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Capacitive Microelectrode Arrays for in-vitro Analysis
of Neural Activity

Abstract:

Microelectrode arrays (MEAs) are extensively used for measuring neural activity in-vitro given their
ability to monitor several neurons simultaneously unlike techniques such as patch clamp. However,
MEAs still have limitations in acquiring high spatial resolution data due to limited number of channels
that can be parallelly scanned, the need for bulky anti-aliasing filters, and limitations in signal-to-
noise ratio (SNR) arising from thermal noise. Commercially available MEAs rely on resistive or
self-capacitive sensing scheme, but this research proposes a new approach to increase the number of
sensing locations while reducing the channels and to increase SNR. Fundamental design aspects of
a MEA such as the shape and size of electrodes are revisited and a parametric sweep of parameters
relating to the capacitance and the coverage of the cell over the capacitor are performed to enhance
the sensitivity. By employing traditional lithographic fabrication techniques, these arrays with vari-
ous geometries were fabricated and characterized to compare their SNR. Neural cultures are seeded
on these MEAs to record neural activity in the electrical domain and concurrently Calcium (Ca+2)
Imaging is performed to correlate and verify the activity, giving us insights into why a capacitance
change occurs on the firing of a neuron.
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Chapter 1

Introduction

The human brain and nervous system are one of the complex systems posing many scientific questions.
Understanding how brain works, the characteristics of neurons, and their communication shall open
new areas of research and medicine. Recent advances in technologies have led to the rapid development
of systems to tap into these systems and answer the scientific questions. By getting answers to these
scientific questions, it would be easier to tackle various neurodegenerative diseases or other neural
disorders.

Figure 1.1: Visualization of an in-vitro experiment using MEA

As a part of these technologies, neural interfaces play a vital role to advance our understanding of
the nervous system, owing to their comprehension of physiological processes at the cellular level. Be-
ing electrogenic (capable of producing electrical impulses), neurons can be accessed in the electrical
domain, something that is very well understood. Limiting our view only to sensor-based neural inter-
faces, they can be broadly classified based on the mode of the interface in an experiment. They can
be directly placed inside the brain known as the in-vivo interface. Or by taking out a few neurons or
brain slices and analyzing them outside the body known as in-vitro analysis. This project emphasizes
on developing these in-vitro sensors that can be associated with the electrical behavior of neurons.
Microelectrode Arrays (MEAs) are the most widely used sensors for such applications. These sensors
contain an array of electrodes, microns in size that are made to come in contact with neurons. This
contact will directly pick up the local electrical changes generated by the electrophysiological processes
of neurons. Examination of these changes helps us understand the phenomena occurring at the cellular

11
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level. A visualization of the in-vitro experiment for this thesis can be seen in figure 1.1.

Microelectrodes have been used from over a century to understand the electrophysiological activity of
the nervous system. An extracellular metal electrode was first used to record from a single neuron
(Renshaw, 1946; Lorente,1928). In in-vitro studies, a platinum electrode, of diameter 175 um was
used to record from rat diaphragm motor neurons using a micromanipulator (Tasaki et al., 1968).
Soon after multiple electrode arrays were developed to increase the spatial distribution, the first being
a simple assembly of multiple electrodes (Verzeano, 1956). Hanna and Johnson (1968) assembled an
array of 20-30 electrodes on a plastic sheet, but these were not microelectrodes and had variable sizes
mostly in the range of millimeters. In recent times, various aspects of MEAs such as the electrode
impedance, surface properties, geometry, etc. are being explored to provide a better pathway for
higher charge transfer, high-spatial resolution, and easy processing. Lots of work on such aspects is
being produced every day to make these sensors more robust.

Techniques from nanotechnology are being used to produce high-quality electrodes. The sensitivity
of such sensors majorly relies on the impedance of these electrodes. Thus to decrease the interface
impedance alternatives are being sought after such as electroplating platinum black [2] or three-
dimensional electrode structure,[3, 4] or TiN sputtering.[5] Recently even more advanced materials
such as nanostructures or carbon nanotubes (CNTs) have also been used.[6] These materials provide
a higher surface area to have a better signal acquisition. Gold flake nanostructures were produced
to increase the effective area by Kim et al.[7] Similarly Park et al. reported using electroplated 3D
nanoporous Pt-microelectrodes.[8] CNT based mesh-like electrode surfaces were fabricated by Gabay
et al. [9] But not just limited to the surface and material modifications, but advances have been made
on the lines of electrode geometry itself where innovative 3D structures or biomimetic MEAs that can
grasp the membrane have been produced to have better cell contact.[10] A. Heirlmann et al. work
on extensively high-density MEAs (> 1000 electrodes) based on CMOS technology emphasizing to
improve the spatial resolution of MEAs.[11] Numerous companies have been established to commer-
cialize these MEAs and also contribute to the research on these sensors (Eg. Multichannel Systems,
Ayanda Biosystems, etc.)

