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Abstract

Micromachined picoliter vials in silicon dioxide with a
typical depth of 6.0um arefilled 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 thereflected wave is proportional to the
distanceto the reflecting bottomof thevial. 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 presentsthe underlying optical model. Sec-
ondly, an image processing method is described to retrieve
the meniscus profile from the interference pattern. This al-
gorithmis based on estimating the wrapped (rel ative) phase
of the fringe pattern in the recorded images. Finally, thisal-
gorithmis applied to measure height differences on the bot-
tomin 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 of6um and a typical size 0800 x 300um?, 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-

Yion at the air-liquid interface, a plane wave from an inco-

herent light source, propagates towards a reflecting surface.
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Figure2. Thedirect part of theincident planewave
interferes with the part that is reflected from the
bottom of the vial. Thisresultsin a modulation of
the electric field E asa function of the height d.

glycol, ny;, = 1.432), and©, is the angle of incidence in
the liquid. The phase difference;, corresponding to this
optical path difference is

A nygdcos(©4)

®’L'I’L )\Z’n b (2)
@1t = 164s where);, 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
Figure 1. The left figures show the dynamic inter- (Erg, the electric field perpendicular to the plane of in-
ference patterns asrecorded in a 6.0um deep vial cidence), and its TM-components ¢, the electric field
of amicroarray. Theright graphs show the one- parallel to the plane of incidence). Using the notation from
dimensional height profiles(computed asexplained Figure 2, the electric field at the point of consideration is
in Section 3) along the diagonal asindicated in the given in Cartesian coordinates by
bottom left figure. Because of symmetry, the re- - . . - - - -
gion of interest (136 x 258 pizels) isonly a quarter E = Ei+E = (E+E)rs+ (B + Er)ru,
of the vial. 08 (Vin ) c08(0i ) (1 + rrarei®n)

=
I

Bi|  sin()(1+ree®™) | @)
COS('Yin) Sin(@m) (1 + TTMe“I’m)

The main concept of the generation of the interference pat- where~,, is the angle of polarization with respect to the
tern is the fact that the direct part of an incident plane wave plane of incidencey 7z and rry are the Fresnel coef-

interferes with the part of the incident plane wave that is ficients for reflection for both components of the electric
reflected at the bottom of the vial. The sum of all these fig|q.
single-quantum modulations gives rise to the observed in-  The modulations of the electric field as expressed in For-

terference pattern [3]. The air-liquid interface is considered 1,15 3 are measured with image sensors as modulations in
to be parallel to the silicon bottom of the vial, as shown in

Figure 2. . . Coe :
The optical path difference@PD between the direct part pute Ithe |n.ten§|ty of the Iocall 2electrlc .fleld in the point of
and the reflected part of the incident plane wave at a heightconsideration is to integratgz| analytically over all an-

d above the reflecting bottom of the vial is given by gles of polarization. The result can be split into an offset,
which will not be further considered, and a modulating part:

. . 2 ,
the intensity of the electric fieldZ| . The first step to com-

OPD = 2ny,d cos(O), Q) Lo ) ) )
(1E] )y = Efm+r7p+r7y+2(rre+rrar) cos(Pin)).
whereny, is the refractive index of the liquid (ethylene- (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
abovethereflecting bottom of the vial. One curveisbased on evaluation of Equation 6, whereasthe other curve
is experimentally acquired. Frame 1040 corresponds to the time in the recording of the interference pattern
wherethe meniscusisflat.

