning, (4) a monochromator and
photodetector/photomultiplier, (5) long pass filters
used along laser line to cut off second harmonics
(also the incident angle was tuned to get rid of the
back-reflection of second harmonics (~ 650 nm), (6)
a computer-controlled data collection system
including an analysis software. System correction
has also been paid attention to when obtaining
luminescence spectra from both treated and
untreated PSi surfaces.

RESULTS AND DISCUSSIONS

Efficient red and orange photoluminescent stripes
of PSi fabricated by the proposed by the author
novel stain-etching methods after a standard
photolithographic process are illustrated in Fig. 1,
respectively. Glowing microscopic images have
been taken from a fluorescence microscope under a
UV excitation together with a high pass filter to cut
UV excitation components in the emission side of
the setup. The width of each stripe is about 100 um,
suitable in size for culturing neuron cells along each
of the channelled porous surfaces.

It is in line with one of the aims of the present
study — to associate bidirectional interactions
between the realistic physical morphologies of direct
size-dependent “smart” porous structures without
any buffer interfacial layer and the neuron cells to be
cultured and fixed by means of two culture media
over porous surfaces.

Another aim was to determine the morphological
dependencies of porous structures over both doping
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types, which have already been fabricated from
single c-Si substrates, and the cultured media used
for dispensing the immortalised rat hippocampus
B50 neuron cells. Surface morphologies after cell
culturing processes have been examined by (i) both
relative attenuations of the quantum efficiency and
the spectral energy shifts of visible PL spectra, and
(i) the surface micrographs of the scanning electron
microscope (SEM). Furthermore, some of neural
cells studied here were also investigated in order to
understand how their biocompatibility has been
developed.

The quenching effect of PL of PSi has been
extensively examined on a relative quantum
efficiency and emission energy-shift for a variety of
stain-etched PSi surfaces originally fabricated from
both p (Boron)- and n (Phosphorous)-type
c-Si<100> wafers with a measured resistivity of
0.5 Ohm-cm by exposing to the well-known culture
media such as DMEM and PBS as shown in
Fig. 2a—d. Both as-grown and the exposed samples
with a duration of one and two hours were chosen to
observe their variations in emission quantum
efficiency, emission energy, and surface morpho-
logies, as can be developed for a requested modifi-
cation as a set of promising smart biomaterials used
for any type of bio-adapted compact devices in
nanoelectronics technology.

The quenching influence of DMEM and PBS
culture media over visible PL spectral ranges can
usually play an important role that varies depending
on the doping type and the initial form of single c-Si
substrates. This process causes a verification of
individually-visible glowing nano-centers, with a
dependency of quenching rates of the alkaline
hydroxyls within culture media on dopant types of
the material. Figures 2a and c¢ show that under the
exposure to DMEM, the quenching effects of visible
PL spectra from both n- and p-types PSi seem
decreasing with culturing duration for one hour and
two hours when compared with those of non-
exposed porous surfaces. It is clearly seen that the
quenching degree of the alkaline hydroxyls in
culture media is the determinant in etching away the
active porous layer (thickness reduction), rather than
etching mechanisms that reduce the effective size of
the nanostructures, indicative of visible emission
spectra. It is also worth noting that the degradation
ratio of PL of the p-type PSi surface is found to be
smaller than that of the n-type counterpart. That is,
the peak wavelength of emission of the p-type PSi
after the exposure to DMEM for two hours
illustrates a red-shift to a value of 652{660}nm from
645{646}nm (total red-shift=7{14}nm) while that
of the n-type is blue-shifted to a value of
595{607}nm from 651{660}nm (total blue-
shift=56{53}nm). So, the DMEM exposure causes a
red-shift for p-type PSi and a blue-shift for n-type
counterpart. This means that the band-gap broade-
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(b)

Fig. 1. (a) Red and (b) orange photoluminescent stripes of PSi fabricated after a standard photolithographic process. Images have
been taken from a fluorescence microscope under a UV excitation. The width of each stripe is about 100 microns suitable for

culturing neuron cells along it.

