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a b s t r a c t

Surface-assisted laser desorption/ionization (SALDI) is a matrix-free mass spectrometry (MS) approach
that utilizes the unique properties of a nanostructured surface to promote desorption and ionization.
However, there are still questions on what constitutes a suitable SALDI substrate for mass spectromet-
ric application. A range of SALDI substrates prepared by anodization with an oxidizing electrolyte was
investigated. The laser desorption/ionization (LDI) performance was examined on a reflectron time-of-
flight (ToF) mass spectrometer. The physicochemical properties of the substrates were characterized
by a number of surface analysis techniques including scanning electron microscopy (SEM), atomic force
microscopy (AFM), secondary ion mass spectrometry (SIMS), X-ray photoelectron spectroscopy (XPS) and
water contact angle measurement. Examination of surface cleaning technologies and methods for surface
chemical modification were carried out. Correlation between the substrate physicochemical properties
and the LDI performance was determined. It was found that only the substrate, which had a thick nanos-
tructured layer, was effective for LDI-MS. SALDI substrate was found to have a high surface potential.
However, this unique property offered no advantage for the application of LDI-MS. Surface chemistry

is also an important factor in affecting the LDI performance. Plasma etching can effectively remove the
surface contamination but it also increases the thickness of the oxide layer. Fluorine and hydroxyl ter-
mination is advantageous. Fluorine passivation increases the surface hydrophobicity, which confines the
analyte solution droplet to a smaller area and also withdraws the electronic density from the surface, and
acidifies the surface Si–OH moieties, which is believed a major proton source. The effect of laser etching
was investigated by SIMS and XPS imaging and provided new insight of the SALDI ionization mechanism.
. Introduction

Matrix-assisted laser desorption/ionization (MALDI) has revo-
utionized biochemical mass spectrometry and is an indispensable
ool in proteomics and macromolecules mass analysis [1,2]. Despite
he success of MALDI, one major drawback of the technique is that
he mass spectra have a high chemical background due to the for-

ation of clusters of matrix ions or the degradation products of
he matrix. Generally, for organic matrices, the matrix interference
ccurs at the low mass region (m/z 700 and below) of the spectra.

ecause of this matrix interference, the applicability of the MALDI
ethod for small molecule analysis is very limited.
In advancing the MALDI technique, approaches that employ a

on-conventional matrix have emerged and these methods are
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referred to as surface-assisted laser desorption/ionization (SALDI)
[3–5]. The attraction of the SALDI approach is the absence of matrix
interference in the low mass region of the mass spectra and thus
SALDI permits rapid analysis of small molecules. The SALDI tech-
nique was originally developed by Sunner and Chen as early as 1995
[6]. A mixture of carbon powder and glycerol was initially the sub-
strate of choice. Since then a number of different materials that can
serve as SALDI matrices have been proposed [7–9]. A noticeable
example was a method termed desorption/ionization on silicon
mass spectrometry (DIOS-MS) and was first reported by Wei et al.
in 1999 [10]. The method uses pulsed laser desorption/ionization
(LDI) on porous silicon (PSi).

The conventional method for the PSi preparation involves
electrochemical etching of crystalline silicon using aqueous HF
electrolyte and the resulting material has a morphology composed

by a disordered web of pores entering into Si. Its structure is like a
sponge where quantum effects play a fundamental role. These fea-
tures, being a quantum system and a sponge are keys both to the
success and failure of PSi [11]. Some believe that the conventional
method in preparing the PSi material has limited the full poten-

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:k.law@warwick.ac.uk
dx.doi.org/10.1016/j.ijms.2009.12.003
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ial of the material for the application of SALDI-MS. An alternative
ethod is to use stain etching. This method involves an addition

f an oxidising agent into an aqueous HF electrolyte [12]. Nitric
cid is an oxidising agent commonly used. Other examples include
3PO4 [13], and CrO4 [14]. Stain etching simplifies the preparation
rocedures by either removing light illumination or electrical bias.
tain etching is also useful if one needs to produce a very thin PSi
lm. Recently, it was reported that the PSi substrates prepared by
tain etching using iodine-containing electrolyte were suitable for
he GC/SALDI-MS application [15,16]. Relatively, iodine is a very
eak oxidizer, and consequently the iodine in ethanol solution

eads to little direct chemical etching. It was suggested that this
reparation method leads to a long-term stabilization of both the
hotoluminescent properties and the surface states [17,18].

However, information related to the physicochemical proper-
ies of these SALDI substrates is still unavailable and the effect of
he laser modification remains unclear despite a theory having been
roposed. Most important of all, are these SALDI substrates suitable
or the conventional liquid deposition or dry droplet approach and
an they be used for the analysis of complex biological matrix?
n-line with the previous reports, these have been investigated
n this study. In addition, experiments on surface cleaning tech-
ologies and chemical derivatization to enhance the usability and
erformance of the SALDI substrates have also been carried out.