G G

Interface PCB
Board

=T & g - {
) - G
1 1 - g O Fie iy -
‘ a

Lock-In Amplifier

Figure 1.2: Block-diagram for capacitive sensing based MEAs
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Despite many such advances, MEA based technology is still being optimized to achieve better reso-
lution, high signal content with respect to noise, and to be compatible to process the acquired data.
This thesis deals with improving the signal quality by introducing a new sensing paradigm working
at higher frequency ranges. Unlike most MEAs available, which rely on resistive sensing, this sensing
scheme allows the signal to be pushed into a capacitive regime. To be more specific, by stimulating
through one co-planar electrode and recording from another with the cell body sitting in between
the electrodes acting as dielectric. By doing this, we attempt to record action potentials in the form
of capacitance changes. Working in capacitive domain helps one to notice even the smallest of the
changes and also is less susceptible to thermal noise. This work shall potentially shed light on how
the cell itself acts as a dielectric and how its properties change.

In this report, we first introduce the background theory to the principles of the electrode-electrolyte
interface and the phenomena involved, then followed by the theory of aqueous dielectrics to understand
the microscopic phenomena occurring and the principle of lock-in detection used to detect these small
changes. Next, in the methods, design, fabrication of these MEAs, and the interface system has been
elaborated. Finally, the results with cells and without cells have been discussed. This thesis ends with
the conclusions drawn and suggestions for future work explained. The entire work can be summarized
by the block diagram 1.2. All aspects of this project, from grasping the theory behind such phenomena
to designing these MEAs based on theoretical calculations and then to fabricate, interface these MEAs
was performed. These capacitive MEAs once fabricated were characterized and prepared neurons were
seeded to see changes in neuronal activity.

13






Chapter 2

Background

Biological systems being very complex in nature with a myriad of interdependent components can be
very difficult to analyze at once. In-vitro studies break down this sophisticated setting allowing one
to concentrate on a few elements of interest.[12] This makes such studies popular with units such as
cells, bio-molecules, and micro-organisms. For example, in this project, we aim to measure activity
from neurons seeded in an in-vitro platform to understand their characteristics. These studies are
convenient and more straightforward, allowing species-specific analysis than can be done with a whole
biological organism. In-vitro sensors and methods can be automated, miniaturized thereby allowing
screening with high-throughput.[13] A class of sensors called the microelectrode arrays are widely used
for in-vitro studies.

Active cells such as neurons, cardiac and muscle cells when excited generate ionic currents through
the membranes causing voltage changes in the intracellular and extracellular domain. To understand
the electrophysiology of these cell types, one can use minuscule electrodes to pick up these changes.
By making electrodes the size comparable to that of cells i.e., micrometer range, one can effectively
transduce this change in voltage arising from ionic currents in the cellular medium into electronic
current on the electrode. An aggregation of microelectrodes into an array to sense these changes from
the cells is called an MEA. An MEA can be used for analyses from slices of tissue or dissociated cell
cultures.[14, 15] Compared to traditional methods such as patch-clamp, MEAs have more advantages
such as: allowing access to multiple electrodes at once, ability to concurrently record data from var-
ious electrodes, ability to select multiple sites within the array, being non-invasive and finally higher
spatial resolution.[1] MEAs can be helpful in studying pharmacological effects on dissociated cultures.
Combining this with microscopy enables understanding of network growth in neurons. [16] Electrical
activity from extracellular networks of cardiac cells and neurons in organs such as the heart or brain
can shed light on physiological information which in turn can be used to identify pathological degen-
erations like Alzheimer’s or Parkinson’s and many more.

However, acquiring high spatial resolution data of neural cultures from (MEAs) is challenging due to
the limited number of channels which can be simultaneously scanned. The need for bulky anti-aliasing
filters, and thermal noise are also serious problems MEAs face. Current MEAs typically rely on a self
capacitive or resistive sensing scheme, where changes in the local ion concentration around the electrode
cause a change in voltage on the electrode. This work introduces a new approach, aiming to increase
the number of sensing locations while reducing the total number of channels needed. Additionally, to
improve the sensitivity, which is especially crucial for single-cell sensing.

15
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2.1 Electrode-Electrolyte interface

2.1.1 Electrical Double Layer

Immersing materials into polar solvents give rise to charges by physical adsorption of ions or dissocia-
tion of chemical groups to the surface. [17] In case of metals or semiconductors applying an electrical
potential can give rise to excess charge at the surface. This developed surface charge will be subse-
quently balanced out by oppositely charged ions of equal magnitude. To balance out the charge, these
counter ions accumulate at the surface, thereby creating a charged region in space commonly known
as Electrical Double Layer (EDL). EDL created controls various processes like biological membrane
phenomena [18], colloidal dispersion [19], electrokinetics [20]. This makes EDL a must understand
phenomena to analyze biological systems at the cellular level and also for electrochemistry, colloids,
ete.