Formula 4 is the intensity of the electric field summed over o) = 2.56 nm, ny, = 1.4319,ng = 3.95 and©,,4, =
all angles of polarization for a single wavelength, and a 0.155rad. The result of this computation is shown in Fig-

single angle of incidenc®,. ure 3. This computation is compared to measurements in
First, for the experiments, a narrow bandpass filter with a a digital recording (15 frames per second) of an evaporat-
central wavelength . = 602.3nm and a FWHM 0f9.7nm ing ethylene-glycol sample. In each frame the intensity in

is placed in the illumination path. The transmission spec- the center of the vial is measured. As can be seen in Fig-
trum S(\) (normalized in amplitude) of this filter can be ure 1, the meniscus in the center of the vial is always flat
approximated by a flattened Gaussian function: because of symmetry, as assumed in the optical model. The
modulating intensity, measured as a function of time, is un-
A=) A=) wrapped with the method to be presented in Section 3. The
LS ep(— o), (B) . e o : o
20% 20% unwrapping algorithm gives the height of the liquid as a
function of time. The combination of the computed height
with o = 2.56nm corresponding to the FWHM of the fil- g the measured intensity is also shown in Figure 3. As
ter. can be seen in Figure 3 the period of the measured modu-
Second, the angle of inciden€, is determined by the  |ation equals the period of the simulated modulation. It is

size of the light source in the congruent back focal plane of beyond the scope of this paper to show that the length of the
the objective lens¥A = 0.75). The light source fills one-  modulationsAd equals

fifth of this plane. The marginal rays of the incident light
contribute most to the interference pattern with a weight
functiontan(©,). The angles of incidend®, and©,,, are
related by Snellius’ law.

With these two weight functions, the intensity of the lo- \yhere@<

maxr

Ad = #ﬁ 7)
2144 cos(Oriaz)

= 0.82 X O,,4;. The amplitude of the mea-

cal electric field can be computed as: sured modulation, however, drops much faster than that of
O o0 the simulated modulation. The measurement is much more
|E(d)|2 = / / tan(@m)S(A)<|E|2)%d®md)\, complicated than the model assumes and is hampered by
©in=0 JA=0 limited axial resolution in the microscope.

9 6) When the air-liquid interface becomes virtually flat the
where S()\) as defined in Formula 5 andE| ),,, asin  fringes of the interference pattern disappear because the
Formula 4. The maximum angle of inciden€g;,,; cor-  meniscus becomes parallel to the bottom. In this time in-
responds to an angle of incidence defined by one-fifth of terval the OPD is approximately independent of the po-
the NA of the lens. sition. Although no fringe pattern is being observed, the

measured intensity over the entire vial is influenced by the
2.1 Validation of the optical model actual phase difference. This means that the intensity over

the entire vial shows the same modulation in time due to the
Equation 6 is evaluated numerically as a function of the time-varyingOPD when the meniscus transites from con-
heightd above the bottom of the vial with. = 602.3 nm, cave to convex. This has been monitored and is shown in
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Figure 4. The bottom graph shows the modulation of the av-
erage intensity as a function of time, whereas the top graph (b) This graph shows the window
shows the variation of the average intensity (measured after function W[f] and the product
background correction). The frame with the smallest varia- Toub [t]WTt].

tion in average intensity corresponds to the one with the flat
meniscus. In this figure, the standard deviation of a frame
is computed as

Phase

StDev(I;im,n]— < I[m,n] >i—1010...1070),  (8)

where< I[m,n] >, is the space varying average value over

60 frames in the time span where the meniscus is virtually

flat. (c) This graph shows the estimated phases in the frame
series 750 — 1500.

3 Unwrapping Algorithm.

®

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

Height in um
=)

SIS

Im,n;t] =
Alm, n;t] cos(®[m,n; t]) + Blm,n;t] + N[m,n;t],(9)

1000 1250 1500
Frame number

(d) This graph shows the height profile, which follows

whereA[-] and B[] are the space / time varying amplitude by unwrapping of the estimated wrapped phases.

and background. The time-dependencyid{ is shown in
Figure 3.®[m, n; t] is the wrapped phase of the interference
pattern as defined in Formula 2 with= 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 pattegn, It|t =0...4572] with a Gaussian kernel with a very large
[4, 5]. Since we recorded the interference pattern as a func-standard deviation. Then we compute the number of zero-
tion of time, we propose to unwrap the phase in time point crossings inl[t] — BJt] to estimate the number of periods
by point. of the interference pattern in that point in time. Figure 3

