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We propose and analyze a high resolution capacitive sensor appropriate for monitoring physical or chemical processes in liquid films. The
proposed sensor is based on a planar interdigitated capacitor with planar electrodes of dimensions in the milimeter scale. The electric fielc
between electrodes extend above the plane of the electrodes up to a few milimeters and thus permits placing a dielectric container with a liquic
film on top and still be sensitive to changes in the liquid film. First, we present numerical calculations of the capacitance of an interdigitated
sensor as a function of the thickness and dielectric constant of a film placed on top of it using a finite element method. Then, we describe a
suitable electronic system to sense with very high-resolution capacitance variations of the sensor by measuring the phase lag and amplitud
change of a sinusoidal current signal passing through it. This is accomplished by subtracting a stable sinusoidal current of the same frequenc
going through a reference device. Initially the system is balanced by adjusting the reference current to cancel out the net output current. In
this way, we compensate parasitic capacitances due to electronics, wiring and system hardware as well. When the capacitance of the sens
element varies the system gets unbalanced and a net current appears. The resulting current is measured with a locking-amplifier. To illustrat
the sensitivity and resolution achieved by the sensing system, we present results of monitoring the capacitance of the sensor during the
evaporation of liquid solvent films and discuss the time-evolution of the registered signals. The floor noise throughout the measurements was
in the order of 50 atto-Farads while the signal varied in the range of several femto-Farads.

Keywords: Capacitance; interdigitated; electrodes; dielectric; solvent; evaporation.
PACS: 84.37.+q; 77.22.-d; 64.70.F-; 07.07.Df

1. Introduction fringing field capacitance is usually considerably low. IDCS
have widespread applications. Biochemical sensors for DNA

Interdigitated Capacitance Sensors (IDCS) have been usefétection [4-6] and capacitive chemical sensors [7-10] con-

in different fields of industry as well as in physical, chemi- stitute a major portion of all IDC sensors.

cal, biochemical and medical research [1]. They offer prac- . :

tical advantages for material characterization by means of An important advantage of planar sensors is that only one

electrical capacitance measurements due to frequency depelj-In€ surfaces of the Material Under Test (MUT) is directly

dent dielectric properties of polymeric layers, liquids, micro-'" contact with the eIeptrodes, Igavmg the other su.rface of
granular and macro-granular matter. the MUT interacting with the environment and allowing the

Often, the time evolution of a physical property in a Ma- IDCS to sense physical or chemical variables of the environ-

terial Under Test (MUT) can be obtained by means of a di_ment. For instance, for a chemical sensor a chemically sen-

electric constant measuring-system [2]. In general, both thgmve layer is deposited on top of IDC electrodes in order to

relative permittivity (which can be complex at high frequen- Sﬁnsg thle_ abhs orpthn of a gas, co ncentrhanon Ofr? partlcqlﬁr
cies) and conductivity of a material contribute to the dielec-ch emica mdt. € envgpnment, mplgture, . 'eat excl angel;/'\nt
tric constant of a material. In an IDCS the sensitivity to vari-t 1€ surrounding medium, organic Impurities or electric bio-
ations of the conductivity or permittivity depends on the pen_5|gnals in the case of biological samples [11].

etration of the electric field inside a MUT contributing to the ~ When the sensitive layer (commonly a polymer) interacts
capacitance and impedance between electrodes [3]. Dependith the chemicals present in the environment, the chemically
ing on the geometric configuration of the electrodes the elecsensitive layer changes its conductivity)( dielectric con-

tric field lines can penetrate deeper or less deep. The capadtant €) or its effective thicknessd). The interdigitated ca-
tance of an IDCS always depends on the dielectric propertieggacitance (IDC) chemical sensor can then detect a change in
of the MUT and the geometry of the electrodes. The eleceapacitance and/or impedance due to a change of the dielec-
trode pattern needs to be repeated several times in order tdc constant and thickness of the layer. IDC chemical sensors
strengthen the measured signal. In these cases, the measuhede been investigated by many researchers because they are
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inexpensive to manufacture and easily integrated with othe2. Numerical simulations with the Finite Ele-
sensing components and signal processing electronics [3]. ment Method
There are other applications in which IDCS are useful,

