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Abstract

The organic—inorganic interface and its proper structural adjustment are of central importance for the fabrication of hybrid material systems
from biomolecules and semiconductors. Such material hybrids are currently under development for several advanced applications, in particu-
lar for biomolecular sensing. An investigation of biomolecular immobilization on semiconductor surfaces by X-ray reflectometry (XRR) will
be presented. Complete biomembrane patches of purple membrane (PM) from Halobacterium salinarum were immobilized on oxidized and
nitrided silicon wafers. A covalent immobilization protocol based on 3-aminopropyltriethoxysilane (APTS) and glutaric dialdehyde (GD) was
applied for cross-linking the biomolecules to the semiconductor surface. XRR could be shown to yield the relevant morphological parameters
of biomolecular monolayers such as layer thickness, interface roughness and coverage. Synchrotron radiation was not required, but a labora-
tory rotating anode set-up was sufficient to study the prepared stacking of organic monolayers. According to the measurement and analysis
of XRR patterns both cross-linking layers APTS and GD are required for bonding purple membrane patches to SiO,/Si, whereas GD alone
suffices for cross-linking to SizN4/Si. This distinct behavior offers a pathway for nanopatterning of biomolecules on Si surfaces by selective

passivation.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The continuous shrinking of minimum feature dimensions in
microelectronics into the sub 100 nm range has taken semicon-
ductor devices to ever closer approach the spatial dimensions
of biomolecular materials and their complex 3D assemblies like
proteins, fibrils, carbohydrates, biomembranes and other bio-
logical nanocomposites. The biomolecule-semiconductor inter-
face and its proper structural adjustment is a central issue
for hybrid material systems that are currently under develop-
ment for several applications like biomolecular sensing [1-3],
optoelectronics [4] and molecular computing [5]. The develop-
ment of complex hybrid multilayers requires the availability of
laboratory-based techniques for the determination of the struc-
ture and morphology of all layers involved. In this work an
investigation will be presented of biomolecular immobiliza-
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tion on standard semiconductor surfaces by X-ray reflectometry
(XRR) with a laboratory diffractometer.

The XRR technique has been introduced for the investigation
of single thin inorganic films on smooth substrates [6] and was
later applied to the detection of surface chemical reactions and
the analysis of multilayers [7]. The technique essentially probes
the electron density p. and thickness ¢ of surface layers, but is
also sensitive to surface and interface roughness o that may be
included — in its simplest form — by a Debye—Waller factor like
effective damping term [7,8]. The number of XRR investiga-
tions of thin inorganic layers has exploded in the last decade
due to the increasing availability of (i) parallel beam optics for
conventional powder diffractometers [9] and (ii) synchrotron
radiation with XRR-dedicated beam lines. The high intensity
available with synchrotron radiation also enabled the investiga-
tion of organic and biological layers, the XRR analysis of which
is generally impeded by their low electronic density. Recent
XRR studies with synchrotron radiation were concerned with
the so-called unbinding transition of phospholipid membranes
[10], processes of induced crystallization [11,12] or prevention
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Table 1

Assumed XRR simulation parameters for the materials considered in this work; critical angles 6. are specified for usage of Cu Ka radiation

Material Stoichiometry Mass density (g cm™3) Electron density, pe (nm™3) Critical angle, 6. (°)
Silicon Si 2.33 699 0.223
Silicon dioxide SiOy 2.20 662 0.217
Silicon nitride SizNy 3.20 961 0.261
3-Aminopropyltriethoxysilane CoH23NO3Si 0.949 315 0.149
Glutaric dialdehyde CsHgO» 1.06 345 0.149
Purple membrane ~C74H140 N14071PNa 1.35 441 0.176

of protein unfolding by cross-linking at the gas—water interface
[13], polymer surface gratings [14], the structural order of
organic-on-inorganic semiconductors [15] and the increase of
organic layer stability by capping with aluminum oxide [16]
to mention only a few examples. Further details of the XRR
technique are outlined, for instance, in Refs. [17] or [9].