Fig. 2. Quenching effect of PL of (a) p-type PSi exposed to DMEM for 0, 1, and 2hrs; (b) p-type PSi exposed to PBS for 0, 1, and
2hrs; (c) n-type PSi exposed to DMEM for 0, 1, and 2hrs; and (d) n-type PSi exposed to PBS for 0, 1, and 2hrs.

ning occurs due to the quantum confinement size
effect so that the dimension of the original
nanostructure becomes narrower. The dimensio-
nality percentage of the size distribution for the
DMEM exposure of p-type PSi is calculated to be an
increase of 32% while that for the DMEM exposure
of n-type one is reduced by about 3%.

Figure 2b demonstrates that the quenching effect
of wvisible PL spectra during PBS exposure is
observed only for p-type PSi, in which its intensity
is clearly reduced with PBS exposure when
compared with those of n-type PSi surface as in
Fig. 2d. It is undoubtedly note that the quenching
measure is again rather predominant by etching
away the active luminescent porous layer resulting
in thickness reduction, in addition to a little
complicated etching mechanism by either reducing
or increasing the relative nano pillar dimensio-
nalities against original pillar size of unexposed PSi.
So “reducing” causes blue-shifted PL while

“increasing” results in red-shifted one. In other
words, after exposure of one hour, a blue-shifted PL
is observed, and after two hours the red-shifted PL is
seen explicitly with a huge shift to the red side.
However, during the first hour of exposure to PBS
of the p-type PSi, the blue-shift to a value of
657{661}nm from 618{622}nm (total blue
shift=39{39}nm) is observed with a tremendous
reduction in PL efficiency. In addition, during the
further exposure time interval of lhrs {totally
2hrs}, the red-shifted PL is observed at the
wavelength back to 657{663}nm from 618{622}nm
(total red-shift=39{41}nm). It is also interesting to
note that a further exposure duration of the p-type
PSi to PBS results in no significant changes in the
PL efficiency, while the band-gap broadening and
narrowing, due to quantum confinement size effects,
are a good promise to understand the mechanisms of
the quenching effect related to the original doping
type. The dimensionality percentage of the size



Table. Full Width Half Maximum (FWHM) and peak values of PL of quenched PSi with both PBS and DMEM cell
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culture media for as prepared, 1,0hr, and 2,0hrs exposer time (wWhere Acenter = Amint Y2Aewrim @Nd Ashitt = Acenter—Apeak)

Samples Culture EXPOSEd }"min 7\«max )"FWHM 7\«peak )\fcenter )\'shift
Media Time (hrs) (nm) (nm) (nm) (nm) (nm) (nm)
0 601 721 120 657 661,0 4,0
73] PBS 1 566 678 112 618 622,0 4,0
% 2 592 734 142 657 663,0 6,0
% 0 590 701 111 645 645,5 0,5
a DMEM 1 583 729 146 647 656,0 9,0
2 586 733 147 652 659,5 7,5
0 599 714 115 650 656,5 6,5
'g‘_) PBS 1 589 707 118 645 648,0 3,0
® 2 591 714 123 647 652,5 5,5
S 0 600 720 120 651 660,0 9,0
pa DMEM 1 585 737 152 650 661,0 11,0
2 548 665 117 595 606,5 11,5

©)

Fig. 3. SEM micrographs of (a) PSi surface (b) cultured media processed PS surface (c) cross-sectional PSi and (d) PSi-channelled
surfaces cultured with several B50 hippocampal neurons. Initial wafer was a single crystalline Si (100) with a resistivity of approx

0.12 Ohm-cm.

distribution for one-hr-PBS exposure of p-type
sample has been calculated to be reduced by 7%
while that for two-hrs-PBS exposure of n-type one
increased by about 18%. Figure 2d illustrates PL
spectra of n-type PSi exposed to PBS for one and
two-hrs, as well as of non-exposed original sample
used as a reference curve. It is clearly seen that there
is no significant variation in any PL spectra either
for the efficiency or the energy shift of the emission,
which means that there is no significant quenching
effect on n-type PSi exposed to PBS. The
dimensionality percentage of n-type PSi was
calculated with an increase of about 7% for a PBS
exposure, and the amount of wavelength of blue-
shifted emission is found to be about 3—-4 nm. These
are summarized in the Table.

