
DNA adsorption at functionalized Si/buffer interfaces studied
by x-ray reflectivity

C. Douarche,1,2,3 R. Cortès,1 C. Henry de Villeneuve,1 S. J. Roser,4 and A. Braslau5,a�

1Physique de la Matière Condensée, École Polytechnique, CNRS, 91128 Palaiseau, France
2Service de Biologie Intégrative et de Génétique Moléculaire, CEA/Saclay,
91191 Gif-sur-Yvette Cedex, France
3Institut de Recherche Interdisciplinaire, Cité Scientifique, Avenue Poincaré BP 60069,
59652 Villeneuve d’Ascq Cedex, France
4Department of Chemistry, University of Bath, Bath, Avon BA2 7AY, United Kingdom
5Service de Physique de l’État Condensé, CNRS URA 2464, Institut Rayonnement Matière Saclay,
CEA/Saclay, 91191 Gif-sur-Yvette Cedex, France

�Received 7 December 2007; accepted 21 April 2008; published online 13 June 2008�

The adsorption of DNA on chemically homogeneous, functionalized, oxide-free single-crystal
silicon surfaces is studied by x-ray reflectivity. The adsorption of monodisperse, 294 base-pair
double-stranded DNA on a positively charged surface is detected through the deformation of the
molecular monolayer of aminated alkyl-chain molecules covalently bonded to the surface. The
adsorption of single-stranded DNA does not lead to the same deformation. A detailed quantitative
characterization of the density profiles yield surface densities of the covalently grafted, molecular
monolayers that are in excellent agreement with infrared spectroscopic measurements. The
additional mass density that is measured following the adsorption of DNA corresponds either to the
partial embedding of a densely-packed adsorbed layer or to a deeper penetration into the soft surface
layer at a lower surface density of the adsorbed double-stranded DNA molecules. The adsorption is
found to be irreversible under high added salt concentrations, suggesting a partial dehydration of the
double-stranded DNA. © 2008 American Institute of Physics. �DOI: 10.1063/1.2927256�

I. INTRODUCTION

How does DNA adsorb from solution onto solid inter-
faces? The initial interest in this question was concerned
with the development of techniques to visualize the DNA
macromolecules by electron microscopy1–5 and, later, with-
out the use of contrast-enhancing masking techniques, by
scanning tunneling microscopy,6–9 and by atomic force mi-
croscopy �AFM�.8,10–17 The immobilization of nucleic acids,
polynucleotides, oligonucleotides, or nucleic acid residues
on a stationary phase followed by specific and reversible
base pairing, used for the separation and isolation of nucleic
acids and their fragments, is a particular type of affinity
chromatography.18 The immobilization of nucleic acids is
also used in many other hybridization techniques. For ex-
ample, multiplexing approaches to DNA sequencing19 have
found biotechnological applications as hybridization
biochips or microarrays.20–22

From a more fundamental point of view, Rhodes and
Klug23 used the adsorption of double-stranded DNA on three
different, flat surfaces in a very ingenious technique to deter-
mine the solution helical periodicity of DNA by enzymatic
digestion, probing the accessibility of the phosphodiester
bonds. More generally, the interaction of the genetic material
with its environment, i.e., the interaction of DNA with pro-
teins, can be thought of in terms of adsorption on the surface
of the proteins themselves, with membranes or with the cel-

lular envelopes. Thus, the adsorption of DNA at interfaces, in
particular, with “soft” surfaces, is of enormous biological
interest.

Furthermore, biochemical processes such as DNA
hybridization can be greatly accelerated by the reduction of
dimensionality24 when adsorbed at interfaces.25 A source of
efficiency in vivo, this property can also be exploited advan-
tageously in biotechnological devices and is, thus, of great
practical importance. The manipulation of a multiphase fluid
system in a microfluidic device26 is only possible in the pres-
ence of containers or substrates. This involves, therefore,
liquid-solid interfaces, the chemistry of which must be con-
trolled. In the present work, we looked to produce and char-
acterize very chemically pure solid surfaces, positively
charged, and to study the phenomenon of DNA adsorption
under these conditions. A main result is that the adsorption of
double-stranded DNA on a functionalized solid surface leads
to the deformation of the covalently bonded organic surface
layer.

In the next section, we will describe the surface chemis-
try developed in order to produce clean, functionalized sub-
strates and their characterization by AFM. We then detail the
in situ technique of x-ray reflectivity. Preliminary measure-
ments were performed via an energy-dispersive technique
using a sealed-tube laboratory x-ray source followed by
fixed-wavelength reflectivity measurements using a third-
generation synchrotron radiation source. Details of the mea-
surement scheme are described, in particular, concerning the
minimization of the contribution of surface-diffuse scattering
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via tight instrumental resolution and the systematic recording
of “rocking curves” around the specular condition. The ques-
tion of surface degradation under irradiation is addressed,
measured, and then controlled. The functionalized surfaces
are then characterized quantitatively both in air and under
aqueous buffer. Finally, the adsorption of double-stranded
DNA is observed, in contrast to single-stranded DNA, which
does not penetrate and deform the grafted, dense organic
molecular monolayer.

II. FUNCTIONALIZATION OF SILICON SURFACES

Single-crystal silicon surfaces were modified through the
covalent grafting of a molecular monolayer functionalized by
terminal amine groups in order to investigate the electrostatic
immobilization of DNA. Single-crystal silicon is a substrate
material of choice. Its surface chemistry is well controlled27

and its topography is well-defined. Large, flat, very smooth
surfaces can be obtained.

In this work, Si�111� wafers28 were first cleaned in a
“piranha” solution �1·H2O2:2 ·H2SO4�, then stripped of their
native oxide layer by anisotropic etching in an ammonium
fluoride �NH4F� bath �pH 7–8�. This chemical reaction29,30

removes the surface oxide down to the Si�111� dense planes,
yielding a stairway of regular, monoatomic steps when the

miscut is oriented in the crystallographic �112̄� direction31,32

�see Fig. 1�. Through a multistep chemical process
�see Fig. 2�, a covalently bonded functionalized molecular
monolayer is then grafted33 �that also protects the
hydrogenated bare silicon surface against oxidation�. First,
an ester terminated alkyl chain, ethyl undecylenate
�CH2vCHu �CH2�8uCOuOuC2H5� is covalently at-
tached to the silicon crystal lattice via a thermally activated
hydrosilylation reaction. The ester is hydrolyzed into a
carboxylic acid group, allowing the subsequent coupling
�via a N-hydroxysuccinimide ester �NHS�� to an amine
group of various molecules, yielding the desired chemical
functionalization of the organic layer. An aminated surface
that can be made positively charged under buffer can be
obtained through the attachment of ethylenediamine
�NH2uCH2uCH2uNH2� �see Fig. 3�. However, we note
that the NHS coupling is incomplete as estimated by surface
infrared spectroscopy,33 so the terminal functionalization will
be mixed.

The resulting monolayer is covalently bonded to the
single-crystal silicon substrate. As the SiuC bond is ori-
ented in the crystallographic �111� direction and the lines
joining successive carbon atoms are inclined according to the
tetrahedral angle of 109°28�, the average backbone would
adopt a tilt angle of 35°16�. A molecular-scale model repre-
sentation of the dense monomolecular layer is drawn in
Fig. 4.

