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Using synchrotron x-ray diffraction, we have determined the ensemble-averaged density profile of colloidal
fluids within confining channels of different widths. We observe an oscillatory ordering-disordering behavior of
the colloidal particles as a function of the channel width, while the colloidal solution remains in the liquid state.
This phenomenon has been suggested by surface force studies of hard-sphere fluids and also theoretically
predicted, but here we see it by direct measurements of the structure for comparable systems.
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I. INTRODUCTION

Geometrical confinement can dramatically alter bulk
properties of fluids like viscosity and density. This has im-
portant implications for fundamental processes such as lubri-
cation, friction, crystallization, and transport through narrow
pores. In a narrow, confined space, the fluid can change its
phase behavior and may become even solidlike �1,2�. These
phenomena are generally attributed to excluded volume ef-
fects, and become important when the confining dimensions
are less than typically five to ten times the diameter of the
fluid’s constituents �molecules, micelles, or colloidal par-
ticles�. Theoretical models predict for this limit a structural
force acting on the confining surfaces that oscillates, in the
case of hard-sphere liquids, with a period approximately
equal to a particle diameter and, for charged colloids, with a
larger period which reflects the range of the screened Cou-
lomb force �3,4�. According to the contact value theorem �5�,
a positive �negative� force reflects an enhanced �lowered�
local density near the confining walls. This suggests the pres-
ence of a layered �disordered� density next to the walls. In-
tuitively, the density oscillations induced by each of the two
walls may interfere constructively or destructively, depend-
ing on whether an integer or a half-integer number of layers
fits into the confining channel �Fig. 1�.

Whereas oscillatory surface forces have been measured
for many confined liquids �5,6�, structural information is
scarce, since the confinement geometry makes the fluid inac-
cessible to most structural probes. Optical microscopy has
been employed to investigate the crystalline order of colloids
following confinement-induced freezing �7�, as well as the
ordering of colloidal fluids against a single wall �8�. Confo-
cal and standard video microscopy allow one to gain directly
insight into the local dynamics of colloid solutions in the

vicinity of a wall and has contributed significantly to the
understanding of such systems �9,10�. As for any optical
technique, the system has to be transparent, but contain con-
trast in the visible light regime between the colloidal par-
ticles and the surrounding fluid. The colloidal particles have
to be sufficiently large and slow to allow detection and par-
ticles overlapping in the detected two-dimensional �2D� pro-
jection complicate data analysis �11�. Transmission electron
microscopy is restricted to fluids with very low vapor pres-
sures, while the generally unknown shape of the cantilever
tip in atomic force microscopy restricts applications in this
field. Determining the density profile of a fluid across the
confining container with high resolution has so far remained
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FIG. 1. �Color online� Oscillatory ordering. Schematic of the
structural force as a function of surface separation �top panel�, with
the corresponding arrangement of the fluid particles �center panel�
and density profile �bottom panel�.
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elusive, despite some promising proof-of-principle results
using x-ray waveguiding �12� and x-ray reflectivity �13�. The
microfluidic array phase profiling �MAPP� described here is
complementary to most of the local probes listed above,
since it provides ensemble-averaged information that is spa-
tially resolved across the confining average channel rather
than data about an individual channel.

II. EXPERIMENT

Instead of investigating single fluid containers, our ap-
proach was to use an array of microfluidic channels etched
into a silicon chip for small-angle x-ray scattering experi-
ments. This approach has several advantages. By studying
many identical containers at the same time, the ensemble
average rather than a single entity is investigated, and the
scattered x-ray signal is much stronger. The setup is insensi-
tive to perturbations such as vibrations, since the dimensions
of the fluid containers are not variable. Different dimensions
of the confining channels are simply chosen by having a set
of different arrays on the same sample, i.e., the same chip.
The method is sensitive to electron density differences, i.e.,
no transparency or contrast of the components is needed in
the visible light regime. Only the dimensions of the density
fluctuations rather than the ordering constituents themselves
have to be larger than the resolution and thereby for example
ion concentrations can be measured.

We succeeded in producing such arrays with a high de-
gree of perfection �14�. The data described in the present
study were recorded for a chip with microfluidic arrays of
0.50, 0.75, 1.00, and 1.25 �m period and channel widths in
the range of 280 to 615 nm. The height of the structures is
approximately 6 �m. Each array covers an area of
0.8�0.8 mm2. A scanning electron microscopy �SEM� im-
age of such a microfluidic array is shown in the inset of Fig.
2.