SEM micrographs of the surface morphology of
micro-sized PSi before and after some standard

exposure period of the culture media can be clearly
visualised in Fig. 3a and b, respectively.
Additionally, its cross-sectional micrograph as in
Fig. 3c represents the thickness of porous layer after
cell-culture processes. Principally micro-sized PSi
layer remains almost unchanged, and however,
visible emission of thinner nanostructured layer
grown over thick microporous surfaces seems to
quench as an indication of reduction of PL intensity.
Actually, since microporous layer (morphological
feature sizes larger than 5 nm) of a film thickness of
around 1 pum becomes non-luminescent within the
visible region while relatively thinner nano-sized
PSi layer, especially less than 5 nm in feature sizes
of some different morphology, leads to visible
emission spectra. To realize biocompatibility of
PSi, some porous channels over single c-Si wafers
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Fig. 4. SEM micrographs of (a) several B50 hippocampal neuron cells fixed over the surface of a PSi channel (b) the nerve cell
adhesion to a sidewall surface of porous channel (c and d). A cultured neuron cell and its biocompatibility using visible luminescent

and non-luminescent PSi, respectively. Initial wafer was a single c-Si <100> with a resistivity of approximately 0.12 Ohm-cm.

have been fabricated by wusing a standard
photolithographic technique to comprehend the size-
dependent biocompatibility between porous and
non-porous layers as depicted in Fig. 3d. On the
other hand, micro-sized PSi layer has an indication
observed clearly in the relevant SEM image given
while the existence of silicon nanostructures less
than 5 nm in feature size is the indication of visible
emission from stain-etched PSi surface because of
the theory of quantum confinement size effects. So,
it is apparent to note that the cultured neuron cells
follow along PSi channels as illustrated in Fig. 3d.
This gives us some opportunity to manipulate
neuron cells by means of any topography of the
required patterns to be bio-engineered for a near
future nanotechnology assisted bioelectronics
devices.

Some SEM micrographs of several B50 rat
hippocampal neuron cells cultured and then fixed
over channelled PSi surfaces generated via a
standard lithographic process are shown in Fig. 4.
To have porous channels for cell culturing, a variety
of stripes with different widths after photolitho-
graphic steps could be investigated before stain
etching. It can be stated that neuron cells prefer to
grow over porous surface, therefore they could be
directed along the patterned porous channels as
indicated in Fig. 3d, and magnified in Fig. 4a. Since
neuron cells are well-known to be electrically
excitable cells that process and transmit information
by means of electrical and chemical signals, the
level of the connectivity and manipulation among
neuron cells becomes very important through some

structural modifications of porous channels as a
consequence of their biocompatibility features.
Fig. 4b demonstrates the adhesion of neuron cells to
the sidewall of a porous channel, in which the size of
pores seems to be relatively rougher when compared
with the plane surface of channels. Close approaches
to the processed porous surfaces indicate that
specialized connections with other cells — a strong
adhesion of neuron cells attached onto porous
surface through some dendrites and synapses — are
the base for understanding biocompatibility
mechanisms and even penetration of some dendrites
and synapses of the cells into pores, as illustrated in
Fig. 4c and d. In order to comprehend and improve
the degree of biocompatibility, more detailed
research should be done in this field by studying
some more parameters, especially used for some
future bio-computing applications. The sidewall
adhesion of some dendrites or synapses of neurons is
also found to be interesting. Note that some more
precaution is needed during the fabrication steps of
porous channels due to the excess porous level
changes of the original layer. Accordingly, a channel
levelling problem results from production influences
of some parameter during “etching away” and
subsequently “quenching”. Finally, no passivation
layer has been applied over porous surfaces during
the culturing period of neurons as opposed to the one
used in ref. [25]. In addition to above discussion, it
is important to realize that a fused silica substrate
gives less biocompatibility than in case of single
crystalline silicon, however, oxygen and hydrogen
terminating nanocrystalline diamond surfaces seem



to have a good adhesion after the growth of
neuroblastoma cells in a perspective of chemical

bonding aspects [10]. In this study, visibly-
luminescent nanostructured porous surfaces, as
physical morphological aspects, show a high

biocompatibility for the immortalised rat hippo-
campus B50 neuron cells together with the
controlling of the surface morphology under dopant
levels of c-Si substrate.