. Experimental

.1. Materials

Deionized water (18 M�) was generated by a USF Elga
Stoke-on-Trent, UK) Maxima water purification system. Gra-
ient grade acetonitrile, HPLC grade methanol, isopropanol,
ormic acid and trifluoroacetic acid were purchased from Fisher
Loughborough, UK). 2-(4-Aminophenyl)-6-methylbenzothiazole,
lprenolol hydrochloride, labetalol hydrochloride, procainamide
ydrochloride, ethylenediamine, nadolol, metoprolol tartrate, tim-
lol maleate, folinic acid, nalidixic acid and biochemical grade
itamin B12 were purchased from Sigma–Aldrich (Poole, UK).
tenolol was purchased from MP Biomedicals (Illkirch, France) and
uman angiotensin I was purchased from Calbiochem (Notting-
am, UK).

.2. SALDI substrates

The substrates for the investigation were prepared and sup-
lied by Vladimir Karavanskii, of A.M. Prokhorov General Physics

nstitute, Moscow, Russia. The samples were prepared by a
atented anodization technique on crystalline silicon using iodine-
ontaining electrolytes [19,20]. It was demonstrated in [15] that
his fabrication procedure produced substrates that are effective
or GC/SALDI mass spectrometry and have a long-term stability.

.3. Argon plasma etching

Plasma etching was carried out in a Bio-Rad (Hemel Hempstead,
K) RF Plasma Barrel Etcher PT7100 operated using auto reflected
ower mode. Samples were stored in isopropanol and dried on a
etri dish before placing into the etching chamber. Etching was
arried out using ∼3 Pa argon gas, forward power was ∼40 W and
eflected power ∼3 W. Samples were immersed immediately in
sopropanol after etching and stored until analysis.
.4. Fluorosilane self-assembly monolayer (SAM) modification

The sample was first cleaned using argon plasma etching. Imme-
iately after plasma treatment, the sample was placed inside a
Spectrometry 290 (2010) 47–59

custom built reaction vessel and was allowed to react with 2%
(w/v) of 1H,1H,2H,2H-perfluorodecyldimethylchlorosilane (Lan-
caster, Heysham, UK) in AR grade toluene (Fisher) at 90–110 ◦C for
an hour.

2.5. Surface imaging and topography analysis by scanning
electron microscopy (SEM) and atomic force microscopy (AFM)

SEM analysis was carried out in high vacuum mode using a JEOL
(Tokyo, Japan) JSM-6060LV SEM instrument. No gold coating was
required. AFM investigation was carried out on a MultiMode AFM
or Dimension 3100 Scanning Probe Microscope (SPM) (Veeco, Santa
Barbra, CA, USA) operated using a single laser beam under tapping-
mode with an etched silicon probe tip (TESP). Acquired images were
analysed using Image Metrology SPIP Version 4.

2.6. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

SIMS analysis was performed with a TOF-SIMS IV instrument
(ION-TOF GmbH, Münster, Germany). The instrument employed
a 15 keV 69Ga+ liquid metal ion gun (LMIG) with 10 kV post-
acceleration and a single-stage reflectron analyser. The AC primary
ion (PI) beam was pulsed at 10 kHz frequency using a current
between 1.06 and 1.17 pA for Ga+ LMIG, bombarding an area from
100 �m × 100 �m (for high mass resolution) to 500 �m × 500 �m
(for high sensitivity). Both positive and negative ion spectra were
acquired for each analysis area, with an ion dose of 5 × 1011 PI/cm2

per polarity. Optical images were also taken. SIMS ion mapping
was achieved by rastering an area of 500 �m × 500 �m under the
pulsed PI beam, using a raster of 512 × 512 pixels. Calibration of
the mass spectra in the positive detection mode was based on
the following peaks, CH2

+ (14.0157 amu), C2H2
+ (26.0157 amu),

C3H2
+ (38.0157 amu), and C4H3

+ (51.0235 amu); and in negative
detection mode on CH2

− (14.0157 amu), C2
− (24.0000 amu), C3

−

(36.0000 amu), and C4H− (49.0078 amu). Data acquisition and post-
processing analyses were performed using IonSpec Version 4.010
and IonImage Version 4.0.

2.7. X-ray photoelectron spectroscopy (XPS)

XPS was carried out on a Kratos AXIS Ultra (Kratos Analytical
Ltd., Manchester, UK) instrument, using a monochromatic beam
from an aluminium source run at 150 W. A take-off angle of 90◦

was used, and the samples were analysed with the charge neu-
traliser on. The survey and core-level spectra were collected using
a pass energy of 80 eV and 20 eV, respectively. The photoelectron
images were taken using the spherical mirror analyser from an
area of 800 �m × 800 �m with 256 × 256 pixels, the multi-spectral
datasets being acquired at 40 eV pass energy, with field of view
at 1, image aperture at 1 and stepping through the chosen energy
regions at 0.2 eV intervals. Datafiles were collected using the instru-
ment Vision 2 software and processed using CasaXPS version 2.3.1.2
with Kratos sensitivity factors. The spectra were corrected to posi-
tion the C–C within the C 1s core-level at a binding energy (BE) of
285.0 eV.