such as microfluidic devices [2], Surface Acoustic Wave deqqegigitated capacitors consist of conductive coplanar elec-
V|_ces.for consumer eI'ectromcs 'and telecommqnlcatlon aPqodes or fingers placed parallel to each other with a gap g
plications [12] and microwave integrated circuits [13-15]. honyeen them. They are deposited on a plane surface of a
Also, IDCS are suitable dewc_es for Non-De_zstructlve Tesungdielectric substrate. The surface where the electrodes are de-
(NDT) [16]. As already mentioned, a physical parameter Ofy,,gjteq js called the sensitive surface [11]. The finger elec-
interest of the MUT can be obtained indirectly by means ofyqqes connected to the source voltage are called the driving

the relation with the effective dielectric function. Thus, theseelectrodes whereas those connected to ground are referred to
devices can also be used advantageously to sense tempo&glthe sensing electrodes.

changes of physical or chemical variables of a MUT [17]. ) . )
In order to gain some insight into the performance of

Recently, polymer nanopatrticles have been applied in . ) ;
wide range of fields as electronics, photonics, conducting m %CS o sense a Q|electr_|c_ layer on top of it we performed
D simulations using a Finite Element Method (FEM) of an

terials, sensors, medicine, biotechnology, pollution contro terdiqitated i ith and without a dielectric |
and environmental technology. Physico-chemicals factors adrerdigitated capacitor with and without a dielectric fayer on

solvent composition, evaporation velocity, humidity, temper—t(:fihmc ('jt |Wet (_:alculatedtthe dcg]palf ltance ff?r: d:jf_felr entt _va:lues
ature, etc., are involved in the solvent evaporation proces € dielectnic constant and thickness of the dielectric fayer

which is a very important method for the preparation tech- that s, the MUT).
nique of polymer nanoparticles, thin structured micro and The geometry of the simulated IDCS is shown in
nanoparticles coatings, [18,19]. Figs. 1(a) and 1(b). We considered a six finger interdigitated
Our aim is to study the sensitivity of IDCS theoretically S€Nsor deposited on the surface of a homogeneous substrate
and propose and implement a high-resolution electronic sy$f dielectric constant, = 4.8 variable with thickness.,
tem to measure capacitance variations of the IDCS. Also ind surface area df.6 x 1.5 cn. The fingers electrodes
this work, we are interested in understanding the sensitivwere assumed to have a thicknessipf= 25 um, a width
ity and resolutions achievable with IDCS for monitoring the w = 1 mm, and length = 9 mm. The gap between elec-
evaporation process of liquid films. trodes was assumed to pe= 1 mm. The MUT surface area
In Sec. 2 we present an analysis of the sensitivity of |D_wa_sl.4 cm? with thickness d and dielectric constantboth
CSs to dielectric layers by means of Finite Element Methodvariables.
simulations. 3D simulations are presented in order to obtain
its response curves of capacitarf¢es a function of the di- aip =1
electric constank and thickness d of the dielectric layer. It
is not difficult to understand that for layers thicker than some
minimum valued,,,;,, the capacitance depends only on the di-
electric constant of the layer and not on its thickness. The a)
simulations allow us to estimate the valuedgf;,, for the ex-
ample that was simulated, as well as the maximum sensitivity
of the interdigitated sensor. Also, the dynamic range of the
sensor and the maximum capacitance value are obtained fron
the simulated curves in order to characterize the response o
the sensor. Then in Sec. 3 we propose and describe an ex
perimental setup of a low noise Temporal Capacitive Mea-
suring System (TCMS) for characterizing physico-chemical
processes by sensing temporal capacitance changes with ir
terdigitated sensors. The signal of the TCMS is conditioned
electronically before it gets into a Lock-in Amplifier which
extracts the contribution of the MUT from the surrounding
noise, with a reference signal of 10 KHz central frequency.
The capacitance values during a physico-chemical process
are proportional to the imaginary part of the current signal p)
passing through the MUT. In order to illustrate the sensitivity

