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Abstract

Micromachined picoliter vials in silicon dioxide with a
typical depth of 6.0µm are filled with a liquid sample. Epi-
illuminated microscopic imaging during evaporation of the
liquid shows dynamic fringe patterns. These fringe patterns
are caused by interference between the direct part and the
reflected part of an incident plane wave (reflected from the
bottom of the vial). The optical path difference (OPD) be-
tween the direct and the reflected wave is proportional to the
distance to the reflecting bottom of the vial. Evaporation de-
creases the OPD at the meniscus level and causes alternat-
ing constructive and destructive interference of the incident
light resulting in an interferogram. Imaging of the space-
varying OPD yields a fringe pattern in which the isophotes
correspond to isoheight curves of the meniscus. When the
bottom is flat, the interference pattern allows monitoring
of the liquid meniscus as a function of time during evapo-
ration. On the other hand, when there are objects on the
bottom of the vial, the height of these objects are observed
as phase jumps in the fringes proportional to their height.
First, this paper presents the underlying optical model. Sec-
ondly, an image processing method is described to retrieve
the meniscus profile from the interference pattern. This al-
gorithm is based on estimating the wrapped (relative) phase
of the fringe pattern in the recorded images. Finally, this al-
gorithm is applied to measure height differences on the bot-
tom in other micromachined vials with a precision of about
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five nanometer.

1 Introduction

During the evaporation process of a liquid sample in a
cubic shaped picoliter vial etched in silicon dioxide with
a depth of6µm and a typical size of300 × 300µm2, the
meniscus is pinned in place to the edge of the vial [1].
As a result of the pinning, the air-liquid interface initially,
i.e. after filling of the vial with the liquid sample, has
a convex shape and changes then via flat to a concave
shape during evaporation. The thin liquid film with a vary-
ing meniscus profile generates a dynamic interference pat-
tern when observed under an epi-illumination microscope,
(even) with an incoherent narrow-banded unpolarized light
source. The isophotes of the fringes in this interference pat-
tern are points of equal liquid height [2]. In Figure 1 a
typical interference pattern is shown. This paper presents
a method to retrieve the height profile of the liquid during
evaporation by analysis of a recorded time series of the in-
terference pattern. The results shows a height profile as a
function of time. For proper understanding of the optical
phenomenon, a model describing the generation of the in-
terference pattern in the liquid will be introduced.

2 Optical Model

The optical model is shown in Figure 2. After refrac-
tion at the air-liquid interface, a plane wave from an inco-
herent light source, propagates towards a reflecting surface.
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Figure 1. The left figures show the dynamic inter-
ference patterns as recorded in a 6.0µm deep vial
of a microarray. The right graphs show the one-
dimensional height profiles (computed as explained
in Section 3) along the diagonal as indicated in the
bottom left figure. Because of symmetry, the re-
gion of interest (136× 258 pixels) is only a quarter
of the vial.

The main concept of the generation of the interference pat-
tern is the fact that the direct part of an incident plane wave
interferes with the part of the incident plane wave that is
reflected at the bottom of the vial. The sum of all these
single-quantum modulations gives rise to the observed in-
terference pattern [3]. The air-liquid interface is considered
to be parallel to the silicon bottom of the vial, as shown in
Figure 2.

The optical path differenceOPD between the direct part
and the reflected part of the incident plane wave at a height
d above the reflecting bottom of the vial is given by

OPD = 2nliq d cos(Θin), (1)

wherenliq is the refractive index of the liquid (ethylene-
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Figure 2. The direct part of the incident plane wave
interferes with the part that is reflected from the
bottom of the vial. This results in a modulation of
the electric field �E as a function of the height d.

glycol, nliq = 1.432), andΘin is the angle of incidence in
the liquid. The phase differenceΦ in corresponding to this
optical path difference is

Φin =
4π nliq d cos(Θin)

λin
, (2)

whereλin is the wavelength of the incident wave.
As indicated in Figure 2, the electric field of the inci-

dent wave in the liquid film is split into its TE-components
( �ETE , the electric field perpendicular to the plane of in-
cidence), and its TM-components (�ETM , the electric field
parallel to the plane of incidence). Using the notation from
Figure 2, the electric field�E at the point of consideration is
given in Cartesian coordinates by

�E = �Ei + �Er = ( �Ei + �Er)TE + ( �Ei + �Er)TM ,

�E = Ei


 cos(γin) cos(Θin)(1 + rTM e

iΦin )
sin(γin)(1 + rTEe

iΦin )
cos(γin ) sin(Θin)(1 + rTM e

iΦin )


 , (3)

whereγin is the angle of polarization with respect to the
plane of incidence,rTE and rTM are the Fresnel coef-
ficients for reflection for both components of the electric
field.