2.8. Water contact angle (WCA) measurement
WCA measurements were carried out using a KSV (Helsinki, Fin-
land) CAM 200 system equipped with manual liquid dispenser,
and a high-speed digital CCD fire-wire camera and LED based
stroboscope. Deionized water was used as the test liquid. The mea-
surements were carried out at room temperature.
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ig. 1. AFM images of eight representative SALDI substrates and are labeled as S1–S8
y AFM in root mean square was 23.2, 10.6, 10.0, 26.9, 9.41, 2.67, 3.60 and 4.57 nm,

.9. Laser mass spectrometry

Surface handling and analyte solution deposition were carried
ut in a laminar flow-hood to minimise atmospheric contamina-
ion. SALDI substrates were cleaved to suitable size and mounted
nto a modified steel plate using double-sided conductive tape.
nalyte solution was deposited onto the target surface using a
ipette. Analyte solution was prepared in 50% acetonitrile. Unless
tated otherwise, 1 �L of solution was added on each well and air-

ried.

Mass spectra were acquired using a Micromass (Manchester,
K) M@LDI-TOF mass spectrometer operating in reflectron mode.
ulse voltage was 3500 V. Delay time extraction was 500 ns. The
aser energy was set to a constant value. Spectra were acquired at
1, (B) S2, (C) S3, (D) S4, (E) S5, (F) S6, (G) S7 and (H) S8. Surface roughness measured
ctively.

5 Hz using a nitrogen laser (337 nm). Data acquisition and post-
processing analyses were performed using MassLynx Version 4.0.
All data was acquired in positive ion mode.

3. Results and discussion

3.1. Surface morphology analysis and the LDI performance

The surface morphology is believed to play a crucial role in the

LDI performance and hence the substrates were investigated by
AFM and SEM. Eight representative SALDI substrates are chosen
to present here and their AFM images are shown in Fig. 1. The
substrates were prepared by varing the etching current, etching
time and the concentration of iodine. A wide range of nanostruc-
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Fig. 2. (A) Positive ion SALDI mass spectrum of a mixture containing 8-hydroxyquinoline ([M+H]+ at m/z 146), 2-(4-aminophenyl)-6-methylbenzothiazole ([M]+ at m/z 240),
alprenolol ([M+H]+ at m/z 250), atenolol ([M+H]+ at m/z 267), metoprolol ([M+H]+ at m/z 268), nadolol ([M+H]+ at m/z 310), timolol ([M+H]+ at m/z 317), labetaol ([M+H]+ at
m/z 329) and vitamin B12 ([M+H]+ at m/z 1355). The spectrum was acquired using the substrate S1 and the substrate had been stored for 8 month in isopropanol and was
sonicated 10–15 s to remove surface contamination. Insert displays a magnified region between m/z 280–360. (B) Positive ion SALDI mass spectrum of a mixture containing
nalidixic acid ([M+H]+ at m/z 233), alprenolol ([M+H]+ at m/z 250), atenolol ([M+H]+ at m/z 267), metoprolol 392 ([M+H]+ at m/z 268), nadolol ([M+H]+ at m/z 310), timolol
([M+H]+ at m/z 317), labetalol ([M+H]+ at m/z 329), angiotensin I ([M+H]+ at m/z 1296.5), vitamin B12 ([M+H]+ at m/z 1355.5), folinic acid and erythromycin. Folinic acid and
erythromycin were not detected as protonated ion. The spectrum was acquired using the substrate S2. The mass spectrum presented was acquired with laser energy setting
40%. (C) The total signal intensity of the molecular ions and background ions of two-selected mass regions (m/z 50–100 and m/z 500–600) as a function of laser energy setting
of the instrument.
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Fig. 3. Positive ion SALDI mass spectra of the as-received and fluoro-silanised SALDI substrates, S3–S8. Spectra were acquired using the mixture as in Fig. 2B. The mass spectra
were acquired with laser energy setting 10%.



52 K.P. Law / International Journal of Mass Spectrometry 290 (2010) 47–59

cterial

t
c
e
s
a

A
t
a
s
t
i
b
t
s
l
e
M
t
s
f
i
t
s

p
n
r
r
1
t
t
1
d
p
m
t
i
t

f

Fig. 4. A representative positive ion SALDI mass spectrum of a ba

ured surface morphology could be obtained. The substrates were
lassified as two major types here: (1) those that have a thick rough-
ned or porous layer (substrates S1–S4) and (2) those are relatively
mooth, of which the surface roughness measured by AFM has only
few nm (substrates S5–S8).

Substrate S1 exhibited a non-conventional surface morphology.
dditional optical and SEM images are presented in the supplemen-

ary material (Fig. S-1A and B) to illustrate the surface morphology
t different magnification. The substrate was prepared by a two-
tep etching procedure. The substrate had dents of curvature and
his appeared formed because of bubble formation during etch-
ng. The nanostructures observed in the AFM image were produced
y the second etching. Although this substrate was ineffective for
he GC/SALDI-MS approach, it gave a good quality SALDI mass
pectrum using the liquid deposition approach, for both small and
arger molecules (Fig. 2A). The spectrum was acquired with a laser
nergy setting within the normal range for the conventional matrix
ALDI technique and had a good signal-to-noise ratio. Given that

he substrate was non-porous, this implies that pores are not a
trict requirement for the SALDI-MS but the high density of sur-
ace nanostructures is. Furthermore, the stability of this substrate
s demonstrated. The mass spectrum was acquired 8 months after
he substrate was prepared and it had only been stored in solvent
ince.

