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We formulate microfluidic design principles for electrospray ionization sources based on a
rectangular capillary slot formed by two triangular cantilevers. Spontaneous imbibition of the test
liquids into the slot by capillary action provides a robust mechanism for liquid transport from a
reservoir to the cantilever tip where an electrospray is generated upon application of a voltage. The
correct functioning of the source requires the liquid bridging the slot to have a negative Laplace
pressure. Imbibition is controlled by the ratio of slot width to heightw/h and the intrinsic contact
anglesuw, us of the liquid with the slot walls and the cantilever faces, respectively. Based on these
parameters we derive a simple criterion for the complete filling of the slot. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1792381]

Recently, the idea of an electrospray ionization source
(ESI) based on a rectangular capillary slot, rather than a cap-
illary tube, has been introduced.1 Electrospray sources were
first discussed by Zeleny2 and later by Dole3 and Fenn.4 The
latter group was the first to apply electrospray ionization
sources to mass spectrometry and to consider the role of
source geometry.5 Electric fields generated at the end of the
capillary lead to the formation of a Taylor cone and ulti-
mately to the emergence of small charged droplets from the
cone.6 The threshold field strength, and thus the applied volt-
age, scales with the diameter of the capillary to the Rayleigh
stability limit depending on the radius of the charged drop-
lets. Disintegration of the droplets occurs when the electric
forces at the liquid–vapor interface can overcome surface
tension. The emitted charged droplets are then accelerated in
the electric field between the source and the input of the
mass spectrometer. Due to the Rayleigh instability7 they will
undergo subsequent fission while the solvent evaporates.8

The capillary ESI source discussed here is essentially a
slotted triangular cantilever structure whose functioning is
much like that of fountain pen nib that is placed at the input
of a mass spectrometer. Following the loading of a reservoir
with a test liquid, e.g., containing an unidentified protein
sample, the liquid is drawn by capillary action into the slot
and to the end of the cantilever. Subsequent application of
the ionization voltage to the liquid(in the reservoir via the
semiconductor substrate) leads to the formation of an elec-
trospray at the end of the capillary slot. Ideally, the slot has
to fill spontaneously, i.e., the formation and elongation of a
liquid bridge in the slot is then driven by interfacial tensions.
The filling properties of the slot have been addressed briefly
before;1 here, we present an analysis of the possible liquid
equilibria in the slot in order to explicitly formulate the mi-

crofluidic design rules for the system. Without any need for a
discussion of the dynamics of liquid imbibition into the slot,
our results already convey important basic information about
the functioning of the system.

We have fabricated the capillary slot structures using a
polymer (SU-8)1 and polycrystalline silicon(polysilicon).9

Figure 1 shows a typical slotted cantilever made from low-
stress polysilicon which has the following dimensions: can-
tilever lengthL=800mm, slot width w=1.8 mm, and slot
heighth=2 mm. Mass spectrometry tests confirmed that such
capillary-slot based sources demonstrate excellent electro-
spraying performances.1 The geometry of the rectangular slot
is entirely determined by its total lengthL, its width w, and
by the thickness of the cantileverh, whereL@w andL@h
[the cross section is indicated in Fig. 2(a)]. Indeed we can

a)Author to whom correspondence should be addressed; electronic mail:
ralf.blossey@iemn.univ-lille1.fr

FIG. 1. Scanning electron micrograph of a capillary slot-based electrospray
ionization source fabricated using a polycrystalline cantilever structure. In-
set shows an enlargement of the tip source(inset scale bar=2mm).
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define a normalized slot width by computing the ratiow/h.
(Note that this quantity is theinverseof the aspect ratio of
the slot). A computation of the capillary lengthk
=sg /%gd1/2 for pure water sglv,0.072 N m−1, %
,103 kg m−3d shows that already the extensionL of the slot
is smaller thank<2.7 mm, which thus allows us to neglect
gravity effects altogether.

Imbibition of the liquid into the slot is, in addition to the
geometric parameters, controlled by the intrinsic contact
angles the liquid forms with the slot walls,uw, and with the
cantilever top and bottom surfaceus. We have measured the
static contact anglesus on polysilicon deposited by LPCVD
of typical buffer solutions which are routinely used in MS
testing. Solutions were prepared by mixing de-ionized water
sDI-H2Od, methanolsCH3OHd, and formic acidsCH2O2d.
We varied the CH3OH:H2O ratio from 0 to 50%sCH2O2

=0.1%d in order to observe the effect on the contact angle.
Contact angles were seen to vary from 55° to 25° as the
methanol concentration was increased(see Fig. 3). One may
assume to a first approximation that the intrinsic contact
angleuw equalsus.

Provided the control parametersw/h, us, and uw lie
within a certain range, the liquid will attain an elongated
shape bridging the slot. Such structures occur preferably at
low contact angles and in high aspect ratio slots. The liquid
will form droplets on the surface of the cantilever if the slot

is too wide or if the contact angles are too large, see Fig.
2(a). In this case, the droplets either wet the top or the bot-
tom surface of the cantilever rather than the walls of the
capillary slot. At mechanical equilibrium the liquid–vapor
interface must satisfy the Laplace equation

2glvM = Pl − Pv, s1d

relating the surface tensionglv and the mean curvatureM
=sc1+c2d /2 of the liquid–vapor interface to the difference
Pl −Pv in bulk pressure between both fluid phasesl and v.
Here,c1 andc2 denote the principal curvatures of the liquid–
vapor interface at a given point. In particular,M is constant
whenever the differencePl −Pv does not depend on the po-
sition in the liquid. The balance of forces induced by the
surface tensionsgi j with i Þ j and i , j P hv , l ,sj which act on
the three phase contact line between liquidl, vapor v, and
substrates is given by the Young–Dupré equation

glv cosu = gvs − gls, s2d

whereu is the contact angle the liquid–vapor interface forms
with the substrate. Note that Eq.(2) only applies to the
smooth parts of the substrate walls and fails whenever the
contact line coincides with a sharp edge of the substrate to-
pography. Indeed, in this case the contact angle is ill-defined
and the orientation of the liquid–vapor interface may adapt
within a certain free range.