and res_olqhon of the system in Sec. 4 we _present examplel-%GURE 1. a) Cross section of six finger interdigitated capacitor
of monitoring the evaporation of a solvent film on top of the ggnsor with fringing electric fields and constant parameters used
IDCS. An attempt to explain the capacitance signal over timgor 3D Finite Element Method simulations. b) Complete six finger
during the experiments is also presented. Finally, in Sec. Interdigitated capacitor sensor used for 3D Finite Element Method
we provide our conclusions along with some discussion.  simulations.

Rev. Mex. Fis60(2014) 451-459



INTERDIGITATED CAPACITANCE SENSORS IN THE mm SCALE WITH SUB-FEMTOFARAD RESOLUTION SUITABLE. .. 453

The simulations were carried out in the electrostatic ap- 6.0 — T

S ) S —*— =1

proximation with a potential difference df = 1 volt be- 5.5 i
tween driving and sensing electrodes. We calculated the ne 1

charge on the driving electrodeg, and obtained the capaci- 5'0_. ]

tance simply as, 4.5—_ g

4.0 .

0= ® s -

The capacitanc€ was calculated for different values of the © 3.0 .
dielectric constant: and thicknessgl of the MUT to obtain ]
the performance parameters of the IDCS [20,21]. 2.0

The charge on the driving electrodes was calculated with 151
the following integrals over the entire surface of the driving

; 1 H : 1.0 - T T T T T T T T T
el_ectrodes, including the electrode connecting the fingers (see 0.0 0.5 10 15 20
Fig. 1b),
d [mm]
Q=c¢cg / E-nds+ep / E - nds, (2) FIGURE 3. C vs d curves with different dielectric constahtof
s o the MUT. The black star mark represents the capacitance value

without a MUT, that is, fork = 1.
whereX s is the surface of the electrodes in contact with sub- ) ) )
strate of electric permittivity:s and 2, is the fraction of increased the capacitance value is also increased for any

the electrode’s surface in contact with the upper medium (th&icknessd.  However, for a MUT film of thickness be-
MUT) of electric permittivityz s = keo. tween 1.5 mm and 2 mm and for larger values, the capaci-

tance variation versuk is nearly the same. Thus, tli@ vs
FEM simulations for thickness values frof= 100 zm to k curves show that the capacitance of the MUT tends to be

d — 2 mm and dielectric constant values frotn= 2 to independent of] for d > 2 mm in this specific geometry.

k = 20. These are shown in Fig. 2 and 3 respectively. TheFurthermore, the sensitivitynfax for a thickness larger than
black star mark represents the capacitance véaluder the min =2 MM can be determined from the slope of ters
interdigitated capacitor without MUT. k curves, that is
In Fig. 2 we can appreciate a linear variation of the ca- oC
pacitance” with the dielectric constari for different thick- Sk,max = Ok
nessesl of the MUT film. The minimum capacitance value,
corresponding t& = 1, that is when there is no MUT over The expression (3) represents the ratio of changes in
the interdigitated capacitor. When the dielectric constast capacitanceC' to changes in dielectric constaht of the
MUT for a thicknessd,,;, and larger. For instance, with
6 . dwin = 2 mm and fork,; = 6, ko = 8 we obtain their respec-
—®—d=2mm tive capacitance values; = 2.343 pF andCy = 2.797 pF,
] :Zi }nsl:l“‘ ] from curves of Fig. 1. With this data, the sensitiviy ;..
1M v 7= 0.8mm . for dmin can be calculated form the slofSg ax =~ 0.23 pF.
l|-—<4—d=0.6mm From Fig. 3 we see that the sensitivity to thickness vari-
—»—d=04mm ations of the MUT,S; = 0C/dd, depends on its thick-
49|-#—a=02mm ness and dielectric constant. It is larger for smaller thick-
FT +di0‘15mm nesses. In fact it is relatively constant for any value dbr
[=9 —®—d=0.lmm
3 3 ][ % without MUT| thicknessesl smaller than about 0.5 mm. For larger thick-
nesses the sensitivity decays approaching zero at a thickness
of dnin = 2 mm. The sensitivity to thickness variations is
. aboutS; ~ 4 pF/mm for a dielectric constant &f= 20 and
a thickness less than 0.5 mm. This value decreases about ten
fold for a dielectric constant df = 4.
In the case analyzed numerically here we see that the
thicknessi,,;, is twice the gap g between electrodes,