The microfluidic arrays were placed under normal inci-
dence in the x-ray beam as schematically depicted in Fig. 2.
The data were recorded at an x-ray energy of 11.804 keV,

corresponding to a wavelength of 1.050 Å, at the Materials
Science beamline of the Swiss Light Source, Paul Scherrer
Institut �15�. A macroscopic beam of 0.5�0.5 mm2 at the
sample position and thereby most of the incident flux was
used. The arrays act as diffraction gratings, and the intensi-
ties of the diffraction orders �Bragg peaks� for each grating
were recorded with a high-resolution 1D microstrip detector
�16� having 10 �rad resolution corresponding to a minimum
resolvable momentum transfer of 6�10−4 nm−1. Combining
three diffraction patterns obtained with different attenuation
settings allowed us also to measure the low-order diffraction
intensities, including the zeroth order, thereby eliminating
the need for special treatment of missing low-frequency data
�17,18�. The total exposure time for each microfluidic array
was 135 s. This time already includes a triple repeat of each
exposure used to filter out spurious counting events by taking
the median value of the recorded intensities.

Because the illumination is only partially coherent, the
x-ray data are sensitive to the average structure instead of
individual channels and density profiles. In this sense, the
current technique is more similar to crystallography than to
lensless imaging using fully coherent illumination.

The colloidal solution consists of 10 vol % spheres of
109.2 nm average diameter in a refractive-index-matched
solvent of 55% benzyl alcohol and 45% ethanol. The match-
ing of the refractive index reduces van der Waals interac-
tions. The polydispersity of the silica spheres is approxi-
mately 3%. The concentration is well below the density for
the formation of a crystalline layer at the wall or even cap-
illary freezing �19�. In a second measurement in the same
microfluidic channels, lithium chloride �LiCl� in 0.4M con-
centration was added. The additional LiCl ions in the salt
solution shield the electrostatic potential of the charged col-
loid particles. The silica colloid particles then effectively be-
come similar to a hard-sphere system.

III. DATA ANALYSIS

The iterative phase-retrieval algorithm presented here al-
lows the determination of amplitude, phase, and thereby con-
centration profiles across the microfluidic channels in a
model-independent way. For a model-dependent kinematic
scattering approach to determine the concentration profile we
refer to �20,21�.

A. Coordinate system

We are using a coordinate system in which x is across the
microfluidic channels, y along the channels, and z along the
propagation direction of the x rays toward the detector. The
diffraction measurements average over y and take the en-
semble average of many microfluidic channels. The origin
x=z=0 is in the center of an average channel at the exit of
the grating.

B. Initial data treatment

A periodic array of Gaussian peaks with the same width
but individual intensities on an interpolated background was
fitted to the spectrum for each grating in order to retrieve the

FIG. 2. �Color online� Experimental setup. The x-ray beam im-
pinges under normal incidence onto the sample chip on which sev-
eral different microfluidic arrays were prepared. The sample chip is
covered with a glass plate to avoid evaporation. The diffracted in-
tensity is recorded with a high-resolution microstrip detector. The
inset shows a SEM image of a microfluidic array.
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integrated intensities of the array diffraction peaks with high
precision. These integrated intensities contain the full infor-
mation about the average electron density, spatially resolved
across a microfluidic channel. See Fig. 3 for an example
where the intensities are reconvoluted with the Gaussian
peak to resemble the raw data.

C. Phase retrieval

Fourier transformation of the recorded intensities of the
grating orders cannot yield density profiles because of the
well-known phase problem, i.e., the loss of the x-ray phase
information in the recorded data. To retrieve the phase infor-
mation, iterative algorithms have proven to be very helpful.

For the present case of 1D density profiles from Bragg
scattering data we attempted a combination of standard itera-
tive phase-retrieval algorithms. We applied the following
scheme. We start with a random solution and 15 iterations of
Fienup’s hybrid input-output algorithm �23�, followed by 20
iterations of the Gerchberg-Saxton algorithm with the phase-
selection option �24� repeated five times. We then apply three
cycles of 15 iterations of the hybrid input-output algorithm,
followed by 50 iterations of the Gerchberg-Saxton algorithm
�22�. These are in total 370 iterations with the different al-
gorithms. The method is computationally fast since we are
dealing with a 1D data set.

The iterative phase retrieval was started for each data set,
i.e., for each microfluidic array, 150 times with an initially
random solution. For each of the refined 150 solutions, the
similarity to all other solutions was calculated in the form of
the mean squared deviation �MSD�. The refined solutions are
grouped into a large set of similar solutions and a small set of
dissimilar ones. The level of rejection is the median value of
the MSDs plus their standard deviation. Of the majority of
similar solutions the average result is calculated. Typically
fewer than 10% of the initially 150 solutions are rejected,
i.e., for all the data presented here, well above 100 solutions
are averaged.