The modulations of the electric field as expressed in For-
mula 3 are measured with image sensors as modulations in

the intensity of the electric field| �E|2. The first step to com-
pute the intensity of the local electric field in the point of

consideration is to integrate| �E|2 analytically over all an-
gles of polarization. The result can be split into an offset,
which will not be further considered, and a modulating part:

〈| �E|2〉γin = E2
i π(2+r2TE+r2TM+2(rTE+rTM ) cos(Φin)).

(4)
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Figure 3. This graph shows the modulation of the strength of the local electric field as a function of the height d
above the reflecting bottom of the vial. One curve is based on evaluation of Equation 6, whereas the other curve
is experimentally acquired. Frame 1040 corresponds to the time in the recording of the interference pattern
where the meniscus is flat.

Formula 4 is the intensity of the electric field summed over
all angles of polarization for a single wavelengthλ in and a
single angle of incidenceΘin .

First, for the experiments, a narrow bandpass filter with a
central wavelengthλc = 602.3nm and a FWHM of9.7nm
is placed in the illumination path. The transmission spec-
trum S(λ) (normalized in amplitude) of this filter can be
approximated by a flattened Gaussian function:

S(λ) = (1 +
(λ− λc)

2

2σ2
λ

) exp(− (λ− λc)
2

2σ2
λ

), (5)

with σλ = 2.56nm corresponding to the FWHM of the fil-
ter.

Second, the angle of incidenceΘ0 is determined by the
size of the light source in the congruent back focal plane of
the objective lens (NA = 0.75). The light source fills one-
fifth of this plane. The marginal rays of the incident light
contribute most to the interference pattern with a weight
functiontan(Θ0). The angles of incidenceΘ0 andΘin are
related by Snellius’ law.

With these two weight functions, the intensity of the lo-
cal electric field can be computed as:

| �E(d)|2 =
∫ Θmax

Θin=0

∫ ∞

λ=0

tan(Θin)S(λ)〈| �E|2〉γindΘindλ,

(6)

whereS(λ) as defined in Formula 5 and〈| �E|2〉γin as in
Formula 4. The maximum angle of incidenceΘmax cor-
responds to an angle of incidence defined by one-fifth of
theNA of the lens.

2.1 Validation of the optical model

Equation 6 is evaluated numerically as a function of the
heightd above the bottom of the vial withλc = 602.3nm,

σλ = 2.56nm, nliq = 1.4319, nsil = 3.95 andΘmax =
0.155 rad. The result of this computation is shown in Fig-
ure 3. This computation is compared to measurements in
a digital recording (15 frames per second) of an evaporat-
ing ethylene-glycol sample. In each frame the intensity in
the center of the vial is measured. As can be seen in Fig-
ure 1, the meniscus in the center of the vial is always flat
because of symmetry, as assumed in the optical model. The
modulating intensity, measured as a function of time, is un-
wrapped with the method to be presented in Section 3. The
unwrapping algorithm gives the height of the liquid as a
function of time. The combination of the computed height
and the measured intensity is also shown in Figure 3. As
can be seen in Figure 3 the period of the measured modu-
lation equals the period of the simulated modulation. It is
beyond the scope of this paper to show that the length of the
modulations∆d equals

∆d =
λc

2nliq cos(Θeff
max )

(7)

whereΘeff
max = 0.82 × Θmax . The amplitude of the mea-

sured modulation, however, drops much faster than that of
the simulated modulation. The measurement is much more
complicated than the model assumes and is hampered by
limited axial resolution in the microscope.

When the air-liquid interface becomes virtually flat the
fringes of the interference pattern disappear because the
meniscus becomes parallel to the bottom. In this time in-
terval theOPD is approximately independent of the po-
sition. Although no fringe pattern is being observed, the
measured intensity over the entire vial is influenced by the
actual phase difference. This means that the intensity over
the entire vial shows the same modulation in time due to the
time-varyingOPD when the meniscus transites from con-
cave to convex. This has been monitored and is shown in
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Figure 4. The lowest variation in the average inten-
sity corresponds to the flat meniscus. Within half a
period above and below the perfectly flat meniscus,
the average intensity should encounter a maximum
value.