Liquid equilibria may be found numerically by a mini-
mization of the interfacial energy, e.g., using the program
SURFACE EVOLVER,10 or by invoking an analytical model
approximation.11 The latter can be applied provided that the
longitudinal extension of the bridge is large compared to its
transverse dimensions which are of the order of the slot
width w or heighth. In our analytical model we approximate
the liquid–vapor interface of the elongated bridges by cylin-
drical segments with a radius chosen to be consistent with
Eq. (2) at the contact line. The particular shape of the end
“caps” of the elongated bridges is ignored. Allowing for a
constant liquid volumeV, the length of an elongated liquid
bridge is given by,=V/A whereA is its cross-sectional area.
It is then straightforward to calculate the interfacial energy
Fs,d of the elongated bridge as a function of its length, and
to discuss its local minima which determine the liquid equi-
libria. This method requires the knowledge of the local sta-
bility of cylindrical liquid–vapor interfaces with a pinned or
free contact line against small perturbations.12

Figures 2(b) and 2(c) show the results of our calculations
in the form of a “morphology diagram.” The parameter re-
gimes given by the areas(I–IV ) indicate where the liquid

FIG. 2. (a) Cross sections of elongated bridges. Liquid shapes(I), (II ), and
(IV ) are elongated along the slot. Shape(III ) resembles a droplet that sits on
one side of the cantilever;(b) morphology diagram of elongated bridges in
a slit for the caseuw=us; (c) morphology diagram for the caseuwÞus,
us.90°.

FIG. 3. Static contact anglesuw vs volume fraction. Repeatability was
achieved by automatic deposition of fixed volume dropletss0.5 mld using a
Digidrop EWS contact angle meter(GBX, France).
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morphologies of Fig. 2(a) occur as a function of normalized
slot width w/h and wall contact angleuw. Figures 2(b) and
2(c) assumeuw=us/ suwÞus, us.90°d. In addition, we have
restricted ourselves to liquid volumesV for which elongated
bridges do not spread to the full length of the slot and, hence,
have at least one end that can adjust freely.13

Spontaneous imbibition of the liquid into the slot takes
place whenever “free” elongated liquid bridges with a nega-
tive Laplace pressure can form inside the slot. After the liq-
uid has spread to the end of the slot the cross-sectional area
of the liquid bridge will increase until the Laplace pressure is
zero. However, the liquid does not spontaneously enter into
the slot if the Laplace pressure of a free bridge in the slot is
positive. We assume that there is a reservoir of liquid(not
shown) of volumeVr @Lwh, such that its Laplace pressure is
near zero(compared to a typical scale,glv /w). From Fig.
2(b) it can be seen that three different morphologies of “free”
liquid bridges arise in the slot depending on the normalized
slot width w/h versus the contact angleuw=us as derived
from our analytical model. Morphology(I) is found at a
small ratio ofw/h,1 and contact anglesuw,90°. It corre-
sponds to an elongated bridge with convex liquid–vapor in-
terfaces, hence with a negative Laplace pressure. In regime
(II ) elongated bridges with a positive Laplace pressure are
found. In both cases, the liquid extends a finite length,,L
along the slot which scales linearly with the liquid volumeV,
while the cross section of the bridge is independent ofV. In
regime (III ), one encounters “bulge”-like droplets that may
sit on either side of the cantilever, cf. Fig. 2(a), andno stable
elongated liquid bridges can be found. We note that morphol-
ogy (II ) becomes metastable for a sufficiently large volume.
In this case, morphology(III ) is the global minimum of the
interfacial energy. For morphology(I) this situation will
never occur.

The morphology diagram is further enriched when the
conditionus=uw is dropped, as in Fig. 2(c). This is, e.g., the
case for a cantilever with hydrophobic surfaces. In addition
to the morphologies(I–III ) described before, we now also
find a new morphology(IV ) at low contact anglesuw,13.6°

and for normalized slot widths 1,w/h,2.51. Here, the liq-
uid spreads as flat channels to the very ends of the slot walls
prior to the formation of a bridge spanning the slot. Further-
more, Figs. 2(b) and 2(c) display a dotted line splitting re-
gime (II ) into two separate regions. Here, the forces acting
on the slot walls are either attractive(left) or repulsive(right)
and can affect the shape of the slot if it is made from an
elastically deformable material.

Figures 2(b) and 2(c) allow one to deduce the design
rules for the capillary slots. Spontaneous imbibition always
occurs in regime(I) with the line separating regimes(I) and
(II ) being simply given byw/h=cosuw. For contact angles
uw,90° spontaneous imbibition of liquid from a reservoir at
zero Laplace pressure can be reached for a sufficiently small
normalized slot widthw/h. We close by noting that the con-
siderations presented here can readily be extended to other
microfluidic systems operating on scales below the capillary
length.
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