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Nanostructured porous silicon (pSi) was fabricated by combining electrochemical etching with 355 nm
laser processing. pSi prepared in this way proves to be an excellent substrate for desorption/ionization
on silicon (DIOS) mass spectrometry (MS). Surfaces prepared by electrochemical etching and laser irradi-
ation exhibit strong quantum confinement as evidenced by the observation of a red shift in the Si Raman
band at ~520-500 cm~!. The height of the nanostructured columns produced by electrochemical etching
and laser processing is on the order of microns compared with tens of nanometers obtained without
laser irradiation. The threshold for laser desorption and ionization of 12 mJ/cm? using the pSi substrates
prepared in this work is lower than that obtained for conventional matrix assisted laser desorption ion-
ization (MALDI)-MS using a standard matrix compound such as a-cyano-4-hydroxycinnamic acid (CHCA;
30 mJ/cm?). Furthermore, the substrates prepared by etching and laser irradiation appear to resist laser
damage better than those prepared by etching alone. These results enhance the capability of pSi for the
detection of small molecular weight analytes by DIOS-MS.
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1. Introduction

Matrix assisted laser desorption/ionization mass spectroscopy
(MALDI-MS) has been extensively used to analyze large molecules
such as synthetic polymers, proteins, carbohydrates and nucleic
acids [1-5]. One of its limitations however, for the analysis of low
molecular weight analytes is strong background interferences due
to the organic matrix and/or fragments which can overlap the
analyte ion signals in the mass spectra [6]. There has been consider-
able interest in developing matrix-free laser desorption/ionization
(LDI) techniques to minimize this background matrix interference.
Approaches include the use of porous silicon (pSi) [7], sol-gels [8]
and carbon-based microstructures [9] as substrates. Among them,
desorption ionization on silicon (DIOS) where bare pSi is used to
desorb and ionize molecules instead of a matrix compound, has
been widely employed to analyze a diverse range of samples includ-
ing small drugs, explosives, polymers, and forensic compounds
[10-13].

Several methods have been used to fabricate pSi [14-20]. One
common approach is to electrochemically etch bulk Si wafers in
dilute aqueous ethanol/hydrofluoric acid (HF) solutions [17-19].
The resultant structure however is mechanically fragile and unsta-
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ble to oxidization. Alternatively, a pSi microcolumn array [14,20]
can be created by exposing the Si substrate to a strong laser source.
This methodology however tends not to be repeatable if the laser
power is insufficient to melt the Si surface.

In this work, electrochemical etching and laser processing has
been successfully combined. The resultant nanostructured pSi sub-
strates exhibit excellent DIOS activity when used to analyze small
molecules such as the polypeptide Dalargin.

2. Experimental
2.1. Preparation of nanostructured pSi

Nanostructured pSi was fabricated from n-type (arsenic-doped)
silicon <1 0 0> wafers having a resistance <0.005 €2 cm. Each wafer
was cleaned with a 5% HF/ethanol solution to remove the sur-
face oxide layer, and then rinsed in deionized water, acetone, and
methanol. Finally the wafer was dried in a gentle stream of N,
gas. A schematic of the apparatus used to combine electrochemical
etching and laser processing is shown in Fig. 1. The etching pro-
cess was carried out at room temperature in a home-made Teflon
electrochemical cell where the Si wafer served as the anode. The
counter electrode was a platinum wire immersed into the elec-
trolyte solution (HF, 48% by mass, Caledon Laboratories Ltd., Canada
and ethanol; Vyg:VEwanot=1:1). The current density was main-
tained at 40 mA/cm?. The top of the wafer was irradiated by the 4 ns
pulses of a 355 nm frequency-tripled Nd:YAG laser (Spectra Physics,
PRO-250) operating at a 20 Hz repetition rate, and with an inten-
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Fig. 1. Schematic illustration of the experimental arrangement for fabricating a pSi
column array by laser assisted electrochemical etching.

sity of 4W/cm?. The best results were obtained when Si substrate
was electrochemically treated for 5 min prior to laser irradiation for
15 min. The samples were stored in ethanol to avoid surface oxida-
tion after rinsing with deionized water and methanol and carefully
drying under a nitrogen gas flow.