On the other hand, substrates S2 and S3 (Fig. 1B and C) were
orous and the substrates had a thick porous layer. The thick-
ess of the porous layer measured by AFM was 100 and 150 nm,
espectively. The surface roughness measured was about 10 nm in
oot mean square. Pore opening as shown by SEM in Fig. S-1C was
0–20 nm in diameter and the porosity was relatively low. These
wo substrates were prepared by the same etching parameters but
he silicon substrates differed in their crystal orientation (1 0 0 and
1 1, respectively). These led to a different etching rate and a subtle
ifference in their surface morphology. These two substrates also
roduced good quality mass spectra and had a similar LDI perfor-
ance. This suggests that although the crystal orientation affects
he rate of chemical etching, this is not an important factor in affect-
ng the SALDI activity. A similar observation was also reported with
he DIOS substrate [21,22].

The variation of the ion counts of the protonated ions as a
unction of the laser energy setting is plotted in Fig. 2C. A max-
extract. The spectrum was acquired using modified substrate S3.

imium was observed at the laser energy of 15% and then the
ion intensity dropped and then rose again. At 40%, the ion count
exceeded that obtained at 15%. Possibly, there would be another
maximum before the laser threshold of surface destruction [23].
This pattern was thought to be related to two closely related but
independent energy transfer processes of the SALDI mechanism.
At the lower laser energy, the electronic process is the dominant
process. As the laser energy is increased higher than 15%, the
laser radiation ablates part of the silicon nanoclasters from the
surface and changes the surface chemistry. This process disrupts
the electronic process and thus the total ion intensity (including
contaminant ions) decreases. As the laser energy is increased fur-
ther, the thermal reaction becomes more important. The surface
nanocrystals undergo melting and recrystallization. This process
changes the surface nanostructures and induces surface reconfigu-
ration, which leads to increase in the total ion intensity. Ultimately
the intense heat induced by the laser radiation would lead to
surface destruction. Evidence that in part supports the surface
reconfiguation under the influence of laser radiation is presented
with the results of SIMS and XPS imaging and will be further
elaborated using commerial DIOSTM substarte in the next arti-
cle.

The variation of the sum of the background ion intensity of
two-selected mass regions (m/z 50–100 and m/z 500–600) as a
function of the laser energy setting is also plotted in Fig. 2C. The
mass region m/z 50–100 of the SALDI spectra contained contami-
nant ions, which were originated from the manufacturing process,
atmospheric species absorbed and/or sample solvent used. The
mass region m/z 500–600 of the spectra is also selected because
this region was free from any contaminant ion and molecular
and fragment ion from the analyte despotised on the surface.
This region therefore shows the variation of chemical and ran-
dom noise (scattered ions). The variation of the sum of background
ion intensity in the region m/z 50–100 was strikingly similar
to the variation of the sum of molecular ion intensity of the
analyte, and hence the LDI of the contaminants had no differ-

ence from the LDI of the analyte added. However, the variation
of the chemical background of the mass spectra was relatively
insensitive to the variation of the laser energy and in the region
m/z 500–600, the background level remained approximately a
constant throghout the energy range of investigation. High back-
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Table 1
Atomic concentration and surface carbonaceous species concentration of a representative SALDI substrate before and after argon plasma etching for 100 s.

SALDI sample Atomic concentration (at%) on the surface on the SALDI
surface determined by XPS survey spectra measurements

High-resolution XPS C
1s component fits (%C)
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O 1s C 1s Si 2s

As-received surface 31.4 23.4 44.3
Plasma treated surface 54.8 6.0 38.4

round was only observed when the laser energy had exceeded the
nergy threshold of surface destruction. This highlights a unique
roperty of using PSi as a SALDI platfom. This will be further

llustrated using the commerial DIOSTM substarte in the next arti-
le.

.2. Post-etching cleaning and modification

Unfortunately, most of the SALDI substrates received suffered
urface contamination complication severely and produced strong
ackground interferences in the mass spectra that completely
bscured the analyte ion in the low mass region and suppressed
he ionization of larger molecules. Although it was suggested that
he SALDI substrates could be stored in air for up to a year without
ny significant decrease in ionization efficiency, without a proper
re-etching precaution and post-etching protection during stor-
ge and transport, such a difficulty prohibited their efficient use
or mass spectrometry application. This complication had been
eported in other matrix-free LDI substrate developments [24–26]
nd hence a post-etching cleaning and modification procedure
as devised. This post-etching cleaning and modification involved

rgon ion plasma etching and chemical derivatization by fluorosi-
ane. Plasma etching had the advantage of avoiding the use of
azardous chemical and the fluorine passivation led to enhance-
ent in LDI performance. As shown in Fig. S-2, some success

n removing the background interferences and improvement in
ass resolution was achieved with solvent washing and plasma

tching. The reason for higher mass resolution has been given in
27]. The results of further chemical derivatization are given in
ig. 3.