In this work, layers of SiO, and Si3N4 on Si wafers were
selected as the relevant substrate materials, since both surfaces
represent fundamental terminations in CMOS (complementary
metal-oxide semiconductor) technology. A widely used immobi-
lization procedure was applied that makes use of a cross-linking
protocol based on 3-aminopropyltriethoxysilane (APTS) and
glutaric dialdehyde (GD) [2,18,19]. The working principle of
this two-step cross-linking procedure is to convert the initial
Si—OH terminated surface to amino groups—NH, and subse-
quently aldehyde groups—CHO, the latter of which bind to the
protein. Complete patches of so-called purple membrane (PM)
from Halobacterium salinarum comprising the bacterial proton-
pump bacteriorhodopsin as integral membrane protein, were
selected as biomolecules to be immobilized on oxide covered
and nitride covered Si wafers. Purple membrane patches have a
thickness of about 5.6 nm and an average lateral dimension of
some 100 nm.

2. Experimental

B-doped CZ-Si wafers of (00 1) orientation, 200 mm diam-
eter and 575 pm thickness with 20-60 €2 cm were used as sub-
strates. Cover layers of SiO, and Si3Ny with an intentional
thickness of 5 nm were prepared by thermal oxidation at 800 °C
and chemical vapor deposition at 690 °C, respectively. Pieces
of 40 mm x 40 mm were cut from the wafers after discharg-
ing from the IHP clean room. Immobilization experiments were
performed by consecutively exposing the oxide or nitride cov-
ered Si plates to solutions of APTS, GD and purple membrane
patches (PM). APTS and GD were purchased from Sigma and
diluted to 6.6 vol.% in CI3CH and 0.4 mM in H, O, respectively.
Ultrapure water from Millipore was used for all washing and
dilution procedures (MilliQ PF-plus, >18.2 M2). Purple mem-
brane patches were harvested from the ET1001 strain (wild type,
formerly S9) and diluted to contain 0.75 wM bacteriorhodopsin.
Reaction times were set to 2, 10 and 60 min for solutions of
APTS, GD and PM, respectively, while the samples were rinsed
in water, or Cl3CH in case of APTS, after each reaction. After
the preparation was finished the hybrid samples were kept in
a high-humidity atmosphere in order to avoid dehydration of

purple membrane patches, which are known to structurally dete-
riorate at low humidity. The XRR properties of materials used
are given in Table 1.

Measurements of X-ray reflectivity were performed with
a rotating anode diffractometer set-up (Rigaku RU 300) and
applying Cu Ka radiation. The generator was operated under
20kV/10 mA or 50 kV/150 mA during the measurement accord-
ing to whether the scattering angle range was scanned up to 2°
or between 1.5° and 10°. This procedure avoided damage to
the detector due to the high reflectivity in the vicinity of the
critical angle. The scattered X-ray beam was monochromatized
before entering the detector by a graphite monochromator of
(0002) orientation. Albeit the diffractometer operates in the
widely used para-focussing mode, a quasi-parallel beam setting
was achieved by choosing the smallest divergence slit avail-
able of only 0.05°. This in-scattering-plane divergence translates
into a beam height of 0.16 mm at the sample center position
(Rgigf = 185 mm). During the XRR measurement the sample was
exposed to a saturated humidity atmosphere that was contained
in the sample housing by closing the windows with an X-ray
transparent plastic foil (4 wm Trespaphan). Reflectivity scans
between 0.1° and 10° were collected with a step size of 0.01°
and an integration time of 2s for low and medium scatter-
ing angle range. The analysis of XRR pattern was performed
by virtue of the reflectivity simulation and regression program
RCRefSim [20].

3. Results and discussion

Fig. 1 shows the measured XRR patterns of the SiO,/Si
sample (bottom) and the same sample subjected to the immo-
bilization protocol (top), i.e. having purple membrane patches
intentionally attached to the SiO; surface via cross-linking with
APTS and GD. Dots represent measured data points, while solid
lines indicate simulations according to layer architecture models
as outlined below.

The pattern from the oxide covered wafer, Fig. 1 (bottom)
is realized to span an intensity range of about seven orders of
magnitude. Although a thickness of the oxide of only 5 nm was
intended a reliable fit to the data could only be obtained by mod-
eling the SiO; layer with a thickness of 5.5 nm and an effective
(root-mean-square, rms) roughness of 0.34 nm. The relative den-
sity exceeded the theoretical value of 2.33 g/cm? by 6%. Errors
are given for the last digits by numbers in parentheses. The reli-
ability value S7 of the numerical regression decreased further
by introducing a surface layer of low electron density and only
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Fig. 1. Measured (gray dots) and simulated XRR pattern (black lines) of SiO»/Si
(bottom) and PM/GD/APTS/Si0,/Si (top).