Graphs ofC' vs k and C' vs d were obtained from the

©)

dmin

AL LA L R ENNLE RN N
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o
N H
a
m_-
o 4

k ~Y
dmin = 29 (4)
FIGURE 2. C vsk curves with different thicknessesof the MUT. ) . . o
The black star mark represents the capacitance v@luéthout a The values just stated give us an idea of the sensitivity of
MUT, that is, fork = 1. an interdigitated sensor to a dielectric layer on top of it. Of
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course these values will change for different geometries, thatges are then subtracted. The idea is that in the absence of a
is, for different values ofy andw and for larger number of MUT the output signal is ideally zero.

fingers. Nevertheless, if the geometrical aspects of the IDCS In the original method the subtraction was accomplished
are kept constant the values just given can be easily translatéy introducing a phase difference of 8® the voltage ap-

to other scales in view of what we call the isotropic scalingplied to the reference device. Here we use a slight variation of
law of the electrical capacitance [22]. For instance, as longhe method. We simply feed the output voltages of the sensor
asw = g in the device/ = 9w and he is much smaller than and reference device to the non-inverting and inverting inputs
other dimensions Eq. (4) will be true at any scale for a sixof an instrumentation operational amplifier (IOA). This mod-
finger IDCS. ification makes the system more stable over time. The output

The value ofd,,;, also tells us how deep the electric field Voltage from the IOA is analyzed with a lock-in amplifier.
lines penetrate into the MUT [3]. In many applications itis ~ We refer to this condition as the system being balanced.
necessary to isolate the electrodes with a dielectric coating. I practice an output voltage of exactly zero is not possible,
is convenient that its thicknessbe as thin as possible com- but one seeks to make the output voltage as small as possible.
pared tod,,;, in order to use the maximum dynamic range The advantage of using a balancing scheme is two-fold. On
of the capacitive sensor for a sample of interest placed aboviée one hand, we have that when the IDCS and the reference
the sensitive surface of the sensor. device are as similar as possible the system becomes less sen-
sitive to ambient noise, since these affect both, the sensor and
reference equally, and the changes in the output voltages are
equal for both devices and cancel out upon subtraction. On
the other hand, when a MUT is placed on top of the IDCS the
capacitance change and the system becomes unbalanced and
a small signal appears, but it does so from a null background,
The methods commonly used to measure electrical capacigiowing one to amplify the signal by a large factor without
tance and interrogate interdigitated sensors are based on Voliatyrating the amplifier. In practice, to achieve a nearly null
age Sensing Circuits, Current Sensing Circuits and Phase Dgytput it is necessary to have a conditioning circuit to make
tection Circuits [17,21]. In all sensing methods an AC driving fine adjustments to the reference voltage, since the capaci-
voltage is required to generate an electric field that penetrat@gnce of the reference device and the parasitic capacitances
the MUT and the dielectric substrate as well. Perturbationgssociated with it will never be identical to those of the sen-
of the electric field by the MUT change the capacitance besor device. Therefore it is necessary to introduce a compen-
tween the interdigitated electrodes. In general itis possible tgtion stage to balance the system and make the output signal
monitor physical or chemical changes in the MUT from mea-g5 close to zero as possible.
suring the capacitance variations on time. The time scale in  a plock diagram of the TCMS proposed here is shown in
which one can monitor changes in the MUT will depend ONFig. 4. It is formed by the IDCS, a compensation stage, a
the frequency used to measure the capacitance of the IDCS§ifferential stage and a Lock-in amplification stage.
If one is_ using qfrequencj/‘ to measure the capacitance_ the  The compensation stage is formed of three sub-stages,
IDCS will be limited to sense changes of the MUT over timespp5¢ Compensation, Amplitude Compensation and Stray
much larger than/ f. Calibration Capacitor. The function of the Phase Compen-