Figure 4. The bottom graph shows the modulation of the av-
erage intensity as a function of time, whereas the top graph
shows the variation of the average intensity (measured after
background correction). The frame with the smallest varia-
tion in average intensity corresponds to the one with the flat
meniscus. In this figure, the standard deviation of a framei
is computed as

StDev(Ii[m,n]− < I[m,n] >t=1010...1070), (8)

where< I[m,n] >t is the space varying average value over
60 frames in the time span where the meniscus is virtually
flat.

3 Unwrapping Algorithm.

The acquired interference pattern as shown in Figure 1
can be described by [4]:

I[m,n; t] =
A[m,n; t] cos(Φ[m,n; t]) +B[m,n; t] +N [m,n; t],(9)

whereA[·] andB[·] are the space / time varying amplitude
and background. The time-dependency ofA[·] is shown in
Figure 3.Φ[m,n; t] is the wrapped phase of the interference
pattern as defined in Formula 2 withd = d(t). N [m,n; t]
is an additive noise signal.

The absolute or unwrapped phase is related by Formula 7
to the meniscus level. Several algorithms exists that unwrap
the phase in 2D images of a fixed interference pattern,e.g.
[4, 5]. Since we recorded the interference pattern as a func-
tion of time, we propose to unwrap the phase in time point
by point.

Figure 5 shows the algorithm. The first step in the algo-
rithm is to subtract the backgroundB[m,n; t]. The time
dependent background is estimated by low pass filtering
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(a) This graph shows the background corrected data
I[t] − A[t] in the center point of the vial in the frame
series 750 – 1500.
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(b) This graph shows the window
function W[t] and the product
Isub[t]W[t].
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(c) This graph shows the estimated phases in the frame
series 750 – 1500.
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(d) This graph shows the height profile, which follows
by unwrapping of the estimated wrapped phases.

Figure 5. The unwrapping algorithm.

I[t | t = 0 . . . 4572] with a Gaussian kernel with a very large
standard deviation. Then we compute the number of zero-
crossings inI[t] − B[t] to estimate the number of periods
of the interference pattern in that point in time. Figure 3
e.g. shows 38 periods in the center point of the vial. How-
ever, towards the edge of the vial the number of periods
reduces to zero because of the liquid pinning. After filter-
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Figure 6. The profile of the meniscus in frame 3750
as computed with the phase unwrapping algorithm
in time.

ing G(t;σ) ∗ (I[t] − B[t]) the number of zero-crossing is
counted. The size of the Gaussian filter is increased by a
factor of

√
2 until the number of zero-crossings does not

change in two successive filterings. From the number of
periods follows a factor that is used to subsample the one-
dimensional time signalI[t] −B[t]. This signal is subsam-
pled to get approximately two periods of the interference
pattern in 128 datapoints ofIsub [t]. This is done to avoid
mixing of the low frequency component, the phase of which
is to be estimated, with the DC component in the Fourier
spectrum. Finally, the phase at a certain moment in time
(the central point in the fixed size window of lengthKw)
is estimated by multiplyingIsub [t] with a window function
W [t] with a fixed lengthKw of 128 points. The window
function is defined by

W [t] = (10)

(1 + 1
2 ( t−Kw

2
σt

)2 + 1
8 ( t−Kw

2
σt

)4) exp(− (t−Kw
2 )2

2σ2
t

)

whereσt = 16.0. An FFT algorithm is applied to the prod-
uct Isub [t]W [t]. The phase estimate is the phase of the bin
with the maximum amplitude in the frequency spectrum.

The result of this algorithm applied to every datapoint in
Isub [t] gives the wrapped phase of the interference pattern.
Since we have used a one-dimensional algorithm the un-
wrapping of the wrapped phases is trivial. The unwrapped
signalIunw.

sub is linearly interpolated to its original length.
After scaling with 1

2π , Formula 7 converts the absolute
phase to a relative height in micrometers. Using two mea-
surements, namely that in frame 1040 the meniscus is flat
and that in frame 4572 the liquid reaches the bottom in the
center of the vial, the absolute height is defined: the depth
of the vial is6.13µm, as indicateed in Figure 3.