0.5 nm thickness on top of the SiO;, which could either indicate
a water layer or a silicon-hydroxide surface monolayer upon the
oxide film. A rather small S value of 2.6% was finally achieved.

The XRR pattern of the oxide sample with intentionally
immobilized PM patches, given in Fig. 1 (top), exhibits a distinc-
tively different course of intensity than the pure oxide sample
although no well-pronounced Kiessig fringes are observed. The
analysis of the pattern was performed by subjecting all possible
layer architectures that might have been formed to a numerical
regression. If Si0,, APTS, GD and PM are further abbreviated
by characters O, A, G and P, the seven layer systems O, AO,
GAO, PGAO, PGO, PAO and PO might have been prepared
in principle. Here, the top layer is given as the first character.
For instance, GAO stands for the GD/APTS/Si0,/Si multilayer
model, while O would account for an uncovered SiO,/Si sam-
ple with completely absent APTS, GD and PM layers. For all
seven-layer models reliable starting parameters were inserted
into the simulation program in order to identify a small-S; fit
to the measured data. The electron densities given in Table 1
were used for this purpose. Fit models were rejected for implau-
sible fit parameters, which were assumed of having arrived at
when either the electron density surmounted the values given in
the table by more than 50%, when the roughness of a layer o
increased over its thickness 7 or when the final S value exceeded
20%.

On the basis of these criteria the intended layer architecture
of PGAO turned out as the one with the smallest S| value of
5.1% and the most reliable fit parameters. Alternative models
like AO, GAO and GO yielded S values of 8.7%, 7.9% and
17.3% in combination with implausible parameter values. It can
be concluded that the regression of the measured data yielded
in fact the intended layer stacking of purple membrane patches

bonded to the SiO,/Si substrate via cross-linking molecules GD
and APTS. The parameters of the best-fit model architecture are
given in Table 2 and partially in Fig. 1, where the solid line is
calculated on the basis of this model. The relative density in the
table accounts for the fitted electron density pe in fractions of
the theoretical density specified in Table 1.

The numerical results presented in Table 2 shall now be dis-
cussed. Firstly, the oxide layer parameters were fixed to the
values obtained from the fitting of the SiO,/Si sample with-
out the water layer on top. Secondly, the relative density of the
APTS layer exceeds by 20% the value it attains in solution. This
might be a reliable result, since APTS molecules are generally
considered to vertically bond to the SiO; surface and, more-
over, to horizontally cross-link to molecular neighbors, which
will be associated with a density increase of a surface-bonded
monolayer of APTS. Thirdly, the thickness of the GD layer is
realized to exceed the lengths of the GD molecule of about 1 nm.
This might be understood from the ability of GD to form some
multilayer thick polymers upon APTS due to the symmetric
functional -CHO groups of the molecule [2]. A further point of
interest relates to the relative density of the PM layer that trans-
lates into coverage of about 23%. A less than complete coverage
has been observed in various other investigations that made use
of the APTS-GD cross-linking scheme [1,18]. Finally, the value
for the PM layer thickness of 5.6 nm is in good agreement with
literature values. It can thus be concluded that the thickness and
relative density values of the model architecture yielded reliable
results that are in accordance with previous investigations by
other techniques than XRR.

Reflectometry patterns of the nitrided wafer prior to and
after immobilization are shown in the bottom and top of Fig. 2.
Both measurements yielded clearly visible Kiessig fringes that
are mainly caused by the 6.4 nm thin nitride layer the electron
density of which differs by about 50% from the underlying Si
wafer, see Table 1. This is in strong contrast to the SiO»/Si sys-
tem, where the electron density difference between surface layer
and substrate is only in the 5% range. Subjecting the SizN4/Si
wafer to the APTS-GD-PM immobilization procedure yielded
an XRR pattern that appears comparable to the wafer prior to
immobilization, compare Fig. 2. Various numerical simulations,
however, reveal that purple membrane patches have covalently
been bonded to the surface via an intermediate glutaric dialde-
hyde layer. The architecture of the best-fit PGN model is shown
as inset in Fig. 2. As for the oxide system various model sys-
tems like N, AN, GN, GAN, PN, PGN, PAN and PGAN were
tested to fit the measured data, where N stands for the nitride