Throughout this multistep chemical process of function-
alization, the atomically flat crystalline structure of the origi-
nal etched silicon surface can be preserved. AFM images of
the stripped and ethylenediamine functionalized surfaces are
shown in Fig. 5. Whereas each step terrace is, indeed, atomi-
cally flat in these substrates, for each image, the numerically
calculated root-mean-squared roughnesses �z2�1/2 depends on

the image scale, yielding 0.155 nm rms over 2�2 �m2

�0.148 nm rms over 1�1 �m2 and 0.144 nm rms over 500
�500 nm2, not shown� for the amine-terminated monolayer
surface. For a simple, one-dimensional steplike interface,
z�x�=d�111�x /� �0,�� and the roughness is

FIG. 1. �Color� Si�111�. A miscut of angle � in the �112̄� direction between
the macroscopic surface-normal unit-vector ẑ and the �111� direction yields
a surface of dense atomic planes with regular steps of height d�111�
=0.314 nm and width �=d�111� / tan �. Top: Schema and bottom: Hydrogen-
terminated, atomic-scale model.

FIG. 2. �Color online� Multistep protocol for the covalent anchoring of an
amine-functionalized molecular monolayer on a SiuH surface. �a� Grafting
of ester-functionalized alkyl chains, �b� hydrolysis of ester groups,
and ��c� and �d�� activation of acid groups and coupling of ethyldiamine.
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The discrete AFM roughness, therefore, overestimates the
expected value. Note that the AFM technique, in contrast to
x-ray scattering, does not take into account atomic-scale

roughness �RSi=0.11 nm�; the root-mean-squared roughness
over all lateral length scales including both the atomic-plane
steps and atomic discreetness is expected to be on the order
of �0.0912+0.112=0.14 nm.

III. REFLECTIVITY

AFM can be performed in solution with a lateral reso-
lution of the surface morphology as small as several nanom-
eters. It is a local technique, scanning only a small region of
the surface. Reflectivity is a complementary, reciprocal-space
technique that yields a model for the density profile ���z��xy

averaged over the surface. The use of x rays measures the
electron density profile, neutrons can advantageously en-
hance the sensitivity or contrast through selective deutera-
tion, and ellipsometry measures the optical index profile, all
with atomic resolution in the ẑ direction. For the study of
DNA adsorption, we chose to perform x-ray rather than neu-
tron reflectivity studies as the details of the physical chem-
istry are found to be affected34 in D2O. Nevertheless, we
were inspired here by the neutron reflectivity technique to
use contrast variation �see below� to improve the determina-
tion of the interface profile. Penetrating x-ray energies must
be employed in the study of the liquid/solid interface.

X-ray reflectivity measurements do not necessarily re-
quire the use of a synchrotron radiation source. Indeed, the
high flux available on a synchrotron beamline may prove to
be quite damaging to organic systems and is a real concern in
the study of biological samples. Nevertheless, the exposure
times necessary when using a laboratory x-ray source may
not be adapted to the system under study. We present here a
comparison of results obtained both in the laboratory and at
the synchrotron of x-ray reflectivity from the liquid/solid in-
terface. �Measurements in vacuum to characterize similar
monomolecular layers, covalently grafted on silicon sub-
strates, have been reported previously in literature.35� Details
of the x-ray reflectivity technique are given in the Appendix,
in particular, concerning our measurement strategy.

A. Energy-dispersive reflectivity

Preliminary reflectivity experiments were first performed
in the Department of Chemistry at the University of Bath,
England by using an energy-dispersive reflectometer.36,37

The continuous bremsstrahlung radiation from a tungsten

FIG. 3. �Color� Molecular models of �a� dodecanoic acid and �b� dodecana-
mide, N-�2-aminoethyl� �with a surface silicon atom of the crystalline lattice
replacing the terminal methyl groups�. Fully extended �top� and disordered
�bottom� conformations. Red. oxygen, blue: Nitrogen, black: Carbon and
white: Hydrogen. The cylinders represent volumes of 0.278�1.085 and
0.294�1.504 nm2, respectively, occupied on average by each molecule, as
determined by the x-ray reflectivity measurements �Sec. III B�.

FIG. 4. �Color� Molecular-scale model representation of the functionalized
silicon surface. Red: Oxygen, blue: Nitrogen, black: Carbon, and white:
Hydrogen. The model is drawn with a random surface coverage of 44% of
the available SiuH bonding sites �and an arbitrarily chosen in-plane
nematic order parameter for the azimuthal carbon-chain tilt direction � of
S=� 1

2 �3 cos2 �−1��=0.25�.

FIG. 5. AFM images of �a� a bare and �b� an amine-terminated Si�111�
functionalized surfaces measured in air �Ref. 33�. The step width of

100 nm corresponds to a miscut of 0.2°.
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sealed-tube x-ray source, run at a stabilized high voltage of
55 kV and a regulated current of 25 mA �reduced to 15 mA
when the samples were in air�, is collimated by using tung-
sten slits and detected by using an energy-sensitive solid-
state Ge detector. The high-energy end of the measured ra-
diation spectra is limited by the applied high voltage. The
low-energy falloff of the bremsstrahlung spectrum is attenu-
ated additionally by absorption. The useful range of energies
is 
15−55 keV for this instrument and a wavevector trans-
fer range of 
3.6� is available for a given angle of inci-
dence. The spectrum obtained upon reflection at a fixed angle
of incidence is normalized to the transmitted, “white” spec-
trum acquired directly without reflection. A full reflectivity
curve is acquired by using multiple angles of incidence, each
with different slit openings to ensure a fixed incident beam
“footprint” and a fixed angular resolution, �� /�=0.05. An
example of one such composite curve is shown in the insert
to Fig. 6. The calibration of each segment in absolute reflec-
tivity is complicated by the practice of not only opening the
collimating slits with increasing angle of incidence but also
by the opening of the slits in the direction out of the inci-
dence plane with decreasing reflected intensity to improve
the counting statistics. In addition, a constant background
arising from the bulk diffuse scattering �that differs geo-
metrically for each angle of incidence� must be subtracted
from each acquisition. As will be shown below, this is a
fundamental limitation in the confidence of the results
obtained with this instrument.

The use of penetrating x-ray wavelengths allows the
study of surfaces under an aqueous environment. The func-
tionalized silicon sample is placed in the beam inside a small
plastic box �polystyrene, dimensions of 40�18 mm2 interior
and 44�22 mm2 exterior� and filled with a 1 mM sodium
phosphate buffer solution �NaH2PO4+Na2HPO4, pH7.2�.
The resulting reflectivity spectra are shown in Fig. 6 in com-

parison with the spectra obtained in air. The two curves, of
differing contrasts, can be analyzed together, as will be
described in the following section.

The data obtained by using a laboratory x-ray tube
source at Bath were quite satisfactory and served to justify
the allocation of synchrotron beam time at the European
Synchrotron Radiation Facility �ESRF�. Indeed, the detection
of the adsorption of double-stranded DNA is to be expected
to require shorter data-acquisition times and even better
counting statistics.

B. Fixed-energy reflectivity

A second strategy for measuring reflectivity uses a fixed
wavelength, either the characteristic ray of a laboratory x-ray
source or an undulator peak from a synchrotron radiation
source. The latter was chosen as it presents the advantage of
very high intensity and very low divergence, although at the
risk of damaging the samples under study. This question will
be addressed below.