The phase unwrapping algorithm in time in a single data
point as described above is applied to all data points in the

(a) This image shows the elec-
trodes on the bottom of the
vial

300 nm

(b) This figure shwos the retrieved height profile of the
electrodes.

Figure 7. The left image shows the frame where
the meniscus is flat. The electrodes are clearly
visible on the left and right side of the image. The
right figure shows the measured height difference
between the bottom of the vial and the electrodes
on both sides of the vial.

region of interest of136 × 258 pixels as indicated in Fig-
ure 1. Figure 6 shows the computed height profile of frame
3750.

4 Height Measurements

The unwrapping algorithm in time is applied to measure
height differences in other micromachined picoliter vials.
In these specific vials two aluminium electrodes have been
put on the bottom of the vial. The electrodes introduce a
height difference in the vial, which is observed as a phase
jump in the interference pattern. The phase jump is com-
puted as follows. First, the interference pattern is recorded
and the frame where the meniscus is most likely to be flat
is computed as described in Section 2.1. With the method
described in Section 3 thewrapped phase in each point
of this frame is computed. Note that this computation re-
quires 128 frames. The results of this computation makes
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the phase jump visible. Again, with Formula 7 the height
difference of the electrodes is measured. Since we com-
puted the wrapped phase, the measured absolute height dif-
ference limits itself to a maximum of∆d as defined in For-
mula 7. The result of this computation is shown in Fig-
ure 7. We measured the average value and the standard
deviation in the computed height profile in three regions
25× 25pixels: the left electrode, the true bottom of the vial
and the right electrode. The relative height of the left elec-
trode is0.289µm with a standard deviation of4.1nm. The
relative height of the right electrode is0.282µmwith a stan-
dard deviation of4.5nm. The relative height of the bottom
is 0.095µmwith a standard deviation of7.6nm. The height
difference between the bottom and the electrodes is approx-
imately 280nm. The electrodes have a defined height of
0.3µm.

5 Aspects of Sampling

We propose to unwrap the phases in time for each point
in the image. There is a fundamental reason to do the un-
wrapping in time. At the end of the recording (where the
meniscus is extremely concave (Figure 1)) the spatial den-
sity of the fringes increases, as can be seen in Figure 1.
A spatial unwrapping algorithm would encounter sampling
problems. Note, however, that because of the pinning of the
liquid, the change in height as a function of time is minimal
in the region near the edge of the vial. This implies that in
this region the phase is more densely sampled in time than
in space. Furthermore, spatial unwrapping algorithms will
encounter problems in the time span where the meniscus is
more or less flat, because no fringes are present there.

The evaporation speed of the liquid,i.e. the change in
height per unit of time, limits the temporal sampling den-
sity. Obviously, the evaporation speed is maximal in the
center of the vial. The evaporation speed is defined as the
height change of a single fringe∆d in a time span of length
τ∆d. The analysis requires that approximately two fringes
of the temporal fringe pattern correspond to the fixed win-
dow widthKw. This requirements yields

Kw = 2τ∆dRsampling , (11)

whereRsampling is the sampling rate (15 frames per sec-
ond). Formula 11 can be rewritten as follows:

vmax
evap. ≤ 2

Kw
∆dRsampling . (12)

On the other hand, the spatial sampling density is limited
by the angleα between the meniscus and the bottom of the
vial: the projection of the fringes on the image sensor gets
denser when the meniscus gets steeper. It can be proven that
the phase difference between the two parts of the incident

wave does not depend on the angle between the meniscus
and the bottom of the vial. The spatial sampling density
SD must satisfy the following equation:

tan(α) ≤ ∆d
SD/2

. (13)

6 Conclusions and Discussion.

This paper presented a method to retrieve height pro-
files from recorded time-series of interference patterns. The
algorithm unwraps the measured phases in time point by
point. As a consequence, all measurements are spatially un-
correlated. A key point in this algorithm is that the recorded
interference pattern changes over time and that at some mo-
ment a valid reference surface can be chosen. This reference
surface is computed where the interference pattern vanishes.
The axial resolution is on the order of five nanometer, which
is two order of magnitude better than the lateral resolution.
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