As in most capacitance sensors, it will be necessary t@ation sub-stage is to compensate the signal phase variable
compensate for stray capacitances in the measuring system)_.(w 4+ ®) due to stray capacitances of the conditioning
in order to extract the contribution to the capacitance of the:lectronics. The Amplitude Compensation sub-stage allows
MUT placed on the sensitive surface of the IDCS [23]. us to compensate the amplitude voltage of the Phase Com-

The capacitance variations due to changes in a thin dipensation output a§'V,.(w + ®) whereG is the amplifica-
electric film on top of a IDCS will in general be very small tion factor. The output voltage of this sub-stage is supplied
compared to the capacitance of the IDCS by itself. It will to the Reference Interdigitated Capacitor (RIDC) in order to
also be very small compared to the typical parasitic capaciobtain the same amplitude and phase as the excitation voltage
tances in the wiring. In order to extract the small contributionV,.(w) applied to the IDCS.
of the MUT to the capacitance it is necessary to subtract the The output signal of the Differential Stage goes into a
much larger capacitances of the IDCS, associated electroh-ock-in Amplifier (We used a SR850 Stanford Research) to
ics and wiring. To this end we can use the method originallymeasure and register the temporal differential changes of out-
proposed in Ref. [24]. This method was used successfullyput voltage.
by our research group to measure capacitance variations of The internal oscillator of the Lock-in Amplifier generates
a sharp pointer electrode due to a dielectric surface in closthe excitation voltagd’,. = 1 Vs at fg = 10 KHz refer-
proximity [25]. Basically, the method consists of using an-ence frequency which is used to feed the system. The same
other interdigitated device, ideally identical to the IDCS as alock-in amplifier detects the output differential-signal in a
reference. A driving voltage of fixed frequengy is applied 10 KHz central frequency with a 1.2 Hz bandwidth in order
to both, the sensor and the reference devices. The output volis reduce surrounding noise.

3. Temporal Capacitive Measuring System
(TCMS)

Rev. Mex. Fis60(2014) 451-459
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e monitor physico-chemical processes in liquids. Therefore,

Compensation| A ) .
- . Capacit we chose for the purpose of illustrating the resolution of the
* ol Componation [N o ue® ::> TCMS to monitor the evaporation of liquid solvent films. We
also attempt to explain the behavior of the temporal evolution
GV, (0+®) of the capacitance signal through qualitative modeling.
IDCS DIFFERENTIAL  V,(0)- GV, (0+®)

STAGE . .
T Luck_mAlmpﬁﬁer 4. Experimental evaluation of a TCMS
>— V(o)

Interdigitated capacitance sensors have been used for some
time to monitor the drying kinetics of coating films [27-31].
The capacitance signal is sensitive to the evaporation of the
solvent and the curing stages in the formation of a coating as
FIGURE 4. Block diagram of the Temporal Capacitive Measure- well as in adhesives and epoxies [32].

ment System (TCMS). Characterization of coatings like polymer thin films is im-
portant for capacitive sensors and microelectronics fabrica-
tion. Curing process and evaporation solvent of the polymer
coating can alter its electric and mechanical properties. So,
it is important to measure changes in dielectric constant and
thickness of the polymeric thin film especially in the curing
process where the temperature is critical for the complete cur-
ing of the polymer [33,34].