Experiments were performed at the ESRF on beamline
“ID10B.”38 The third harmonic of an undulator source is
selected by a pair of diamond monochromator crystals �220�.
Lower-energy radiation is filtered and the beam is focused in
the horizontal plane by a pair of mirrors and in the vertical
plane by a third mirror. The highest energy available on this
beamline due to geometrical constraints is 22.2 keV ��
=0.0559 nm�. The minimum beam size that can be focused
incident on the sample is 
50 �m in the vertical incidence-
plane. At the critical angle of incidence for a water/silicon
interface, 1.06 mrad at this energy, the beam footprint is,
thus, 
47 mm. The vertical beam size can be further re-
duced to about half this height by using limiting slits before
the sample �
0.02�1 mm2�; however, the very high spatial
coherence of the undulator beam yields diffraction effects
with such a small vertical slit.

The sample was placed in a polytetrafluoroethylene
�PTFE� cell with 50 �m semicrystalline flourinated ethylene
propylene copolymer �FEP� windows to allow aggressive
chemical cleaning �piranha solution� and to prevent any
DNA adsorption on the cell walls. The thin copolymer win-
dows were held in place by two aluminum-alloy flasks �see
Fig. 7�. The x-ray transmission of the cells filled with buffer
solution was measured to be �15	2�% for an 
30 mm path
length. The functionalized silicon substrates were cut to 30
�24 mm2 from a 4 in. wafer; the thickness �0.5 mm� was, in
fact, insufficient to assure the strict planarity of the substrate,
as will be observed below.

The greater transmission through the 3 cm sample cell
filled with water at higher x-ray energies is accompanied by
a decreasing critical angle for total external reflection. The
geometrical beam footprint increases linearly with decreas-
ing incidence angle, therefore, linearly with increasing x-ray
beam energy �for a fixed value of the wavevector transfer�.
Therefore, for a fixed sample size, this would require a cor-
responding reduction in vertical beam dimension, thus a
�linear� reduction in incident x-ray beam intensity that
ultimately limits the advantage of using higher-energy x rays.

FIG. 6. �Color� A composite energy-dispersive reflectivity spectra of an
amine-functionalized sample, as shown in Fig. 5, measured in air �black�
and under buffer �red�. The solid line shows the expected reflectivity accord-
ing to the structural model fit to the data obtained at the ESRF, as will be
presented below �see Fig. 9�. The insert shows the data measured in air by
fixed incidence angle: Black: 0.0405°, blue: 0.063°, red: 0.097°, green:
0.18°, yellow: 0.26°, cyan: 0.36°, magenta: 0.49°, and brown: 0.63°.
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The transmitted �with the solid surface lowered out of
the beam path� as well as the reflected beams were detected
by using a NaI�Tl� scintillator and photomultiplier. The inci-
dent beam intensity was 
1010 photons /s �or 40 �W� which
varied according to the synchrotron electron-beam current. A
wheel holding an increasing number of pure copper 46 �m
foil filters that were placed before the sample was used to
variably attenuate the incident beam. The detector arm angu-
lar resolution was limited by slits �0.2�1 mm2� located be-
fore the detector, 640 mm from the sample �a second pair of
slits located on the detector arm 190 mm from the sample
was kept relatively open at 5�5 mm2�. The detection angu-
lar resolution was, thus, ��out=0.0179° in the vertical plane.
The incident beam divergence ��in was somewhat smaller
than that of the undulator source �
0.001° �.

C. Stability of functionalized Si surfaces under
irradiation

The very high intensity of the synchrotron radiation
beam can rapidly degrade the thin organic functionalization
layers of samples to be studied, both from photoelectrons
ejected from the silicon substrate upon absorption of the pen-
etrating x-ray beam and through ionization of the buffer or
air �principally through the production of ozone�. In order to
assess and control this undesirable effect, we first studied
under the synchrotron beam a sample that was covered by a
dense, organic monomolecular layer with a terminating acid
group, an early step in the chemical process of
functionalization.39 The results are shown in Fig. 8 for the
sample measured at two contrasts: Both in air and under
1 mM sodium phosphate buffer solution.

A rocking curve was recorded for each angle of inci-
dence, and it was observed that the sample was, in fact,
slightly curved, leading to a widening of the rocking curves
�see Appendix, Fig. 19� by about a factor of 2 �this corre-
sponds to a radius of curvature of the silicon surface of the
order of 50 m�. Indeed, it was observed that this curvature
could be aggravated by a very slight pressure on the inverted
U-shaped clamp used to hold the substrate in place inside the
sample cell �see Fig. 7�. The observed widening of the rock-
ing curves was compensated in the calculation of the reflec-
tivity through a normalization to the areas under the peak by
using an analytic two-slit function �see Appendix, equation
�A5��. Data at low values of the wavevector transfer, in par-
ticular, the “plateau” of total external reflection, were not
recorded, for it was not possible to reduce the beam size
sufficiently for such small angles of incidence.

In order to determine the possible degradation of the
organic layer under irradiation, a series of fairly rapid direct
reflectivity curves �scans of �in=�out, often called “� :2�”�

FIG. 7. �Color� PTFE sample cell. The horizontal silicon wafer is covered
by the buffer solution whose meniscus against the thin copolymer windows
can be seen in the photograph.

FIG. 8. �Color� Acid-terminated functionalized silicon sample. Top: Reflec-
tivity and bottom: Normalized to the Fresnel step reflectivity �Black: In air
and red: Under buffer solution�. The insert shows the real-space density
profiles as continuous lines that describe the data shown in reciprocal space.
The molecular model in real space �see Fig. 3� is drawn schematically for
illustration. The series of continual �green� traces present a succession of
fairly rapid �about 9 min�, reflectivity curves measured under buffer solution
and showing sample degradation under irradiation.
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was successively recorded for the sample under buffer solu-
tion �green traces in Fig. 8, starting from the upper trace�.
Because of the curvature of the substrate and the widening of
the specularly reflected beam, the data normalized to the
maximum I0 of the transmitted beam had to be corrected
according to the same linear function as found for the wid-
ening of the recorded rocking curves. A constant background
of diffuse scattering is subtracted, as determined by a fit at
large angles of incidence �Qz
6 nm−1�. The contrast of the
interference fringe is observed to sequentially diminish under
irradiation. The reduction in reflected x-ray intensity ob-
served here is characteristic of an effective reduction in area
of intact surface monomolecular layer under the illuminated
beam.

Through an attenuation of the incident beam intensity
�by a factor of 60� and an optimization of the data-
acquisition times and spacings, as well as the adoption of a
procedure of laterally displacing the sample by 1 mm in the
direction perpendicular to the incident plane, highly repro-
ducible results were obtained, superimposing the upper green
trace of Fig. 8 �data not shown�.

D. Analysis of the reflectivity curves

In the bottom of Fig. 8, the same data as shown in the
top of the figure are represented, divided by the calculated
Fresnel reflectivities of an ideal, step air/silicon and water/
silicon interfaces, neutralizing the overall Qz

−4 dependence.
Also shown as �red and black� solid lines are a fit to a simple
model for the density profiles. The real-space model is drawn
as an insert to Fig. 8; the two profiles �in air and under
buffer� only differ by the index of the semi-infinite media.
The parameters obtained for the data are summarized in
Table I.