The reconstructed field is complex valued and symmetric
with respect to q=0. By including physical constraints in the
algorithm, we succeeded in retrieving complex objects, i.e.,
both amplitude and phase, for a 1D problem in a unique way.
Details about the MAPP technique including a detailed de-

scription of the phase retrieval constraints can be found else-
where �25�. For the discussion here, the most relevant aspect
is that the precise position of the confining walls and thereby
the width of the channels, the height of the channels and the
phase profile of the fluid inside the channels are not con-
strained. This approach is therefore truly model independent:
as much prior information as is available is used but none of
the parameters to be determined is imposed in any way onto
the system.

An example of the excellent agreement between measured
and retrieved intensities is shown in Fig. 3. The data shown
are reconvoluted with the Gaussian peak to resemble the
original data before peak integration. The inset shows the
deviations that occur for the highest orders due to the aver-
aging of solutions �25�.

Further evidence for the uniqueness and precision of the
method is given by the retrieved phase profiles depicted in
Fig. 4. In the left panel, phase profiles are shown for the
charged silica colloid. The profiles in the right panel are for
identical microfluidic arrays filled with the same colloid plus
a 0.4M LiCl solution. The channel widths shown for each
profile are determined as the full width at half average maxi-
mum of the phase profile. These values agree between both
data sets for the same array to within 1 nm, which is much
better than the minimal single-pixel resolution of 6 nm.

D. Concentration profiles

Propagation of x rays through the microfluidic array
changes both phase and amplitude of the incident field. This

FIG. 3. �Color online� Experimental data. Retrieved �green line�
and measured �blue dots� intensities on a logarithmic scale for 100
diffraction orders of a grating with 1.25 �m period and 615 nm
channel width.

FIG. 4. �Color online� Phase profiles of charged silica colloids
�left� and hard-sphere-like colloids �right� in the same microfluidic
arrays. The profiles are offset vertically for clarity. The determined
channel widths are shown for each profile. As we interpret oscilla-
tions as being caused by layering, i.e., increased concentration, we
have highlighted these using spheres with the diameter of the col-
loid particles drawn to scale.
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is described by the real part � and the imaginary part � of the
refractive index n:

n = 1 − � + i� . �1�

To convert the phase profiles into concentration profiles we
use our knowledge about the refractive indices of the
components of the system under investigation. In the ex-
ample presented here the components are silicon, �Si
=3.497�10−6, silica colloidal particles, �silica=2.889�10−6,
and a refractive-index-matched solvent of 55% benzyl alco-
hol and 45% ethanol, �solvent=1.521�10−6 �all given for the
x-ray wavelength of �=1.050 Å�. The � values of the colloi-
dal solution relative to the confining silicon can be calculated
from the volumetric content c of the colloidal particles:
��x�=c�x��silica+ �1−c�x���solvent−�Si. Additionally we know
the height of the microfluidic channels of zc=6 �m by de-
sign and also from the measurements of the empty channels.
The phase shift �	 caused by traversing the length �z of a
medium with real part of the refractive index � is given by
�	�x�=k��x��z. We can use this equation to convert the
determined phase shift inside the gap �	rel, relative to the
surrounding silicon, into a concentration of colloidal par-
ticles csilica:

csilica =
�Si + �	rel/kzc − �solvent

�silica − �solvent
. �2�

The concentration profiles shown in Fig. 5 are based on this
conversion.

IV. RESULTS AND DISCUSSION

The results reported here are for colloidal solutions in the
fluid phase. At higher concentrations, colloids form ordered
solid phases �26,27�. The phase profiles shown in the left
panel of Fig. 4 are definitely far from being in the solid
phase. Only weak modulations of the average density profile
of the model fluid are visible. Dense crystalline ordering of
the silica particles would lead to phase shifts much closer to
the value of the surrounding silicon walls.

The most pronounced ordering effects are marked in Fig.
4 as circles, with the diameter of the colloidal particles of
109 nm drawn to scale. It is striking that only some of the
channels exhibit ordering effects. For the solution with
charged silica particles �left panel of Fig. 4� pronounced lay-
erlike ordering is seen for the channels of 293 nm width
whereas the 290 nm channels exhibit almost no ordering,
and those with 304 nm probably show a mixture of several
weakly ordered structures.

One may argue that, for the charged colloid, local charge
differences are present and that the long-range forces lead to
a variation in the ordering distance. The situation is better
defined for colloids with salt solution. The ions in the salt
solution shield the electrostatic potential, and the silica col-
loid particles effectively become a hard-sphere system: the
paradigm of a model fluid.