Figure 5 shows the algorithm. The first step in the algo- e.g. shows 38 periods in the center point of the vial. How-
rithm is to subtract the backgrour®|m, n;t]. The time ever, towards the edge of the vial the number of periods
dependent background is estimated by low pass filtering reduces to zero because of the liquid pinning. After filter-

Figure5. The unwrapping algorithm.
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(a) This image shows the elec-
center of well trodes on the bottom of the
vial

Figure®6. The profileof the meniscusin frame 3750
ascomputed with thephase unwrapping algorithm
intime.

ing G(t;0) = (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 signal[t] — B[¢]. This signal is subsam-
pled to get approximately two periods of the interference
pattern in 128 datapoints df,,;[¢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 lengkh,,)

is estimated by multiplyind s,; [t] with a window function

W t] with a fixed lengthK,, of 128 points. The window
function is defined by

Wit] = (10)
(1+ l(t— K 2+ l(t— K 14) exp(— (t— K )2) region qf interest ofl 36 x 258 pixels as _indicateq in Fig-
2\ oy 8\ oy p 207 ure 1. Figure 6 shows the computed height profile of frame

whereo, = 16.0. An FFT algorithm is applied to the prod- 3750.
uct I, [t]W[t]. The phase estimate is the phase of the bin
with the maximum amplitude in the frequency spectrum. 4 Height Measurements
The result of this algorithm applied to every datapoint in
I, [t] gives the wrapped phase of the interference pattern.  The unwrapping algorithm in time is applied to measure
Since we have used a one-dimensional algorithm the un-height differences in other micromachined picoliter vials.
wrapping of the wrapped phases is trivial. The unwrapped In these specific vials two aluminium electrodes have been
signal 17" is linearly interpolated to its original length. put on the bottom of the vial. The electrodes introduce a
After scaling with % Formula 7 converts the absolute height difference in the vial, which is observed as a phase
phase to a relative height in micrometers. Using two mea- jump in the interference pattern. The phase jump is com-
surements, namely that in frame 1040 the meniscus is flatputed as follows. First, the interference pattern is recorded
and that in frame 4572 the liquid reaches the bottom in the and the frame where the meniscus is most likely to be flat
center of the vial, the absolute height is defined: the depthis computed as described in Section 2.1. With the method
of the vial is6.13um, as indicateed in Figure 3. described in Section 3 therapped phase in each point
The phase unwrapping algorithm in time in a single data of this frame is computed. Note that this computation re-
point as described above is applied to all data points in the quires 128 frames. The results of this computation makes

(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 theimage. The
right figure shows the measured height difference
between the bottom of the vial and the electrodes
on both sides of the vial.
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the phase jump visible. Again, with Formula 7 the height wave does not depend on the angle between the meniscus
difference of the electrodes is measured. Since we com-and the bottom of the vial. The spatial sampling density
puted the wrapped phase, the measured absolute height difSD must satisfy the following equation:

ference limits itself to a maximum akd 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 x 25pizels: the left electrode, the true bottom of the vial
and the right electrode. The relative height of the left elec-
trode is0.289um with a standard deviation df.1nm. The
relative height of the right electrode(i282,m with a stan-

tan(a) < Ad

< S5/ (13)

6 Conclusionsand Discussion.

This paper presented a method to retrieve height pro-
files from recorded time-series of interference patterns. The
dard deviation oft.5nm. The relative height of the bottom  algorithm unwraps the measured phases in time point by
is 0.095um with a standard deviation gt6nm. The height  point. As a consequence, all measurements are spatially un-
difference between the bottom and the electrodes is approx-correlated. A key point in this algorithm is that the recorded
imately 280nm. The electrodes have a defined height of interference pattern changes over time and that at some mo-
0.3pm. 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

5 Aspectsof Sampling
is two order of magnitude better than the lateral resolution.

We propose to unwrap the phases in time for each point
in the image. There is a fundamental reason to do the un-Acknowledgements
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