X-ray reflectivity measures a root-mean-squared rough-
ness that is a weighted average of the height-height correla-
tion function over length scales ranging from the atomic di-
mensions up to the surface in-plane correlation length as

given by the resolution of the instrument. This roughness is
found to be 0.25	0.01 nm, larger than the ideal, expected
value of 
0.15 nm �see the discussion following Eq. �2��.
The nominal thickness of the acid-terminated organic layer is
found to be 1.09	0.03 nm. The surface density of mol-
ecules determined by x-ray reflectivity is in good agreement
with the value obtained by surface infrared spectroscopy40 on
an equivalent acid-terminated surface.33 The inverse of this
quantity is the area occupied on average by each molecule
�0.28	0.02 nm2 /molecule, as determined by x-ray reflectiv-
ity�. The cylindrical average volume occupied by each
grafted molecule is represented in Fig. 3�a�.

The model divides the real-space profile into two
fictitious layers of constant density, associated with up to two
fitting parameters per layer: The density � and the thickness.
In fact, the free fitting parameters are quite correlated, espe-
cially when the thickness is of the same order of magnitude
as the overall roughness �a fifth fitting parameter�, which is,
indeed, the case for the present sample. The method em-
ployed here of simultaneously fitting measurements obtained
with two different contrasts, as is commonly the practice for
neutron scattering, robustly converges to the displayed den-
sity profiles with reasonably low quantitative uncertainties.
Notice the absence of any oxide layer.

We would like to insist here on the interpretation of the
determined density profiles, as shown in the inserts of Fig. 8.
Whereas the profiles ��z� can be constructed by using
“layers” of constant density, such a construction is overde-
termined, in particular, when the “thickness” of each layer is
of the same order of magnitude as the roughness, and this
fact is reflected in the coupling of the model parameters, as
stated in the previous paragraph. Nevertheless, the overall
thickness of the grafted layer, its integral mass-density ex-
cess, and the general form of the profile are well determined
by the models, and only these parameters will be considered
in the interpretation of the results presented here. A reason-
able conceptual illustration can be seen in Fig. 3 where the
transparent cylinders centered on the silicon atom anchors

TABLE I. Parameters of the models used to describe the data. IR indicates the results of surface infrared
spectroscopy quantification �see, for example, Ref. 40�. The numerical surface densities are found to be less
than half that of SiuH binding sites on the Si�111� surface �7.8�1014 Si /cm2�. The area/molecule for the
grafted monomolecular layer is the inverse of the numeric surface density and is to be compared to that of a
dense alkyl chain: 0.214 nm2 for liquid paraffins �Ref. 69�, 0.205	0.01 nm2 for monolayers of fatty acids �Ref.
70� and 0.185 nm2 for crystalline n-hydrocarbons �Ref. 71�.

Thickness
�nm�

Roughness
�nm�

Surface density
Area/molecule

�nm2��10−7 g cm−2� �1014 cm−2�

Fig. 8:
acid 1.085	0.025 0.254	0.011 1.26	0.06 3.6	0.2 0.28	0.02
IR 3.0	0.3 0.33	0.03

Fig. 9:
amine 1 1.504	0.114 0.354	0.004 1.54	0.15 3.4	0.3 0.29	0.03
IR 3.1	0.3 0.32	0.03
+dsDNA 1.5 0.354 1.888	0.009
→excess 0.35	0.16

Fig. 13:
amine 2 1.62	0.16 0.31	0.02 1.82	0.22 4.0	0.5 0.25	0.03
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for the grafted organic molecules show the molecular vol-
umes as determined by x-ray reflectivity. We note that the
fully extended molecular models extend outside and above
these cylindrical volumes, but this is no longer the case for a
model that introduces some molecular disorder41,42 �both
static and dynamic�.

E. Structure of the amine-functionalized surface

The amine-terminated surface shown in Fig. 5 was stud-
ied by x-ray reflectivity as described above for the acid-
terminated samples, but under conditions where the degrada-
tion by the synchrotron beam was minimized. Mostly, direct
reflectivity curves were recorded, as shown in Fig. 9; only
the red-solid filled and several black-solid filled data points
�hardly visible in the already crowded graphical representa-
tion� correspond to the result of rocking curves. Here, in
contrast to the measurements on the acid-functionalized sur-
face shown in Fig. 8, data at small values of the wavevector
transfer are shown; the maximum reflectivities recorded un-
der conditions of total external reflection were only 32% in
air and 36% under buffer solution when normalized to the
real direct-beam intensity. It can be seen by the linear rise in
the data for Qz�1 nm−1 in the Fresnel-normalized data
shown in the bottom of Fig. 9 that this is a simple effect of
the incident beam footprint overhang. One should note that
the very common practice of normalizing the reflectivity
curve to the plateau of total external reflection would here
lead to a systematic error of about a factor of 3!

The data drawn in black �in air� and red �under buffer
solution� are well described by a simple model for the den-
sity profiles �shown in the insert to Fig. 9�, as was the case
for the acid-terminated sample presented above. The root-
mean-squared roughness is �0.354	0.004� nm and the or-
ganic layer thickness is �1.5	0.1� nm, both somewhat larger
than those found for the acid-terminated functionalized sur-
face, as expected. Indeed, the diamine terminal group is be-
lieved to lie somewhat disorganized, as the amine �NH3

+�
functionalization of the monomolecular layer is incomplete
with some of the grafted molecules retaining their terminal
acid �COOH� or ester �COO−� groups.33 In addition, this
leaves some possibility of bridging between head groups.

The surface density of molecules is again in good agree-
ment with the value as determined by surface infrared
spectroscopy,33,40 and the coverage of available SiuH bind-
ing sites is estimated to be �44	4�% �see Table I�. We note
also that this surface density corresponds to an area per mol-
ecule of �0.29	0.03� nm2 �see Fig. 3�b��, which is only
about 40% greater than that of a very dense-packed alkyl
chain. The organic monolayer, covalently bonded to the sili-
con crystal lattice, has a surface density corresponding to a
tilted condensed phase.43 For a dense-alkyl chain at the ex-
pected tilt angle of 35°16�, the area per molecule projected
on the surface plane would be 0.26 nm2, only slightly
smaller than the x-ray reflectivity value, and within our
experimental error.

F. DNA adsorption on the amine-functionalized
surface

DNA adsorption is expected at a positively charged sur-
face, such as the amine-functionalized molecular monolayer
under the present buffer conditions �1 mM sodium phosphate
buffer, pH 7.2�.