After the modification, all substrates showed some degrees of
mprovement. The porous substrate S3 that already gave a good
DI performance, received further enhancement as a result of the
ost-etching modification. Enhancement in ion yield, reduction of
hreshold laser energy and elimination of background interference
as obtained. On the other hand, the substrate S4, as shown in

ig. 1D and Fig. S-1D, had a thick fragile spongy porous structure,
he enhancement was relatively minor. It appears that the surface
anostructure did not have the mechanical strength to withstand
he vigorous procedure and had the nanostructure destroyed.
lthough the weak mechanical strength of the surface nanostruc-

ure was less than ideal, the substrate still gave reasonable quality
ass spectra. This was in contrast to the substrate S5–S8, which

nly had a very thin roughened layer of 10–50 nm thick and gave
ow quality mass spectra. The spectra suffered strongly from the
ackground interferences at the lower mass region and poor per-
ormance at the higher mass region prior to the modification. The
argest improvement was obtained on substrate S7 after the mod-
fication. The larger molecules became detectable and the level of
nterference became significantly lower. Overall, no strong correla-
ion between the surface roughness and the LDI performance was
ound.
It was also further demonstrated that the derivatized sub-
trates could be used for the analysis of complex biological matrix.

SALDI mass spectrum of a bacterial extract derivatized with
sobutyl-chloroformate is shown in Fig. 4 using a modified substrate
3.
F 1s I 3d Traces CO CH

0.9 >0.1 8.2 15.2
0.2 ≥0.001 Na, Sn 2.4 3.6

3.3. Investigation of the surface chemistry and the effect of
plasma etching by ToF-SIMS

The SIMS spectra generally showed a high level of hydrocarbon
clusters and various silicon hydride and oxide signals. The results
are presented along with the effort to clean these substrates by
argon plasma etching.

The surface of the SALDI substrates contained a wide range of
molecular species. Figs. S-3 and S-4 show the positive and negative
ion SIMS spectra of a typical SALDI surface before and after 100 s of
argon plasma treatment, respectively. Identical primary ion dose
was used to acquire the SIMS spectra. Si+ (m/z, 28) and O− (m/z, 16)
dominate the positive and the negative SIMS spectra, respectively
and their intensities increase after the plasma etching. The posi-
tive ion spectra also show that the intensity of SiH+ (m/z, 29) was
reduced, and yet the intensity of SiHO+ (m/z, 45) was increased after
the plasma treatment. These suggest that the plasma etching pro-
cedure has increased the surface concentration or thickness of the
oxide layer. On the other hand, the intensity of Na+ (m/z, 22.99) was
higher after the plasma etching. The ion intensities of hydrocarbon
species, e.g., CH3

+ (m/z, 15) and C2H3
+ (m/z, 27) were diminished.

In addition, a high intensity of I− ion (m/z, 127) was observed in
the negative spectra but the Si–I− ion was absent. Initially, it was
thought the absence of Si–I− ion was due to the ion instability. Sub-
sequent investigation revealed the I− ion detected was in the form
of iodide salt.

To evaluate the change in surface chemistry due to argon plasma
etching, the raw data was converted to Figs. S-5 and S-6, which illus-
trate the relative change of ion intensities in the SIMS spectra before
and after argon plasma etching, in the positive and negative ion
spectra, respectively. Most of the organic species detected showed
a negative change in their relative intensity and the removal of
organic species was achievable by argon plasma etching. The nega-
tive ion spectra also showed that the hydrocarbon and halide ions,
such as F−, Cl− and I− were removed after the plasma treatment.
Furthermore, the surface was oxidized as the secondary ions of
various oxides had a relatively higher intensity.

3.4. Investigation of the surface chemistry and the effect of
plasma etching by XPS

Figs. S-7 and S-8 show the XPS spectra of a typical SALDI surface
before and after 100 s plasma etching, respectively. The prominent
peaks were due to silicon, carbon, and oxygen. Small amount of
fluorine and iodine were also detected. Table 1 summarizes the
quantification of the elemental and carbonaceous species.

After argon plasma etching, the levels of carbon, fluorine, and
iodine were significantly reduced. However, the level of oxy-
gen was elevated. Sodium and tin on the SALDI surface became
detectable after plasma etching. The core-level O 1s deconvolu-
tion suggested that both oxides and hydroxides were increased
due to plasma etching, but higher proportion of hydroxides than

oxides in this case (Figs. S-7B and S-8B). The core-level C 1s decon-
volution showed that only the peaks of CH and CO and these
carbonaceous species were effectively removed by plasma etch-
ing (Figs. S-7C and S-8C). Concurring with the results of SIMS,
the carbonaceous species on the surface were effectively removed
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y plasma etching. Significant changes in the Si 2p spectra were
bserved on the SALDI surface due to plasma etching. The spectrum
hape changes from largely metallic to oxides (Figs. S-7D and S-8D).
he high-resolution Si 2p spectra was deconvoluted into three sets
f peaks corresponding to elemental silicon, silicon dioxide and
ub-oxides. Each pair of peaks corresponds to the lower and the
igher spin of a chemical state. The literature value of Si 2p spin
rbit splitting is 0.617 eV [28].

The oxide thickness, doxide, can be calculated from [29]

oxide = LSiO2
cos � ln

(
1 + Rexp

R0

)

here LSiO2
is the attenuation length for the Si 2p photoelectrons

n SiO2, and � is the angle of emission of the detected electrons
rom the surface normal. Rexp is the measured Si 2p intensity ratio
SiO2

/ISi from the sample, and R0 is the same ratio for signals from
nfinite solids with flat surfaces measured under identical condi-
ions. Take the value R0 = 0.83 and LSiO2

= 2.36 nm. The calculated
oxide(as-received) = 1.0 nm and doxide(plasma etched) = 2.8 nm.