CONCLUSIONS

To conclude, the quenching effects of visible PL
of a controllable “smart” biomaterial such as PSi
have been studied extensively since its
biocompatibility to neuron cells cultured into the
mostly preferable culture media of DMEM and PBS
is realised. It is clear that the nanoporous surface
modification of silicon as an indication of the
guenching effect of visible PL in some aspects
depends on an innovative dopant type of the
preliminary silicon wafers. It is interesting to note
that visible PL of n-type PSi exposed as-prepared, to
PBS for one and two-hrs, has no significant
modifications while the rest demonstrates some
significant changes in both efficiency and energy
shift of their visible emissions as either red- or blue-
shift in a complicated manner. So the PL
dependency of the dopants on the cell culture media
was found to be quite crucial and, therefore,
characterised as functions of both visible PL and the
morphological correlation between nano-sized PSi
and B50 rat hippocampal neuron cells. Additionally,
some SEM images shows how B50 neuron cells
have penetrated into pores, thus making good
adhesion for biocompatibility; also it is shown that
they prefer to line up along porous channels
fabricated by a photolithographic method.
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OddexTsl TymeHus BUAUMONW (HOTOTOMUHECIICHIINN
MOPUCTOTO KPEMHHUS, OTHOCAIICHCS K THHAM JIETUPYIO-
KX 0] BO3JEHCTBHEM KyIbTYypPalbHBIX CPEM, TAKHX Kak
cpena Urna  moamduumpoanHas — JlynbOekko u
dhocdarHo-coneBoro Oydepa OBUTH MIMPOKO H3YUCHBI,
1ITO6I)I pcajin3oBaTb NPUMCHCHUE MCETO/ A BbIpallUBaHUA
KJIETOYHOM KyJIbTYphl [JIsl TIOPUCTOTO KpPEMHHs, B
KOTOpOM OHOJIOTHYECKass COBMECTHMOCTh HENOCPea-
CTBEHHO 0a3upyercsi Ha ee pa3MepHO-3aBHCHUMBIX
CTPYKTypax ¥ MOp(OJOruu. DTO MOXKET CIEep)KUBaTh
obpasoBaHWe COYETaHUs JIMOO MaKpO- WIH MHUKpPO-/
HAaHOMEPHBIX KPEMHHUEBBIX MOP(OIOTHI OKPAIINBAIOIINM
TpPaBJICHUS MOBEPXHOCTEH MOHOKPHCTAILIMYECKOTO Si.
O¢dexr Tymenns, o0yCcIOBIEHHBIN HATHINEM JETHPYIO-
oIl IpUMEcH B XOpOILIO M3BECTHOM KyJbTypalbHOU
cpene A HEHpOHOB, Ha 3aMETHO (POTOIFOMUHECIIEHTHOM
MOPUCTOM TIOBEPXHOCTU KPEMHHUS TaKXke OTUYETIUBO
MMPOABIACTCA MJIA ABYX YIOMSIHYTBIX BBIIIC NHUTATCIBHBIX
cpen. MerogoM CKaHUPYIOIIEH 3IEKTPOHHOM MHKpPO-
CKOIIMM  KYJIbTUBHPYEMBIX HEWPOHHBIX KJIETOK Ha
MOPUCTOM KPEMHHMH TOKa3aHO, KaK OHW OBUIM CBS3aHBI
MeXay coboil M Kak cooOIiarTcs Ipyr ¢ APYroM, U
HalpaBJIeHbl BAOJb TOPHCTHIX KaHAJOB, IOIYYEHHBIX
METOZOM (POTOIUTOTPAPHH.

Knrouesvie cnosa. nopucmoiii Kpemuuii, Heupomsl,
suouMas  omoaroMuHecyeHyus, cpeoa  KIemoyHbIX
kyaomyp, COM-mukpogpomoepadhus.