1. Double-stranded DNA

The mass density of double-stranded DNA is very close
to that of water. For example, at low salt concentrations,
similar to our experimental conditions, the density is re-
ported to be 0.998 g /cm3 �at 10 mM NaCl�.44 Therefore, on

FIG. 9. �Color� Amine-terminated functionalized silicon sample. Top:
Reflectivity and bottom: Normalized to the Fresnel step reflectivity �Black:
In air, red: Under buffer solution, and blue: Under buffer after DNA adsorp-
tion�. The �red- and black-�filled symbols are the results of rocking curves
recorded for each angle of incidence and the open symbols are direct reflec-
tivity scans �a few black-filled symbols can be seen to overlie the black open
symbols�. The insert shows the real-space density profiles as continuous
lines that describe the data shown in reciprocal space. The molecular model
in real space �see Fig. 3� is drawn schematically for illustration. The con-
tinual �green, olive, and orange� traces are an intermediate state following
the addition of increasing concentrations of DNA to the buffer solution: 1
�C�, 3�C�, and 10�C�, respectively. The �blue� data �lowest lying
curves� were recorded at this last concentration 6 h after the first introduc-
tion of DNA to the cell. The �blue� solid lines show a model density profile
�insert� describing this data. The �cyan� traces show the reproducibility of
this profile following the addition of a much greater quantity �5� � of DNA
�→60�C��.
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average, there will be very little electron density contrast
with water and it is not to be expected to be able to easily
detect the adsorption of a disordered layer of DNA by x-ray
reflectivity. Over 100 �g of monodisperse, double-stranded
DNA molecules was prepared by polymerase chain reaction
�PCR� amplification from a 294 base-pair �bp� sequence of
the 5386 bp �X174 DNA �locations 175–470�
�see Table II�. Supercoiled, double-stranded �X174 �circular
replicative form RFI� was used as a PCR template. The am-
plified DNA was purified by using a Sigma-Aldrich
GenElute™ PCR cleanup kit and the quality of the final
product was analyzed by using polyacrylamide gel electro-
phoresis.

The length of the 294 bp double-stranded DNA frag-
ment, 294�0.34=100 nm, is comparable to one persistence
length when adsorbed on a surface at the present low-salt
concentration,45–47 and the molecule can be viewed as a
semirigid cylinder of diameter 2 nm �see Fig. 10�. This di-
ameter is equal to about two and a half times the spacing of
two adjacent organic molecules, covalently bonded to the
single-crystal silicon substrate and slightly greater than the
thickness of the organic layer. Taking the cylinder to be ad-
sorbed lying flat on the surface, its projected surface area
would then be 2 nm�100 nm=200 nm2. If the surface were
to be densely packed by a sort-of two-dimensional �2D�
nematic phase, thus completely covered by adsorbed
cylinders of double-stranded DNA, the required quantity
for total coverage of the 3�2.4 cm2 surface is
�294 bp·660 g mole−1 bp−1 /NA� · �7.2�1014 nm2 /200 nm2�
=1.16 �g. As the volume of buffer contained in the sample

cell is 1.7 ml, the reference concentration to be used in the
following is C��1.16 �g /1.7 cm3=0.68 �g /cm3.

After the characterization of the amine-functionalized
sample both in air and under buffer, as presented above, we
proceeded to mix a small quantity of DNA �equivalent to
“1�C�,” as calculated above� in the buffer solution, fol-
lowed by measurements of the reflectivity curve. The proce-
dure adopted was to gently remove as much buffer as pos-
sible, assuring that the surface remain to be entirely wet. The
removed buffer was mixed with the DNA solution and then
redeposited over the wet silicon surface. This assured a uni-
form distribution of DNA. The thickness of the remaining
wetting layer can be estimated to be on the order of
100–200 �m. The measured reflectivity curves reproduced
one another to a very good accuracy �light-green traces as
drawn on Fig. 9, each individual trace taking about 9 min to
acquire�. However, as can be more clearly seen in the
Fresnel-normalized reflectivity �bottom of Fig. 9�, these
curves lie slightly lower than those measured before the ad-
dition of DNA to the buffer solution. After 2 h �11 repeats of
the reflectivity curve�, more DNA �“3�C�”� was added
and the sample was displaced laterally �with realignment� to
expose a fresh patch of substrate �orange traces in Fig. 9�.

The measurement was repeated for 1 h �five olive-green
traces as drawn on Fig. 9� with no change from the previous
curves in the measured reflectivity. More DNA was added
�“10�C�”� and the sample again displaced, with still no
change in the reflectivity curves at large wavevectors �orange
traces�. After almost 3 h following the third introduction of
increasing quantity of DNA �6 h after the initial introduction
of DNA�, a significant change in the reflectivity curve was
recorded �blue traces in Fig. 9�. This new reflectivity curve
remained to be stable, unchanging over about 1.5 h, as mea-
sured over two different patches of the sample surface.
Finally, additional DNA was added �“60�C�”� and the
sample again displaced. The recorded reflectivity curve
remained to be reproducible �cyan traces in Fig. 9�. Over
12 h elapsed since the initial introduction of DNA in the
sample cell.

Assuming that the adsorption of DNA is diffusion con-
trolled, the quantity of material adsorbed would be expected
to vary as the square root of the time, as given by48–50


=2C�Dt /�, where C is the �uniform� bulk concentration
and D is the diffusion coefficient. Taking a diffusion coeffi-
cient for the 294 bp double-stranded DNA estimated to be
D�3�10−7 cm2 s−1, the time necessary for a DNA
molecule to diffuse the distance from the air/water to the
water/Si interface �h=1.7 cm3 /7.2 cm2=0.24 cm� would
be51 �h2� /6D= �0.24 cm�2 / �3�10−7 cm2 s−1 ·6�=3.2�104 s
=9 h. Note that this time is of the same order as the 6 h that

TABLE II. 294 bp double-stranded DNA.

5�-ACTTTGCGACCTTTCGCCATCAACTAACGATTCTGTCAAAAACTGACGCGTTGGA
TGAGGAGAAGTGGCTTAATATGCTTGGCACGTTCGTCAAGGACTGGTTTA
GATATGAGTCACATTTTGTTCATGGTAGAGATTCTCTTGTTGACATTTTAAAAGAGCGTG
GATTACTATCTGAGTCCGATGCTGTTCAACCACTAATAGGTAAGAAATCATGAGTCAAGT
TACTGAACAATCCGTACGTTTCCAGACCGCTTTGGCCTCTATTAAGCTCATTCAGGCTTC
TGCCGTTTT-3�

FIG. 10. �Color� Molecular model of 294 bp double-stranded DNA
fragments adsorbed on a solid surface.
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was necessary for each reflectivity measurement. In the
present experiments, we were unable to capture the kinetics
of the adsorption and, thus, it would be hazardous to specu-
late further on the adsorption process.

An analysis of the reflectivity curves observed with ad-
sorption of DNA on the amine-terminated monolayer leads
to the model for the real-space density profiles drawn in the
insert to Fig. 9 �blue curve� using the parameters listed in
Table I: The overall layer thickness is not modified, yet the
region of increased density of the amine-head groups of the
functionalized layer is enlarged, with additional �electron�
density filling in the region previously occupied by the alkyl
chains. The increased integrated surface mass density can be
quantified, yielding an increase in mass density of
�0.35	0.16��10−7 g /cm2. This measured quantity, multi-
plied by the theoretical projected area per bp of an adsorbed
DNA molecule �0.68�10−14 cm2� and by NA is
143	65 g /mole �22% of the molar mass of a bp of DNA�.