T V() 1V, @ f,=10 Khz

4.1. Monitoring the evaporation of a thin liquid film

Here we used the IDCS to monitor the evaporation of lig-
uid solvents in order to characterize and evaluate the sensi-
tivity and resolution of the proposed TCMS. We measured
the time-evolution of the capacitance during the evaporation
of a thin liquid film just above the interdigitated electrodes.
To perform the experiments it was necessary to place a cu-
FIGURE 5. Interdigitated Capacitors used in our TCMS as the sen-yette on top of the IDCS to form and hold the liquid film on
sor and reference device. top of the electrodes. We used a glass cuvette with/a@0
thick walls. Thus, in the experiments the sensor consisted
of the interdigitated electrodes with a glass slab on top. The
MUT is the liquid dispensed on the glass cuvette forming a
' thin film on its bottom and the glass slab is the bottom wall
of the cuvette as show schematically in Fig. 6.
AC — Im[AiLock-in] 5) The experimgntal procedure was as follows. T'he TCMS
Ve was balanced without a cuvette on its top and obtained an av-
erage base line of 30 aF for a 60 min period in our laboratory
wherew = 2 fy. _ _ _ at ambient temperature and humidity {£3and 21% Hav-
~ We fabricated a TCMS following the block diagram in graqe) The balancing was achieved by tuning the phase and
Fig. 4. The IDCS used in the proposed TCMS, has ten plangyjitude of the reference signal at the input of the reference
conductive electrodes or fingers parallel each other, five coMgeyice. Next we placed a square glass cuvette on top of the
mon electrodes form the driving electrode and the rest formygnging device and tuned the reference signal again to recover
the sensing electrode as shown in Fig. 5. The electrodes minimal output current. We obtained a baseline signal with-
are placed over a dielectric substrate with sensitive surface Qf;t 5 noticeable drift and a rms noise around 5Q,4fZ. The

20 x 14 mn¥, gapg = 1 mm, widthw = g and electrode  pttom of the cuvette was a 1Q6n thick glass slide of about
thicknessh, = 35 um. The electrodes were fabricated on a

FR-4 Printed Circuit Board (PCB) using conventional tech- lass
niques. The sensitivity of the IDCS can be increased with | 2 ¢ ¢ ¢ liquidfilm? ¢ 2 0 2 2 22 20 8 e el |
the number of fingers and the dimensions of the parameters* .~
mentioned before [11]. e 1/

In order to test and characterize the performance of the electrodes
constructed TCMS we performed some monitoring experi-FIGURE 6. Cross section view of the Interdigitated Capacitance
ments. One of our interests in this type of TCMS's is to Sensor with glass cuvette and solvent sample used in experiments.

The capacitance chang&dC when a MUT is present
above the IDCS is obtained from the increment of the imag
inary part of the current entering the Lock-in amplifier
AL ock-in- We have [26],
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35

—— Isoprop‘y T case one would see a signal decre_asing in time mon_otonously
3ol B ] (see Fig. 3). We monitored the weight reduction in time dur-
/ — Ethanol ing the evaporation of the liquid layers presented in Fig. 7
1 and verified it was constant during the entire process. For
| completeness of this work, we try to provide a plausible ex-
‘ planation of the behavior of the capacitance signal in Fig. 7.
\ 1 Nevertheless, the experimental results in Fig. 7 and 8
‘ | serve well our purpose. We can estimate from the experi-
mental graphs in the figures that the output signal TCMS has
L 1 a rms noise around 50 affHz (equivalent to~ Im [3pA]
\\ of the output current). This later value was obtained from
the output signal of the Lock-in amplifier used in our TCMS
(Standford Research model SR850). This means that in a
1.2 Hz bandwidth the minimum detectable change in capac-
itance is in the order of 100 aF. Also, we can appreciate in
FIGURE 7. Evaporation monitoring curves of Isopropyl Alcohol, Fig. 7 that the base line remained basically constant for at

C [fF]

0 200 400 600 800 1000
time [s]