2.2. DIOS-mass spectrometry

Mass spectra were acquired with a modified API-365 triple
quadrupole mass spectrometer (MDS Analytical Technologies) that
had a home-built MALDI interface installed. DIOS desorption was
initiated by the 337 nm output of a pulsed N laser (Laser Science
Inc. Model VSL-337-ND-S, 20 Hz repetition rate) delivered to the
Si sample via a 2-m UV fiber (Ocean Optics Inc., core diameter,
100 m). An attenuator was used to control the laser fluence. Flu-
ence values were calculated from the laser pulse energy measured
at the output of the fiber, and the laser focal area was determined
by the size of burn marks made on photographic paper. Each pSi
substrate used in these experiments was attached with conduc-
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tive double-side carbon tape to the insertion probe of a home-built
MALDI front end chamber. The resultant ions were introduced into
QO ion guide and their spectrum was recorded in Q1 scan mode.
During the experiment, N, gas was introduced into the MALDI
chamber to obtain pressure ~1 Torr near the target for ion cooling
and collisional focusing.

Prednisolone (MW =360.44 amu), Dalargin (MW =725.4amu),
Bradykinin (MW =1060.21 amu), and Adrenocorticotropic Hor-
mone (ACTH) fragment 1-17 (MW =2093.41 amu) were success-
fully detected using DIOS, but Dalargin ((HPLC grade, purity > 98%)
was chosen as the primary analyte for presentation. 1 wM Dar-
lagin solutions were prepared by dissolving the compound in
acetonitrile-water Vcp,en @ Vi,0 =70 : 30 solution. The analyte
solution was then spotted onto the nanostructured pSi surface with
a micropipette and dried in air. MALDI mass spectra of Dalargin
were recorded to compare with those obtained by DIOS using
our pSi samples. Here, a solution of CHCA (100 mM) and Darlagin
(1 M) in a volume ratio of 60:1 was spotted onto the probe using
a micropipette, and analyzed in the manner described above for
DIOS-MS.

Scanning electron microscopy (SEM) images were obtained
using a LEO-1540XB microscope. Raman spectra were acquired
using a Confocal Raman instrument (Alpha SNOM, WiITec,
Germany) equipped with a 10 mW linearly polarized frequency-
doubled Nd:YAG laser (A =532nm, Verdi 5, Coherent Inc., Santa
Barbara, CA). The beam focusing diameter was around 1 pm and
the frequency resolution of the spectrais +£1cm~1.

3. Results and discussions
3.1. Characterization of Si surface structure

The morphology of pSi is known to be sensitive to the prepa-
ration conditions used, including the light intensity, the exposure

Fig. 2. (a) An overview SEM image of a Si sample after laser assisted electrochemical etching; 1 corresponds to a region without any processing, 2 to a region that was treated
only by electrochemical etching, and 3 to a region treated by laser-assisted electrochemical etching; (b) a higher magnification SEM of Region 2; (c) a higher magnification
SEM image of Region 3; and (d) an even higher magnification SEM image of Region 3. The dotted circle in (d) shows a nanoleaf formation.
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time, the electrochemical etching current and even the etching
chemical environment [14,19,21]. SEM images of the sample by
irradiating the sample with 4 W/cm? of 355 nm laser intensity and
electrochemically etching for 20 min are shown in Fig. 2. The Si chips
were tilted 45° from normal during these measurements to show
the depth of any surface features.

Fig. 2(a) presents an overview SEM image. No electrochemical
etching or laser treatment was done in Region 1, while Regions 2
and 3 were electrochemically etched without and with direct laser
exposure, respectively. Compared to Regions 1 and 2, Region 3 is
darker grey and unreflective. Indeed, a shadow image of Pt elec-
trode in Fig. 2(a) which blocked the laser beam is clearly visible
between Regions 2 and 3. The low contrast between Regions 1 and
2 is a limitation of the detector at this resolution. The black color
of processed silicon is indicative of a large absorption covering the
UV to near-IR spectral range which is attributed to defect states in
the band gap induced by structural defects formed during the etch
treatment [20,22].

Region 1 under high magnification (not shown) shows a very
smooth surface. In contrast Regions 2 and 3 are characterized by a
rough surface morphology featuring many protrusions separated by
tens to hundreds of nanometers. The difference between Regions
2 and 3 is that the etch depth of the former is ~tens of nanome-
ters (Fig. 2(b)), while that of the latter is on the order of microns
(Fig. 2(c). A closer inspection of nanostructured pSi shows that pm-
long columns are spaced ~1 wm apart, and each column is covered
by smaller nano-leaves with sizes in the range of tens to hundreds
of nanometers (Fig. 2(d). These leaves can be removed by ultrasonic
treatment in methanol.

Nanosecond laser pulse irradiation alone did not generate a pro-
found change in the Si surface morphology which is opposite to

that found using picosecond laser pulses [14]. This suggests that
the peak intensity of the nanosecond pulses used in this work was
insufficient to melt the Si substrate [20], a necessary requirement to
generate pSi microcolumn arrays without electrochemical etching.