If the surface were to be totally covered by a dense layer
of DNA �which is less likely due to the repulsion between
DNA helices�, the increase in surface-layer mass density
would imply that one-fourth of the DNA molecule would
enter into the monolayer; the opposite extreme of full em-
bedding of the DNA molecule all the way down to the bare
silicon surface would imply that the saturated surface cover-
age is only about 31% but this situation seems to be impos-
sible. The reality must be a surface coverage lying in the
range of 31%–100% with a partial integration into the dense
but soft surface layer, most likely limited to the region of the
functionalized head groups. This is illustrated schematically
in Fig. 11. Attempts to place the additional, significant elec-
tron density above the organic monolayer could not describe
the measured data �remember that the density contrast with
the displaced water is very low� nor did we succeed to de-
scribe the data by using a model including an oxidation of
the silicon surface. We conclude that the adsorption of DNA
molecules distorts the grafted monolayer. The “roughness” of
the amine-head region of the density profile increases, the
�electron� density of the chain region increases, but the
average thickness of the monolayer is unmodified.

Unlike what was described in the previous paragraph,
the change in the measured reflectivity curves observed for
the first curves following the introduction of double-stranded
DNA in the solution is difficult to describe quantitatively
through a unique density profile model. Qualitatively, this
may be the effect due to the deposition of patches of DNA
aggregates, reducing the effective area of the monomolecular
layer over a large, lateral length scale. This surface organi-

zation is, however, transitory with the subsequent reflectivity
curves returning to an expected behavior at lower values of
the wavevector transfer.

We questioned that the observed change in the reflectiv-
ity curves observed after a longer adsorption time and for
higher bulk concentrations, indeed, corresponds to the
adsorption of double-stranded DNA. Several tests were
performed:

• The addition of salt might lead to a desorption of the
DNA. NaCl solutions of 10, 50, 100, 300, and 500 mM
were added to the sample cell and reflectivity curves
were measured. The adsorption of DNA appeared to be
irreversible and the reflectivity curves remained to be
unchanged �data not shown�.

• Many different zones of the sample were measured,
with very reproducible results.

• The previously studied acid-terminated surface was
re-examined after several days under buffer solution
�ageing of the monolayer� and the reflectivity curves
were reproducible.

The adsorption of double-stranded DNA on a positively
charged functionalized, atomically flat silicon surface is ob-
served, not through an increase in the thickness of the sur-
face layer or added electron density above the organic mono-
layer as might be expected but rather through a deformation
of the �soft� surface functionalized layer and the incorpora-
tion of additional electron density in the layer. A naïve model
of the adsorption is drawn in fig. 12. An electrostatic attrac-
tion between the positively charged amine groups of the
monolayer �with a surface charge density of �3.1+ /nm2

which is an upper limit, assuming that the amine groups are
fully charged and a complete functionalization of the mono-
molecular layer� and the negatively charged phosphate
groups of the nucleic acid �with a projected charge density of
2− /0.68 nm2=2.9− /nm2� would “pull” the DNA molecule
into the monolayer in order to maximize contact with the
negative charges distributed helically around the perimeter of
the rigid cylinder, displacing the mobile counterions. We

FIG. 11. Embedding of the adsorbed DNA molecules. Black circles: DNA,
light gray: Surface monomolecular layer, and dark gray: Silicon monocrys-
talline substrate. �a� 100% coverage �0.4 nm�, �b� 50% coverage �1 nm�,
and �c� 31% coverage �1.5 nm�.

FIG. 12. �Color� Molecular model of an isolated double-stranded DNA
molecule adsorbed on the positively charged, amine-functionalized surface.
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have no solid evidence for this model other than the coher-
ence with the measured reflectivity curves density profiles.
The adsorption taking place under low ionic strength �1 mM
sodium phosphate buffer, pH 7.2� is found to be irreversible,
even under conditions of much higher added salt concentra-
tions �up to 500 mM NaCl�. This suggests that a partial de-
hydration of the DNA molecule is also involved in the ad-
sorption on the organic monolayer and the interaction may,
indeed, be even more complicated52,53 with the further pos-
sibility of hydrogen bonding with the residual acid groups.
Further information regarding the in-plane organization of
the adsorbed DNA might be obtainable through grazing-
incidence diffuse scattering54 analysis and grazing-incidence
surface diffraction55 measurements, but these experiments
would require considerable time and effort to optimize.

2. Reproducibility of the amine-functionalized
surface

A second amine-terminated monolayer grafted on silicon
substrate was studied, according to the same procedure as for
the first. The results obtained for the characterization of the
grafted surface layer yield a very similar density profile as
for the previous sample and demonstrates the reproducibility
of the surface chemistry as well as the reflectivity measure-
ments. However, unlike for the first sample studied, no rock-
ing curves were recorded for this second sample and there is,
therefore, an ambiguity as to the actual curvature of this
silicon substrate.

The results obtained to characterize the second amine-
terminated monolayer grafted on the monocrystalline silicon
substrate are shown in Fig. 13. In the data presented here, we
use the same curvature correction for this second sample as
measured for the first, in the absence of any better estima-
tion, as described above. This leads to some incertitude as
can be seen by the poor overlap of the curves at very grazing
angles of incidence �as best illustrated in the
Fresnel-normalized representation, bottom of Fig. 13�
and by the somewhat lower quality of the fit of the simple
model density profiles to the measured reflectivity curves. In
particular, the simultaneous adjustment of the data measured
at the two different contrasts �both in air and under buffer�,
which was so successful for the previous measurements, here
leads to a compromise, and the description of the data at high
values of the wavevector transfer is only qualitatively satis-
factory. We have less confidence in these measurements than
for the previous sample, therefore, the addition of further,
short length-scale details in the model density profile cannot
be justified.

3. Single-stranded DNA

The sample was then exposed to a buffer solution con-
taining single-stranded DNA. A single-stranded oligonucle-
otide, 146 bases long �44 669.25 g /mole, see Table III�, was
prepared by chemical synthesis �Eurogentec SA�. Single-
stranded DNA differs radically from the double-stranded
helix in its properties: It is a highly flexible polymer �persis-
tence length on the order of less than 1 nm�, with its bases
exposed to the solvent. In this case, it is difficult to present a

simple model of a rigid cylinder that can be adsorbed on a
functionalized surface, rather one should consider a 2D
radius of gyration of the flexible polymer with excluded vol-
ume. Nevertheless, to a first approximation and with the aim
of later studying the hybridization with the complementary
single strand, we used a reference concentration considering
naïvely that the adsorbed single-stranded DNA occupies half
the area of the equivalent double-stranded DNA �i.e., that the
base stacking is conserved.�; the concentration C�, taken to
be 1.08 �g /1.7 cm3=0.63 �g /cm3 is, thus, the same as the
previous one �0.68 �g /cm3�.

Measurements were repeated as for the first amine-
terminated sample after addition of increasing quantities of
DNA. The results are plotted in Fig. 13 �using the same color
coding as in Fig. 9�. Almost no change in the reflectivity
curves is observed, certainly much less than the changes ob-
served for the previously presented radiation damage on the
acid-terminated sample and the double-stranded DNA ad-
sorption on the positively charged amine-terminated sample.