Table 2
Layer architecture parameters of the best-fit model for PM immobilization on
Si0,/Si

No. Layer Thickness (nm)  Roughness (nm)  Relative density
1 PM 5.6 0.8 0.23
2 GD 1.1 0.6 1.06
3 APTS 1.2 0.1 1.21
4 SiO, 5.2 0.3 1.07
5 Si substrate 0o 0.2 1.00
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Fig. 2. Measured (gray dots) and simulated XRR pattern (black lines) of
Si3N4/Si (bottom) and PM/GD/Si3N4/Si (top).

SizNy layer and the other symbols have the same meaning as
explained above. In case of a silicon dioxide coating the appli-
cation of the procedure would have led to a PM/GD/APTS layer
architecture, but the usage of a nitride coated wafer results in a
PM/GD stack directly bound to the SizN4 layer. Different mod-
els like PGAN or GN yielded significantly larger Sy values. The
numerical values of the final fit PGN model are given in Table 3.

This result may be explained by assuming that APTS does
not bond to the SizNy4 surface. On the other hand, the con-
nection between PM patches and the nitride can be achieved
through cross-linking with GD. Accordingly, the immersion step
of nitrided wafers in APTS may be omitted, since the immo-
bilization may already be achieved by cross-linking with GD
alone. This is naturally understood from the nitrogen termi-
nation of the Si3Ny surface to which glutaric dialdehyde may
covalently bond. The same bonding scheme is made use of by
converting the SiO; surface with APTS to a nitrogen-terminated
surface. This reduced cross-linking scheme for nitrided surfaces
was verified by succeeding experiments, where PM was immo-
bilized after cross-linking with GD only. And, in fact, the XRR
pattern obtained yielded the smallest S| values when modeled by
PM/GD/Si3N4/Si. It is concluded that purple membrane patches
may be immobilized on nitrided silicon surfaces by cross-linking

Table 3
Layer architecture parameters of the best-fit model for PM immobilization on
Si3N4/Si

No. Layer Thickness (nm)  Roughness (nm)  Relative density
1 PM 5.7 0.7 0.25
2 GD 2.6 0.7 1.14
3 SizNy 6.2 0.5 0.90
4 Si substrate 0o 0.1 1.00

with glutaric dialdehyde only. This result may also apply to other
biomolecules than complete PM patches and may offer a strat-
egy for the surface patterning of semiconductor surfaces with
biomolecules.

4. Conclusions

The immobilization of complete purple membrane patches on
SiO; and Si3Ny terminated Si wafer surfaces have successfully
been demonstrated by a covalent cross-linking scheme. X-ray
reflectometry was found to be capable of probing even mono-
layers of biomolecules, albeit only a laboratory set-up was used
instead of synchrotron radiation that is more commonly applied
for thin films containing low-Z elements. The determination of
biolayers became possible through the usage of a high-intensity
rotating anode and the quasi-parallel beam configuration, i.e. the
usage of a very small divergence slit. Important structural and
morphological parameters of biomolecular immobilization like
layer thickness and interface roughness may then be obtained.
Moreover, the obtained relative density may be interpreted as
surface coverage and XRR thus allows for the quantitative deter-
mination of efficiency of immobilization procedures. It can thus
be concluded that a complicated layer architecture has success-
fully been elucidated here. It has to be emphasized, however, that
areliable analysis and interpretation of XRR patterns from com-
plex multilayer systems always has to be performed on a firm
modeling basis, i.e. the structure determination is always a deci-
sion between distinct alternative structure models rather than
the structure is determined in an ab initio approach. Comparing
XRR and optical ellipsometry, the first method directly yields
the layer thickness; whereas only the effective layer thickness
— which is the product of the refractive index and layer thick-
ness — is achieved by the second technique. The advantage of
XRR for thin film analysis is caused by the small deviation of
the refractive index from unity. The investigation has shown that
biomembrane patches may covalently be bound to SiO,/Si by
cross-linking with APTS and GD and to SizN4/Si by using GD
alone. This distinct immobilization behavior should allow for
the patterning of biomolecules on semiconductor surfaces by
selective passivation.
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