Nanostructured pSi formation appears to have been assisted by
initial surface roughness generated by the electrochemical etching.
It is well known that the large surface energy of porous/nanosilicon
(200 mJ/cm? for porous silicon versus 0.1 mJ/cm? planar silicon)
lowers the silicon melting temperature from 1410°C to ~900°C
[23]. Thus the synergistic effects of electrochemical etching and
laser irradiation can be understood as follows: the process of elec-
trochemically etching effectively lowers the melting temperature
of the surface which facilitates the deformation of the material by
capillary waves generated upon laser irradiation. Small Si protru-
sions form upon laser exposure as Si vapour is redeposited onto the
burgeoning columns which promotes their axial growth and deep-
ens the troughs and canyons [14,24]. Nano-sized leaves on each
column are formed by further electrochemical etching (Fig. 3).

As shown below the Si surfaces prepared by both electrochem-
ical etching and laser processing have superior properties for DIOS
compared to those made using other methods [14,21]. Furthermore,
the greyish black surface in Region 3 proved to be robust to mechan-
ical scratching, and there was no apparent damage after irradiating
the sample with a laser fluence of 120 mJ/cm? for 1 h. On the other
hand, the pSi formed by electrochemical etching only (Region 2)
was found to be fragile to mechanical scratches and prolonged laser
irradiation.

Raman spectroscopy is shown here to be an effective tool for
probing the morphology changes induced by etching and irradia-
tion. As shown in Fig. 4, the Raman spectra are measurably different
in Regions A-C. In Region 1, the strong Raman optical phonon mode
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Fig. 3. (a-1), (b-1) and (c-1) are SEM images with magnification=32kx on an unetched spot, a spot that has been electrochemically etched, and a spot that has been
electrochemically etched and laser irradiated, respectively; (a-2), (b-2) and (c-2) are DIOS-MS spectra of Dalargin obtained from the Si substrates shown in Regions 1-3 as

denoted in Fig. 2.
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Fig.4. Raman spectra of a Si chip. (A) A Si chip without any electrochemical etching
or laser processing; (B) a Si chip treated by electrochemical etching for 20 min; and
(C) a Si chip treated by laser assisted electrochemical etching.

of crystallized Si [25] is centered at 520cm~! and has a narrow
full width at half maximum (FWHM) of 4.4cm~!. This spectral
band red shifts to 509.4cm™! after electrochemical etching, and
to 503.5cm™! after electrochemical etching with laser irradiation.
Its peak intensity also decreases while its line shape broadens
and becomes progressively more asymmetric. These changes are
attributed to quantum size effects [25-27]. The magnitude of the
frequency shift, peak width and the line shape asymmetry is
inversely proportional to the size of the crystalline grain [25,26].
The results of this work suggest the combination of electrochemical
etching and laser irradiation produces nano-size Si grains.

3.2. Deposition/ionization on Si

The ability of the nanostructured pSi surface to induce small
molecule desorption and ionization was assessed by recording DIOS
and MALDI spectra of the hexapeptide Dalargin whose dominant
feature at m/z=726.4 corresponds to the protonated [Darlagin+H]*
signal. The Dalargin MALDI-MS spectrum shown in Fig. 5(a)) was
recorded using CHCA as matrix and a N, laser fluence of 30 mJ/cm?.
The DIOS-mass spectrum using the same laser fluence can be
found in Fig. 5(b). The analyte signal using CHCA is roughly 5
times stronger than the DIOS Dalargin signal but the DIOS spec-
trum has near-zero background noise. Conversely, the MALDI mass
spectrum (Fig. 5(a)) exhibits many fragment and matrix-related
peaks. A detection limit of 0.32 + 0.04 pmol was obtained based on
a standard curve made by plotting the signal-to-noise ratio of the
DIOS-MS measurements against number of moles of Dalargin.

pSi surface morphology clearly appears to be the main factor
leading to strong DIOS activity [28]. The correlation between mor-
phology and DIOS signal intensity is attributed to several factors
including the large substrate surface area and quantum confine-
ment effects which manifest themselves through a large optical
absorption and lower thermal conductivity [14]. An untreated Si
surface (Region 1) did not produce any appreciable DIOS signals.
Similar analyte ion signal strengths at 726.4 Da as those in Fig. 5(b)
were found using pSi formed by electrochemical etching only, but
only for short times. Fig. 6 shows the [Dalargin+H]* signals obtained
as a function of time when using a N, laser fluence 30 mJ/cm? to
irradiate a fixed location on the substrate. The signal obtained from
a pSi substrate generated by just electrochemical etching disap-
pears within 10s. The surface was also noticeably damaged after
laser irradiation, presumably due to the laser-induced surface melt-
ing and surface area rearrangement. On the other hand, the analyte
signal obtained from pSi formed by electrochemical etching and
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Fig. 5. (a) MALDI-MS spectra of Dalargin in CHCA matrix; (b) DIOS-MS spectrum of
Dalargin from a pSi column array formed by electrochemical etching and ns laser
processing.

laser processing dropped by only 50% after 60s of irradiation. No
noticeable damage to the substrate was found after prolonged expo-
sure even the laser fluence was increased to 150 mJ/cm?2.