FIG. 13. �Color� Single-stranded DNA on an amine-terminated functional-
ized silicon surface. Top: Reflectivity and bottom: Normalized to the Fresnel
step reflectivity. The open symbols are direct reflectivity scans. The insert
shows the real-space density profiles used to model the data. The solid lines
are the result of a fit to the data and the dashed lines are the profiles and
corresponding reflectivities from Fig. 9. �Black: In air and red: Under buffer
solution�. The lighter symbols �green, orange, cyan, and blue� parallel those
of Fig. 9.
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However, when plotted on a linear scale after normalization
by the Fresnel step reflectivity �bottom of Fig. 13�, a small
yet systematic decrease in the fringe intensity is evidenced,
at the limit of our measurement precision �the cyan and blue
curves at higher concentration of DNA being lower than the
orange and green curves at lower concentration as well as the
red curve obtained under buffer before the addition of the
single-stranded DNA�. Note that each of these reflectivity
curves was measured over freshly exposed portions of the
sample surface and is not to be compared to the continual
decrease in fringe contrast with irradiation as observed for
the very first, acid-terminated sample studied before reduc-
tion of the x-ray beam intensity.

Single-stranded DNA may be adsorbed on the positively
charged aminated surface but does not lead to a distortion of
the organic monolayer and is not unambiguously detected.
Some subtle structural differences may be measurable, but
we cannot have sufficient confidence in the present data to
push the analysis further.

IV. CONCLUSIONS

The DNA adsorption in a low ionic strength buffer was
characterized on crystalline silicon by x-ray reflectivity. The
functionalized single-crystal silicon surfaces were chemi-
cally controlled: Oxide-free, densely and homogeneously
covered by organic molecules. The molecular monolayer was
terminated by positively charged amine groups, yielding a
strong electrostatic interaction with the negatively charged
DNA.

It was found that the adsorption of double-stranded DNA
leads to a distortion of the organic monolayer. The double-
stranded DNA penetrates into the organic monolayer and, as
this adsorption is irreversible by adding salt in the solution,
we conclude that DNA chains are partially dehydrated. The
additional mass density of the adsorbed DNA that is deduced
in the surface layer corresponds to about one quarter of that
expected for a densely packed adsorbed layer of DNA mol-
ecules lying flat on the surface. The DNA partially penetrates
the soft surface layer. We did not observe such an important
effect by adsorbing single-stranded DNA.

In the present work, we have shown that a solid surface,
functionalized by a near-perfect, thin organic monolayer,
must not be viewed as an inert, solid support. The densely
packed organic monolayer is soft and deformable, as seen
through the adsorption of double-stranded DNA molecules.
This understanding should be of great importance in the de-
velopment of DNA biochip and lab-on-a-chip technologies.
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APPENDIX: X-RAY REFLECTIVITY

The reflectivity technique is now well established. Nev-
ertheless, many subtleties involved in its application are still
not commonly appreciated and we present here a detailed
description of the technique as it is employed in the present
study.

1. X-ray reflectivity

The optical index for x rays depends on the wavelength,
is inferior to unity for all matter, and is complex,

n��� = 1 − ���� + i���� , �A1�

with

���� = ��2 NA

2�A
�Z + �f�����r0, ���� =

�����
4�

, �A2�

where � is the mass density, NA=6.023�1023 is Avogadro’s
number, � is the x-ray wavelength, A is the atomic weight, Z
is the atomic number, �f���� is the �zero angle� dispersion
correction to the atomic scattering factors due to core-
electron screening56, r0=2.818�10−13 cm is the classical
electron radius for Thompson scattering, and ���� is the
wavelength-dependent absorption coefficient �inverse of the
absorption length�. For 22.2 keV x rays used in the present
synchrotron measurements, the e−1 absorption length in wa-
ter is 1.44 cm. The quantity ���� is directly proportional to
the mass density and to the square of the wavelength, as the
ratio Z /A is a constant and equal to 1 /2 to a good approxi-
mation for all chemical compositions under study. Note that
the formalism for neutron reflectivity is the same, however,
substituting nuclear scattering lengths b, which differ for
each isotope, for the quantity Zr0 in Eq. �A2�. The neutron
scattering-length-density profile is not trivially proportional
to the mass-density profile, and this may be advantageous to
enhancing contrast.

Total external reflection of grazing-incidence x rays oc-
curs up to a critical angle �c��2�n, where �n=�−−�+ is

TABLE III. 146 base single-stranded DNA.

5�-AAGCTTGTATGATCACTCGTCGATCCACATCAGTATGATCACTCGTCGATCCATATACAT
CAGTATGATCACTCGTCGATCCATATACATCAGTATGATCACTCGTCGATCCATATACAT
ATGATCACTCGTCGATCGAATTCCAT-3�
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the difference in x-ray optical indices between the two semi-
infinite media. Thus, the critical angle, �c�����NAr0 /2�,
is proportional to the wavelength and is calculated to be
0.0802° �1.40 mrad� for the air /Si interface and 0.0607°
�1.06 mrad� for the H2O /Si interface at �=0.055 86 nm,
hc /�=22.2 keV; the critical wavevector transfer, Qc

= �4� /���c=2�2���NAr0, is a constant, independent of the
x-ray wavelength �0.315 and 0.238 nm−1, respectively, for
the air/silicon and water/silicon interfaces�.

At larger angles of grazing incidence, the reflectivity
I��� / I0 decreases rapidly with angle of incidence, as given by
the Fresnel law which can be approximated beyond about
twice the critical angle of total reflection by

RF��� � ��c/2��4 ��c � � � 1� . �A3�

In the context of the first Born approximation �neglecting
multiple scattering, thus “far” from the critical angle for total
reflection�, the effect of a nonstep interface profile is given
by:57–59

R�Qz� � 
 Qc

2Qz
�4�� dzeiQzz

1

�0

���z�
�z

�2

�Qz � Qc� ,

�A4�

with �0���−�� and Qz= �4� /��sin �. The “Fresnel” reflec-
tivity of the ideal silicon interface is modulated by the
absolute-value squared of the Fourier transform of the de-
rivative of the real surface density profile, yielding a series of
Kiessig fringes60,61 for a thin surface layer. For a stratified
interface, described by the sum of error-function profiles be-
tween “slabs” of constant density, the Fourier transform
yields a sum of Gaussians modulating the overall Q−4

dependence.
Alternately, the reflectivity can be calculated efficiently

by using the matrix transfer multiplication method62 taking
into account interfacial widths.63 This has the advantage of
remaining valid near the critical angle. �Note, however, that
x-ray beam coherence effects can be observed very close to
the critical angle when using a synchrotron wiggler or
undulator source.�

As the reflectivity depends both on incidence angle and
on wavelength, different schemes can be employed, each
presenting specific advantages, mostly technical, depending
on the experimental conditions. Figure 14�a� shows sche-
matically the wavevector transfer kinematics of a fixed-
energy experiment where the angle of incidence is varied;
Fig. 14�b� shows the corresponding wavevector transfer in a
fixed-angle experiment where the x-ray beam energy is
varied. This second scheme is of standard use for neutron
time-of-flight reflectivity measurements, and an example of a
composite spectrum taken at eight different, fixed incident
angles is shown in Fig. 6. Both schemes were employed in
this study.

2. Instrumental resolution

In a real experiment, the instrumental resolution
reciprocal-space �three dimensional� volume is determined
by incident and detected beam divergences as well as by the
wavelength or energy resolution �see Fig. 14�c��. The inten-

sity measured is not purely specular: Diffuse scattering, both
from the volume of the substrate or the surrounding environ-
ment and from surface roughness �nonplanar morphology of
the surface�, contributes to the measured signal. This is an
often-overlooked, nontrivial problem64 to be addressed
through the careful design of the experiments and data analy-
sis. In the present problem, whereas the diffuse scattering
due to penetration to the bulk of the single-crystal silicon
substrate is minimal, the diffuse scattering due to density
fluctuations in the aqueous environment is, however,
significant.