For the hard-sphere fluid, pronounced layering in two,
three, and four layers occurs at multiples of approximately
142 nm in channel width, i.e., at 290, 426, and 561 nm �see

right panel of Fig. 4�. This is a clear fingerprint of
confinement-induced oscillatory ordering with a typical dis-
tance larger than the diameter of the colloidal particles of
109 nm. Pronounced ordering is observed only if the given
channel width fits to the layering distance of the colloid in-
side. The data unequivocally show that the oscillatory struc-

FIG. 5. �Color online� Volume fraction of colloidal particles.
The silica concentration inside the microfluidic channels is shown
as a contour plot for several channel widths for charged silica col-
loids �top� and hard sphere like colloids �bottom�. The excluded
volume effect of 0% volume fraction directly at the confining walls
as well as pronounced increases due to the confinement are clearly
visible. The dark red outer region is the area of the confining silicon
walls.
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tural forces are directly linked to a sequence of layering-
disordering transitions, as illustrated in Fig. 1. We interpret
this comparatively weak modulation of the density profile for
a colloidal solution as a precursor state of the oscillatory
crystalline ordering observed for dried systems created by
electrodeposition �28�, i.e., for the highest possible concen-
trations of colloid particles.

The concentration of the silica spheres calculated from the
phase profiles in Fig. 4—spatially resolved across the con-
fining channels—varies from 0% due to the excluded volume
effect close to the walls to more than 25% in regions of high
concentration �see Fig. 5�. In addition, it is found that the
average density across the channel width oscillates in phase
with the degree of order �not shown�. This is not unexpected,
since the layering effect allows for a denser packing of the
particles. A similar oscillation in the average density has
been observed in a recent optical study of a confined molecu-
lar fluid �29�.

At larger widths, the very regular layering breaks down,
as seen for the 615 nm channels. The density fluctuations
induced by the walls no longer overlap sufficiently to induce
well-ordered layering, even though the density within the
channels is still significantly increased compared to other
arrays having only small signs of ordering effects.

Intermediate density profiles, which we interpret as super-
positions of different states of local ordering, are also ob-
served for many gap sizes where an integer number of layers
does not fit into the confining gaps; see, for example, the
channels with 327 and 438 nm width in the right panel of
Fig. 4. This can be used to illustrate the complementarity of
techniques: Local probes like video microscopy would find
one or some of the realizations of the systems and this infor-
mation can then be used to interpret the ensemble-averaged
overall picture seen using the MAPP technique.

Gratings in photoresist layers have been used before to
study the effects of confinement on the arrangement of col-
loidal particles and oscillatory packing densities have been
found �28�. However, this study was performed on a com-
pletely different system, namely, densely packed colloidal
crystals produced by electrodeposition, and a different, local
probing technique was used: SEM on dried-out samples.
This very elegant and straightforward approach was appli-
cable since the focus was on colloid crystals for photonic

applications rather than on dilute colloid solutions as in the
present case.

V. SUMMARY AND OUTLOOK

We have identified oscillatory ordering of two, three and
four layers in a silica hard-sphere model fluid confined in
channels of submicrometer width. The colloidal solution
nevertheless remains in the fluid state. A one-dimensional
x-ray phase-retrieval approach applied to x-ray diffraction
data from microfluidic arrays �MAPP� has enabled us to de-
termine the oscillatory density profiles in a model-
independent way with a resolution in the 10 nm regime and
to observe directly the structural oscillation underlying the
well-known force oscillation.

The use of channel arrays for fluid confinement offers
several advantages. Whereas a single channel typically con-
tains only a picoliter of fluid, an array has approximately one
thousand times more fluid. This allows a correspondingly
lower irradiation dose per volume for the same scattered sig-
nal. Lowering the dose per volume is important for systems
that are prone to radiation damage �e.g., hydrocarbon-
containing fluids�. Second, the wetting of arrays of channels
with different dimensions by the same fluid enables accurate
studies of confinement effects, free of systematic errors.
Third, microfluidic arrays offer certain advantages for studies
of dynamics using x-ray photon correlation spectroscopy
�30�. Scaling down the channels in these arrays to the range
of 10–50 nm will offer unique opportunities for studies of
confinement-induced ordering of proteins in solution. These
kinds of system can be studied, since the MAPP technique is
independent of the shape of the colloidal particles and, for
example, rodlike particles or proteins are easily accessible.

The microfluidic arrays naturally lend themselves to stud-
ies of the flow of complex fluids in narrow channels, comple-
mentary to local studies of individual channels �31�.
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