Laser-induced surface damage such as pore collapse and surface
arealoss, was previously reported by Northen et al. for electrochem-
ically etched pSi samples [29]. The adsorbed analyte was expected
to desorb quickly in Region 2 because the substrate here is com-
posed of a very thin nano-porous layer. While the same surface
melting process is expected to affect the nano-leaves formed on
the columns of pSi in Region 3 the columns remain intact due to
their relatively bigger sizes. The melted or ablated material then
recrystallizes on the columns preserving the surface morphology.
As a result, minimal structural changes were found for Region 3
after laser irradiation. Furthermore, the complex porous structure
and large surface area act as a large analyte reservoir. For these
reasons, the protonated Dalargin signal from Region 3 lasted much
longer than that obtained from Region 2.

Fig. 7 shows for the first time the dependence of the DIOS signal
of Dalargin (5 L, 1 mM) on N, laser fluence. The laser fluence was
varied between 6 mJ/cm? and 120 mJ/cm?. Two findings are worth
commenting on.

First, the laser fluence threshold of ~12m]/cm? required to
desorb and ionize the Dalargin analyte from pSi is significantly
lower than the value (~30 mJ/cm?) reported for silicon microcol-
umn arrays produced by picosecond laser irradiation [8]. It is also
lower than the threshold value found by MALDI experiments car-
ried out in this work under the similar experimental conditions
using CHCA (2 wL, 100 mM) as a matrix, which is also 30 mJ/cm?2.

Secondly, there are three regimes of DIOS activity that as shown
in Fig. 7 correlate with laser fluence. In Regime I the onset of the
protonated Dalargin DIOS signal occurs at ~12 mJ/cm? followed by
approximately exponential signal growth between 12 mJ/cm? and
30 m]J/cm?. The slope of the In-In plot of the data in this region is
~4, Typically, in a nonresonant nonlinear absorption process the
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Fig. 6. The dependence of the protonated Dalargin analyte ion intensity on N; laser
exposure time, generated by DIOS-MS at a fixed point on the substrate. (a) Using
pSi formed by electrochemical etching alone; (b) a pSi column array formed by
electrochemical etching and ns laser processing.

slope of a In-In plot of ion signal versus fluence indicates the num-
ber of photons involved [27]. Such an interpretation in this work is
however unphysical given the low laser fluences used. Large slopes
have also been observed for MALDI mass spectra irradiated by UV,
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Fig. 7. A plot of the logarithm of the protonated Dalargin ion DIOS signal versus
laser fluence using a pSi substrate fabricated by electrochemical etching and laser
processing. The three different laser fluence-dependent regimes discussed in the
text are labeled on the plot.

visible and IR sources [30-33]. Conventional wisdom suggests that
at low fluence ions are generated by molecular desorption and pro-
tonation. At higher fluences the ion signal saturates and declines
(Regimes II and III), which is attributed to side reactions that lead
to fragmentation and substrate surface deformation. Thus, it can
be concluded that the initial step leading to primary ion formation
using pSi is most likely thermal in nature [30].

This thermal phenomenon and size effect further explain the
large reduction in DIOS threshold. As noted above, the pSi is an
array of modified columns covered with sub-micron or nano-sized
leaves. The crystallites of Dalargin attached to the nano-leaves are
most likely smaller than those found on a substrate without laser
modification. Therefore, relatively lower laser fluences are needed
for analyte desorption since smaller crystallites are known to be
more volatile [34].

4. Conclusions

pSi formed by electrochemical etching and ns laser processing
is characterized by a morphology of wm high Si columns covered
by nano-leaves. Morphology of the new pSi substrate features large
surface area that is relatively stable against UV laser damage. Com-
bined electrochemical etching and laser processing of the surface
allows ns laser pulses to be used for laser processing versus a more
expensive ps or fs laser system. Finally our new method of creating
pSi targets yields very reproducible results. Test runs using the ana-
lyte Dalargin found the laser fluence threshold for desorption and
ionization to be ~12 mJ/cm?, which is lower than that reported for
pSi in the literature, and for conventional MALDI MS. The pSi sub-
strates developed in this work show a promise to make DIOS-MS
suitable for routine analysis of low molecular weight analytes.
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