The instrumental resolution for specular reflectivity
��out=�in� is independent of the detector arm slits,64 as can be
seen in Fig. 14�d�: �Qz�=2�2� /����in cos �in for ��out


��in. However, opening the detector arm slits increases the
resolution volume and, thus, the sensitivity to diffuse scatter-
ing from bulk density fluctuations and from surface rough-
ness. The resolution in the direction of the surface plane
�Qx= �2� /����out sin �out is very high; the in-plane coher-
ence length � / ���out sin �out� ranged from 3 mm at the criti-
cal angle down to 92 �m at the highest measured angles of
incidence.

The x-ray intensity incident on the sample was system-
atically measured before each data run through a “scan” of
the detector arm with the sample slightly lowered
�by 0.5 mm� so as not to intercept the incident beam, yet
traversing the liquid buffer �direct beam in Fig. 15�. The
ideal, trapezoidal, two-slit function is observed to be convo-
luted with small-angle scattering from the slit edges. We in-
troduce here a convenient analytical function that can be
used to describe the profile of the instrumental resolution,

FIG. 14. �Color� Schematic construction of the wavevector transfer of

specular reflectivity �Q� = �4� /��sin �ẑ, �k�in�= �k�out�=2� /�, �=�in=�out�. �a�
Fixed wavelength, variable angle of incidence and �b� fixed angle of inci-
dence, variable wavelength. �c� The �blue/green� shaded regions schematize
the incident/detector divergences ��in and ��out, �d� Resolution volume

around the scattering vector. The �red� region around Q� shows a section of
the convoluted resolution volume. �Qz�=2�2� /����in cos �in, the intersec-
tion of this volume with the z axis, is the instrumental resolution for pure
specular reflectivity and is independent of the angular resolution of the
detector; �Qz= �2� /����out cos �out is the projection of the extended
volume with this axis and corresponds to the full width at half maximum of
the Qz resolution for the diffuse scattering around the specular axis;
�Qx= �2� /����out sin �out is the corresponding projection perpendicular to
this axis in the scattering plane yielding the in-plane resolution. The
divergences in the third dimension, out of the incidence plane, are not shown
for clarity.
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I��out� =
I0

1 + 
�out − �0

��out/2
�p + background. �A5�

This empirical function varies from a Lorentzian form for
p=2 to a squarelike function for higher values of this
exponent �see Fig. 16�. The scattering from the edges of real
slits depends highly on the quality of the beamline align-
ment; As this alignment varied from electron-beam refill to
refill as well as from very small changes in mechanical sta-
bility of the entire beamline, the exact form of the measured
resolution function �parameters I0, ��out, and p� differed
slightly for each measurement. Thus, we used the area under
the curve, A=2�I0��out / p sin p, for the normalization of the
measured reflectivities.

The diffuse scattering from thermal density fluctuations
in the buffer solution is independent of any length scale and,
therefore, constant with wavevector transfer. However, the
resolution volume does vary with angle and this contribution
to the “background” is not constant. In addition, the diffuse
scattering from surface roughness is modulated along the z
direction in the very same manner as the specular
reflectivity.65 It is, therefore, essential to attempt to separate
surface-diffuse scattering contribution as well from the mea-
sured reflectivity signal. Two schemes that can be employed
to this end are shown in Fig. 17. In the first scheme �figure
17�a��, a “rocking curve” is recorded for each angle of inci-
dence to be measured, the width of which should be exactly

half that of the measured direct-beam profile �see Fig. 15�.
The second scheme �Fig. 17�b�� is more commonly used.
However, this “detector scan” makes a sloping cut through
reciprocal space and this can, in fact, lead to a poor estima-
tion of the diffuse scattering contribution.

Figure 18 illustrates a real measurement of a series of
rocking curves around the specular reflection. The advan-
tages of this scheme for the determination of diffuse scatter-
ing and background subtraction are manyfold:

• First, and most importantly, this approach permits the
use of a tight resolution configuration, in particular, a
minimal detector slit gap �see Fig. 14� with the advan-
tage of minimizing the sensitivity to diffuse scattering
�the resolution function for specular reflectivity depends
on the incident beam dimension in the incidence plane,
whereas the resolution for diffuse scattering is domi-
nated by the dimension of the detector-arm slits in this
plane�. Small variations in the condition for specular
reflectivity �due to the extremely high mechanical posi-
tioning precision required� can be compensated in the
analysis of the rocking curves, necessary under such

FIG. 15. �Color� Schema of the measurement of the direct-beam �with the
sample lowered out of the figure� and rocking-curve profiles.

FIG. 16. �Color� Resolution function. Dashed line: Gaussian, solid lines:
Eq. �A5�-�“softest” to sharpest�, black: p=2 �Lorentzian�, blue: p=4, red:
p=6, green: p=10, and gray: Ideal trapezoidal slit function with
��out=2��in.

FIG. 17. �Color� Kinematics of a �a� “rocking curve” ��in+�out=constant�
and �b� “detector scan” ��in=constant�. Q� = �2� /����cos �out−cos �in�x̂
+ �sin �out+sin �in�ẑ�.

FIG. 18. �Color� Measured rocking curves ��in+�out=2�� for the acid-
terminated sample in air �black� and under buffer solution �red�. The back-
ground scattering �as seen in the lower envelope of the scans�, modulated as
for the specular reflectivity, arises from the surface roughness. Under buffer,
this background is constant �
4�10−8I0� except for very grazing angles of
incidence and is due to diffuse scattering from density fluctuations in the
aqueous solution. Notice the anomalous surface reflections or Yoneda
�Ref. 66� peaks �arrow� around �in=�c �and �out=�c by reciprocity�.
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tight resolution conditions �even for the very best
diffractometers under near-perfect alignment�.

• As the diffuse scattering from the surface structure is
also modulated with Kiessig fringes as for the specular
reflectivity, other schemes for background subtraction,
in particular, scans of the detector angle for a fixed in-
cidence angle, can lead to an incorrect estimation of the
diffuse scattering contribution. This effect is most pro-
nounced in the case of “tight” Kiessig fringes arising
from a thick surface layer, indeed, catastrophic in the
case of reflectivity measurements from metallic
multilayers67,68 �for example, under conditions of a
minimum in the specular reflectivity fringe, a scan of
the detector angle would measure adjacent peaks in the
diffuse scattering at slightly higher and lower scattering
wavevectors�.

• A broadening of the reflected beam profile arising from
an even slightly curved sample �see Fig. 19� can be
detected and eventually compensated, as was necessary
in the present study. Such a situation of a curved reflect-
ing surface is particularly inevitable in the study of the
air/liquid or liquid/liquid interfaces, even when the
sample size is taken to be much larger than the capillary
length. Of course, this broadening of the reflected beam
profile can be and is usually compensated through a
relaxation of the detector slit resolution, thus leading to
an increased contribution of diffuse scattering to the
measured signal.

• Finally, the counting statistics can be optimized through
the scheme of measurement of rocking curves. For a
good instrument with minimum overhead in the move-
ment and counting operations, there is no time penalty
in systematic measurement of reflectivity through the
use of rocking curves.
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