.5. Water contact angle (WCA) measurements

The WCA measurement gives information about the wettabil-
ty of the surface, which directly influences the sample droplet
ggregation and distribution and hence WCA measurement was
arried out and the substrate S3 was used. The unmodified sub-
trate was hydrophilic and had a WCA 25.1 ± 0.8◦. The substrate
ecame hydrophobic after fluorosilane derivatization and had a
CA 92.3 ± 2.0◦. On the other hand, the removal of surface contam-

nation and oxidation induced by argon plasma etching resulting
n the surface became highly hydrophilic and had a WCA less than
0◦. A smooth fluorosilanized Si/SiO2 modified surface has been
eported to having a WCA ∼109◦ [30], and noticeably, the deriva-
ized SALDI substrate exhibited a negative derivation from 109◦.

Contact angle can also be considered in terms of the thermody-
amics of the materials involved and provides information related
o the interfacial free energies, which is in turned influenced by the
urface morphology and chemistry. The classical works of Wenzel
31] and Cassie and Baxter [32] have established the relationship
etween the roughness and surface energy to the water wettabil-

ty of rough or porous surface. Cassie and Baxter’s model differs
rom Wenzel’s in that a porous hydrophobic surface traps air in the
ollows of the pores.

It was noted that in the surface morphology analysis, the addi-
ion of iodine greatly influences the process of PSi formation. The
ize of the surface nanostructures became smaller than those pre-
ared by the standard anodization method did. The porosity of
he substrates was also relatively low. The non-porous approach
nd the proposed reduction to the characteristic size of the surface
rregularity for the SALDI substrates [7,23] actually shifts the sys-
em further away from Cassie/Baxter’s system to an ideal Wenzel’s
ystem.

It is proposed that because of the surface morphology of the
ALDI substrates, during the contact with a droplet of water, the
urface exhibits a contact angle lower than 109◦. By using the Wen-
el’s law, and taking �c = 93◦, �1 = 109◦, for the SALDI system, the
alculated value of r = 0.16. This indicates that the increased surface
rea (in contact with water) was ∼16%.

The enhanced surface area introduced by the surface rough-
ess in the SALDI substrates makes the surface acquire an excess

ree surface energy and therefore the surface has strong interac-

ions or adhesion to the adsorbate. The non-porous roughened

orphology therefore increases gaseous adsorption and diffusion
fficiency, which leads to an increase in ion current in the GC/SALDI-
S approach. Accordingly, the enhanced adsorption and diffusion

s apparently required for the GC/SALDI-MS, in which the rate
Spectrometry 290 (2010) 47–59

of gaseous adsorption of analyte is a significant determining fac-
tor. However, the opposite is required for the liquid deposition
approach. A high WCA leads to the confinement of the analyte
solution droplet into a smaller area during sample deposition and
hence leads to a high LDI performance. This also prevents cross
contamination due to sample droplet spreading. Lowering the sur-
face free potential also reduces the rate of atmospheric species
adsorption.

3.6. Investigation of the laser modification of the SALDI substrate
by XPS and SIMS imaging

The GC/SALDI-MS approach requires a surface to be further
“subjecting. . . to optical radiation in water [vapor] environment
at intensity lower than destruction threshold of [the] surface” [19].
This process occurs inside the ion source, in the presence of residual
water vapor and ablates materials that have already been adsorbed
onto the surface and is referred to as surface activation [15]. The
advance techniques of SIMS and XPS imaging were used to investi-
gate the effects of laser etching or ablation of the SALDI substrates
under this condition and reveal the full picture.

A laser-modified surface was first examined by SIMS ion map-
ping, in which a wide variety of molecular species was accessed
with an improved lateral resolution relative to the XPS imaging
technique. However, SIMS is surface specific and only the topmost
layer was detected. Ion images were generated by a finely focused
primary ion beam produced by Ga+ liquid metal ion gun swept the
sample in a raster pattern of an area 500 �m × 500 �m and soft-
ware saved secondary ion intensities as a function of beam position.
Resolution was 512 × 512 pixels. Fig. 5A shows an optical image of
the surface used for imaging. Three areas, corresponding to laser-
modified region, non-modified region and a particle (appeared as a
purple dot) are highlighted. After laser etching, a visual alternation
can be seen and the laser-modified region appeared more reflective
than the non-modified region.

The positive and negative ion SIMS images are shown in Fig. 5B
and C, respectively. The images of H+, CH2

+, CH3
+, O− and OH− ionic

species were intense and were relatively uniform on the images.
This suggests that these species might have been adsorbed subse-
quently onto the surface after the GC/SALDI experiment. On the
other hand, ionic species of silicon oxides (SiO+, SiO2

−, SiO3
−)

and hydroxides (SiHO+, SiHO2
−, SiHO3

−) were observed on the
laser-modified region with higher intensities relative to the non-
modified region. The ion intensity of the silicon hydride ions (SiH2

+,
SiH3

+, SiH−, SiH2
−) were lower on the laser-modified region rela-

tive to the non-modified region. Similarly, Si+ ion was intense and
showed a higher intensity on the laser-modified region and yet
the intensity of Si− was lower on the same area. This observation
pointed to the matrix effects caused by silicon oxides [33], and pos-
sibly involving other highly electronegative ions (F−, Cl−, I−, O2

−),
and favor the formation of Si+. Overall, the surface was oxidized
during the GC/SALDI process and the observation was in coherence
with that reported previously.