Acetone and Ethanol. least 900 seconds. We must point out that this resolution and
stability was achieved at ambient conditions without any spe-
35 : - - ; cial care in isolating the TCMS from the environment.
307 1 4.2. On the behavior of the capacitance signal
257 1 To explain the behavior of the capacitance curves during the

evaporation of the solvent films it is necessary to consider

B =0 | the contribution to the capacitance change of the vapor above
o 15! ] the liquid. To this end we will derive an approximate for-
mula containing the leading terms for the time derivative the
10} ' capacitance during the evaporation process using an equiva-
lent circuit analysis. Here we will only consider the signal
5r 1 of the evaporation of pure liquids shown in Fig. 7, since it
is simpler. Let us refer to the interdigitated electrodes with
% 200 200 600 800 1000 glass slab as the sensor. We can consider the capacitance of
time [s] the sensor as the sum of a large number of elementary ca-

pacitances placed in parallel. Each elementary capacitor is
formed by a thin strip of space around an electric field line
going from one electrode to another. The electric field of
ple was deposited in the cuvette forming a liquid film about 2 of these elementary capacnqrs emangtmg ffom agiven
100 zm thick electrode go above the glass slab into the liquid film and air

o . . above it and then go back towards another electrode. The ca-

We monitored the evaporation of isopropyl alcohol, ace-"~". . ) "
. . L acitance of any given elementary capacitor sensitive to the
tone, ethanol and thinner. The first three liquids are pure suq[.2 . : . : .
. . . . iquid consists of three capacitances in series,
stances whereas thinner is a mixture of different substances:
In Figs. 7 and 8 we show the capacitance change versus time 1 1 1 1
as the liquid films evaporate. In Fig. 7 we show those for the c - c, oL oy (6)
pure liquids and in Fig. 8 that of thinner. In Fig. 7 we can see ) o o )
that as a pure liquid film evaporates the capacitance increases, WhereC' is the contribution of the electric field lines
and it does so at an accelerating rate. At some point, thaversing the glass;y, is due to their path through the liquid
liquid film evaporates completely and the capacitance dr0p§|m, Cy is due to th_elr path through th_e air above the liquid.
sharply returning to its base line. In Fig. 8 the same behavioFach of the capacitors may be considered as parallel plate
is observed at the beginning but after a sharp drop of the c&apacitor with effective areas and thicknesses. We can write,
pacitance, the signal does not recover the base line, it starts to
. . . . €1A €LA EQA
increase again and then returns slowly to the base line. This Cr = PR CL= P and Cy = o
behavior is more complicated probably because the liquid is a ! L 2
mixture of substances and these evaporates at different rates. When the liquid is dispensed on top of the sensor, the
Clearly the behavior of the capacitance curves do notielectric constant; is that of air. However, when the lig-

correspond simply to a dielectric film reducing its thicknessuid starts to evaporate the air above the sensor contains vapor
while the rest of the parameters remain constant, since in thisolecules and its dielectric constant increases. On the other

FIGURE 8. Evaporation monitoring curve of Thinner.

330 mnt sensitive area. Then a 30volume of solvent sam-

@)
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hand, as the liquid layer evaporates its thickness decreasesich is obtained from Eqg. (10). Additionally we can as-
and the effective thickness of the liquid layer decreases whilgume thatléo) > dr(t). Then if we usec, > ¢5 and keep
the effective thickness of the air capacitor increases. That isnly the leading terms we get,
the effective thicknesses involved @y, and C, capacitors
are not independent. Assuming the path of the electric field 0 <1> 1 (1 _ g, d2> (14)
lines do not change considerably upon dispensing the liquid adr, \C )~ A €9 mdéo)
film and during its evaporation we can write,

400+ ) © i g v o e B 142 e s

o) ; ) . ) for 9C' /ot from the following equality,
whered, "’ is equal to the effective thickness of the air ca-

pacitor without a liquid layer. When the liquid is dispensed 0 1y _ 10oC (15)
on top of the sensai;, has its maximumgy, (0). For sim- odp \C) ¢ ot’
plicity we can assume that the dielectric constant of aigjs . liv vield
and while the liquid layer evaporates it increases due to thdnally yields,
incorporation of vapor solvent molecules to 9aC 2
-~ ——(ampr —1)8. (16)
ot EoA

£2(t) = €0 + €0ampV(t), ©)
This equation tells us that the time derivative of the capaci-

where «,, is the molecular polarlzablllty of the sol- tance is positive WhenevermpL > 1 (reca” thatﬁ is posi-
vent molecules angv(¢) is the number density of vapor tive). This latter inequality is in general true when the dielec-

molecules. Since the number of molecules in the vapor igric constant of the liquid is larger than 2, as can be deduced
equal to the number of molecules lost from the liquid, we carfrom Clausius-Mossotti equation [35],
write,
o 3(€L - 1)
prldr(0) —dr(t)] + pv(t)da(t) = 0, (10) Prom == "9

wherep;, is the number density of molecules in the liquid wheree, is the dielectric constant of the liquid. Now, it is
phase and can be assumed to be independent of time. TKBOWN that the Clausius-Mossotti relation is accurate for non-
latter equation simply expresses that the molecules Ieavir(;?Olar liquids and no so accurate for polar liquids [36]. But,
the liquid film are incorporated to the vapor. We can use/or polar liquids the molecular polarizability is larger than
da(t) = déo) — dr,(t) in the latter equation. We are assuming that predicted by the Clausius-Mossotti relation. Therefore,

that the density of molecules in the liquid remains constantVe conclude thapra., is in general larger than one when-
but the density of molecules in the vapor layer and its thick-£Ve" the dielectric constant is larger than 2, and in these cases
ness can both change in time. the rate of change of the capacitance given by Eq. (16) is

Now, to understand the rate of change in capacitance d0Sitive.
the liquid evaporates let us take the derivative with respect to Additionally, Eq. (20) tells us that the rate of change of
time of Eq. (6) Taklng the partial derivative of Eq. (6) and the capacitance increases in time since itis pI’OpOI’tIOI’@FtO

(17)

using Eq. (7) yields, andC iqcrgases with time. This behavior is maiptained until
all the liquid evaporates and the vapor layer diffuses away.

g (1) 0 1\ odg, 11 At this point the capacitance signal should drop to its initial
ot \C) ad, \C) ot (11) value before the liquid was dispensed over the sensor. That

is, the capacitance signal returns to its base line. As already

Now, the rate of change of the liquid thickness can be asgyg this is the behavior of the capacitance signal shown in
sumed constant since the rate of weight reduction in time igjqg, 7.

constant (as we could verify with an analytical balance) and |y summary, our analysis indicates that the concentration

the area covered by the liquid was constant in time. Thus wgf vapor molecules above the evaporating liquid is respon-

can useddy /0t = —3, where(3 is a positive constant. sible for the rather surprising behavior of capacitance signal
Evaluating the derivative with respect#, of 1/C' re-  gpserved in the experiments.

quires using the relation,

Oey _ Ipv 5. Summary and Conclusions
W = 600¢mﬁ, (12)
o . r r We studied the sensitivity and resolution of interdigitated ca-
which is obtained from Eqg. (9), and pacitance sensors to sense a liquid film on top of it. In sen-
sors with a number of electrodes between 5 and 10 with di-
opv(t)  —pL : . L ; !

2d .~ 0 (13) mensions in the range of millimeters, the capacitance will
L dy vary in the range of tens of femto-Farads due to changes in
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layer of thickness in the range of millimeters. To sense smalsystem provides sufficient resolution and stability to monitor
variations of the thickness and dielectric constant of a liquidthe process under ambient laboratory conditions. However,
film and its surroundings, a resolution in the sub-femtoFaradhe behavior of the capacitance signal during the evapora-
range is required. tion process was rather unexpected, and thus, we also ana-

We propOSed and demonstrated experimenta”y a differl.yzed these particular eXperimentS Wlth an eqUiValent Circuit
ential capacitance measuring system providing a resolutiogPProach in order to provide a plausible explanation of the

in capacitance variations in the 100 atto-Farad range and Rehavior of the signal.
dynamic range in the femto-Farad range. This resolution and
dynamic range is sufficient to sense variations in a dielectrigycknowledgments
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