However, the ion intensity of SiH+ was also higher on the mod-
ified region. Even if matrix effects had a role in enhancing the
intensity of Si+ on the modified region, this still could not explain
the observed pattern of SiH+. A possible explanation is that laser
induced a further reaction with remaining etchant on the surface.
This was supported by SiF+, F− and I− images. In fact, halides ion
such as fluorides, chloride and iodide (F−, Cl−, I−) were higher on
the laser-modified area relative to the non-modified area. The same

was true for Na+ and K+. Indeed, the significant difference of F− and
I− ion between the laser-modified and non-modified regions was
noteworthy and did not support the view that Si–I was substituted
by another functional group proposed previously but the halides
became surface passivated, possibly in the form of Si–F and Si–I.
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Fig. 5. (A) An optical image of a SALDI substrate after GC/SALDI-MS investigation. The square indicates the area used for SIMS imaging. (B and C) Positive and negative
ToF-SIMS ion maps of a laser-modified SALDI surface. Logarithmic scaling and Poisson correction was used to scale the contrast of the images.
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ig. 6. (A) A SEM image of a SALDI substrate after GC/SALDI-MS investigation. An ov
hat has been laser-modified.

On the other hand, the particle observed might be an organic
alt, as species such as Na+, Fe+, CN−, and I− were relatively strong
n this region.

A laser-modified substrate was further investigated by SEM
Fig. 6A). A ring was observed on the image. This ring was due to
circular movement of laser beam diverted by a rotating mirror

uring the GC/SALDI-MS investigation [15]. This region had thus

een laser-modified under the GC/SALDI-MS condition and the sur-
ounding area had not been modified by laser. The laser-modified
ing appeared darker relative to its surrounding area. Furthermore,
ecause it was the laser spot in rotation instead of the target stage
ransition, the laser incidence angle and spot size varied. Conse-
ped burn mark is shown on the image. (B) XPS images of the same SALDI substrate

quently, the thickness of the ring circumference varied and so
would have the localized laser intensity and temperature during
the GC/SALDI experiment.

The surface was studied by XPS chemical imaging analysis.
Multi-spectral datasets were acquired at 0.2 eV intervals. Images
were taken from an area of case 800 �m × 800 �m. Resolution
was 256 × 256 pixels. The multi-spectral image data was then

processed with SVD sorting and PCA. The final images were recon-
structed from the first two principle components. Four images
corresponding to silicon dioxide [Si 2p oxide], silicon element
[Si 2p metal], carbon [C 1s] and oxygen [O 1s] are displayed
(Fig. 6B).
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Table 2
XPS imaging result summary.

Signal from in the modified region Relative change in signal intensity
from the non-modified region

Relative change in concentration
from the non-modified region

Comment

Si/SiH Increase Increase A combination of reduction of the oxide
thickness and contamination over layer, and
reaction with remaining etchant and/or H2O,
increase in density due to surface
melting/reconfiguration. Consistent with the
SIMS images of SiH+, SiF+, SiH3S−

SiOxHy Increase Increase Further supported by O 1s and Si 2p XPS
spectra shifts or broadens to the higher BE.
Supported by the SIMS images of SiHO+,
SiHO2

− , SiHO3
−

SiOx Decrease Total oxide thickness decrease The total oxide layer thickness was reduced.
However, the topmost surface oxide
concentration increased and is supported by
the SIMS images of SiO+, SiO2

− , SiO3
− , and also

Si+, Na+, K+ (matrix effect)

C Increase Increase in covalent linked species Contributed differently from different
molecular species as indicated by XPS C 1s
spectrum shifted to the higher BE (Fig. S-11).
This is supported by the SIMS images of the
increase of SiCH2

+, SiCH3
+, and decrease of

C2H3
+, C3H7

+, C− , CH− , and CH2
− on the
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The XPS images of Si 2p oxide and C 1s showed a very similar
attern and a higher intensity was observed on the right side of the

mage (laser-modified region) than the left side of the image (non-
odified region). This suggests that silicon dioxide and carbide

omplexes could be by-products created during the SALDI process.
his was in coherence with the SIMS ion mapping of the corre-
ponding ions. The XPS images of Si 2p element and O 1s showed
higher Si element but lower oxygen signal on the laser-modified
rea relative to non-modified region. The pattern of O 1s signal was
lso a mirror image to that of Si 2p oxide and C 1s. Given the con-
raction of the O 1s and Si 2p image, XPS spectra were therefore
econstructed from the imaging data.

Si 2p core-level spectra were reconstructed by summing the
ulti-spectral datasets of the selected pixels of the Si 2p image,

sing the relative intensity of Si (element), which was correspond-
ng to the laser-modified and non-modified regions of the surface
Fig. S-9). The spectra were deconvoluted to elemental Si and silicon
xides. The change in elemental Si and oxides intensity between
he laser-modified and non-modified regions indicated a thinning
f the oxide/hydroxide layer. O 1s core-level spectra were also
econstructed and were deconvoluted to SiO2 and SiOH compo-
ents (Fig. S-10). The reconstructed O 1s spectra showed that the

aser-irradiated region had a higher proportion of SiOH but lower
roportion of SiO2. It is also important to note that the surface
oughness also influences the path of the photoelectrons [34]. For
hat reason, apart from thinning of oxide thickness, a microscopic
earrangement of surface morphology due to laser ablation or sur-
ace melting must have occurred. The result of the XPS imaging as
ompared to the SIMS ion mapping is summarized in Table 2.

The significance of the SIMS and XPS imaging is that the result
n part supports the proposition that the surface Si–OH moieties
re a major proton source for the SALDI process. The proton
xchange between the Si–OH moieties and the analyte resulted

n SiOx formation as proposed previously [15,23]. However, the
roposed hydroxylation reaction that occurred may well be ini-
iated by exciton and/or was thermal accelerated. There was no
vidence to support the substitution of Si–I functional group by
ydroxyl groups. Fluorine passivation to the SALDI substrates pos-
modified region. Adsorbed organic species
were partly washed off by solvent washing and
consequently a high contrast in the image was
displayed

sibly occurred during the laser etching stage and no evidence
obtained supporting this was produced during the chemical etch-
ing procedure. Consequently, the formation of dangling bonds due
to the iodine dissociation and subsequently reaction with adsorbed
water as proposed previously cannot be considered a viable process
and the involvement of Si–I, or its dissociation is not required [23].
However, the thickness of the oxide layer becomes significantly
reduced as a result of the intense heated induced by the laser radi-
ation and could be just a few atomic layers thick during the laser
etching process. The fluorine passivation might have another role
such as acidifying the surface Si–OH moieties for efficient proton
exchange. The situation is comparable to the fluorosilane derivati-
zation where fluorine withdraws electron density from the surface
Si–OH moieties and enhances the proton exchange efficiency and
monolayer self-assembly during derivatization. Recrystallization of
the melted silicon crystalline resulted in the final form of the surface
detected by the SIMS and XPS imaging technique.

4. Conclusions

The latest development of SALDI substrate has taken the route to
support the development of the novel gas-phase introduction inter-
face of GC/SALDI mass spectrometer. Typical substrates received
were non-porous or relatively smooth and had a surface roughness
of a few nm. However, only the substrates that had a thick and dense
nanostructure layer are effective for mass spectrometry applica-
tion. From the observations as a whole, the LDI performance of
substrates does not strongly depend on surface roughness, but per-
haps more on the thickness, dimension and density of the surface
nanostructures.

The use of a mild oxidizing etching electrolyte (the iodine-
containing HF solution) in the preparation of the SALDI substrate
generated an ultra-thin oxide layer on the silicon surface and the

surface was therefore hydrophilic. It should note that the GC/SALDI-
MS approach relies on enrichment of the analyte continuously
adsorbed onto the surface to achieve high sensitivity. The surface is
needed to be effective for adsorption and diffusion. Other reasons
include contamination control because a porous surface is difficult
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o clean. These issues have been paramount in the GC/SALDI-MS
evelopment and have over-shadowed the factors actually valid
or enhancing LDI activity. However, the SALDI substrate opti-

ized for GC/SALDI is actually counter productive for SALDI-MS
sing the conventional liquid deposition approach. It is because
he physicochemical properties of the substrate lead to the rapid
dsorption of atmospheric contamination, which leads to lowering
f the mass resolution, production of background interference in
he mass spectra and suppression of analyte desorption or ioniza-
ion. Consequently, the SALDI substrates in their current form are
onsidered not ideal for the purpose for biological mass spectom-
try.

Argon plasma etching approach was adopted to tackle the sur-
ace contamination of the SALDI substrates and aimed to improve
ts usability. Although argon plasma etching led to a clear silanol
urface, the thickness of oxide layer was increased, making the
urface more reflective to laser radiation and degrading the LDI
erformance. Therefore, the cleaned surfaces were further deriva-
ized with fluorosilane. An ability to generate Si–OH intermediate
ssential for the self-assembly monolayer reaction and to clean
he surface simultaneously is an advantage of this approach. The

odified substrate showed some promise for biological mass spec-
rometry.

Although it is a reasonable deduction that a sub-surface state
f silicon induced by laser etching is an essential part of the SALDI
echanism, there is still missing evidence to support this propo-

ition. The investigation of laser modification by SIMS and XPS
maging has revealed the aspects of chemical change that had been
reviously omitted or misconceived and provides further insight of
he SALDI ionization mechanism.

However, whether the surface is porous or not, highly rough-
ned or not, chemically etched or not, some forms of ion could be
roduced. This indicates that the presence of pores or roughness
n the surface is not an absolute requirement for LDI, but rather
n enhancement or cofactor that assists ion formation. The same
rinciple should therefore apply so as to whether the surface is
tched by standard galvanostatic etching or anodization with addi-
ion of iodine etching additive, SALDI using gas-phase adsorption
pproach or liquid-disposition approach. The minimal requirement
ere is nanostructures on semiconductor substrate. It is known
hat when a particle has a size approaching or less than 100 nm,
t often exhibits quantum properties which would otherwise not
e observable on micron-size or larger particles. Since PSi is gener-
lly described as an assembly of nanocrystallites [35], it is possible
hat the nano-sized surface structures are directly implicated in
he optical coupling or energy deposition required for the SALDI
ctivity [36,37].
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