The earliest theory on EDL and its structure were put forward in 1853 by Henry Helmholtz [21].
This theory described the interface between two dissimilar metals to be composed of charged layers.
Further, in 1879, Helmholtz extended his theory to metal-solution interface assuming that the excess
charge resides only on the surface and no potential is applied to the metal. [22]. The approach also
stated that the counter ions are accumulated only near the surface, assuming excess charge resides
over the surface. It was noted that these counterions in solution also reside directly at the surface
separated only by a distance of molecular order. This EDL formed at the surface can be compared
to a parallel plate capacitor, and this should have a constant capacitance value since it is dependent
only on the charge separation distance and the dielectric constant. In reality, measurements show that
this constant capacitance is not constant but rather changes with changes in ionic concentration and
applied voltage. This deviation from what is expected in theory is a significant drawback for this model.

Counter ions in electrolytic solutions are drawn towards the excess charge on the surface, but this
attraction is counteracted by Diffusion because of the concentration gradient developed, leading to a
thicker double layer than Helmholtz presented. In the early 1900s, Gouy and Chapman extended the
model for solution phase to account for diffusion. [23, 24] They said that given the excess charge still
resides on the surface, for equilibrium, the ions diffusing due to the applied potential are distributed in
accordance with the Boltzmann distribution. In the diffuse model of the double layer charge distribu-
tion of ions changes as a function of distance from the metal-based on Maxwell-Boltzmann statistics
which describes a probability distribution of the ions. That is the potential decreases exponentially
away from the interface. This model positively took into account the fact that the counter-ions closest
to the surface will repel further counter ions moving towards the electrode, causing the exponential
decrease. This was then integrated with Poisson’s equation relating the charge density with the po-
tential, thereby giving rise to the nonlinear Poisson-Boltzmann equation, as shown in equation 2.1.
[17, 25, 26]

V2¢ — _E ;Cioeziexp(—zl:;i) (2.1)
Here e is the elementary charge, € the dielectric constant, Cj, is the ion concentration, ¢ is the potential,
T is the temperature and kp, the Boltzmann constant. The net counter ion charge density is highest
at the surface and decreases with distance away from the interface. At this distance, it can be treated
as a bulk solution allowing us to assume there is an equal number of positive and negative ions. The
non-linearity of Poisson-Boltzmann equation can be removed by considering for small potentials as
put forward by the Debye-Hiickel approximation (¢ < kgT/e = 26mV’) giving,

v = K’ (2.2)

1

where Ap = k7" is commonly known as the Debye screening length,
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ekpT
2¢,e2

-1

k= \p=( )1/2 (2.3)

Generally this Debye screening length is in the range of atomic order for very high ionic concentrations
and can increase up to 1 micron for pure water (¢, ~ 0.1 uM) with practically no ions present. Debye
screening lengths for various aqueous solutions have been summarized in Table 2.1. By this theory,
the capacitance of this EDL within the diffusion layer is no longer considered to be constant.

Co )\D

1M 0.3 nm
100 mM 1 nm
1 mM 10 nm
100 M 30 nm
1 uM 300 nm
0.1 pM 1 pm

Table 2.1: Debye screening length of various aqueous electrolyte solutions of decreasing ionic concen-
trations

Even though the Gouy-Chapman model overcomes certain drawbacks of the Helmholtz model of EDL,
it still considers the ions to be point charges and neglects the finite ion size. Due to this reason,
the Gouy-Chapman model fails for high voltages (< 80 mV) and high bulk ion concentrations (<
10e3M).[27, 28] This is because the model converges to high electric fields and ion concentrations that
are unrealistic. Amongst all this, it was Stern in 1924, who first proposed a model considering the
finite sizes of ions forming into a compact layer at the EDL interface.[29] This layer is assumed to
be approximately the radius of hydrated ions and is known as the Stern layer. As an extension to
the Gouy-Chapman model, this model came to be known as the Gouy-Chapman-Stern model or the
modified Gouy-Chapman model.

The interface was further modified and explained more clearly by Grahame, who divided the Stern
layer into two subregions[28, 30]. Using the concept of ions that lose solvation shell to get in direct
contact with the interface (specifically adsorbed ions), he used them as a basis to divide the Stern
layer. He divided the Stern layer by considering two planes, one cutting through the center of these
specifically adsorbed ions and the next through the center of solvated ions at the closest approach
to EDL interface. The prior plane is known as the Inner Helmholtz Plane (IHP) and the latter
Outer Helmholtz Plane (OHP). The Gouy-Chapman-Stern model with the Grahame modification was
illustrated as in figure 2.1 with a positive charge over the electrode. There is a linear potential drop
over the charge-free regions between the OHP and THP and in between IHP and electrode as well,
both of which can be assumed to be a series combination of two parallel plate capacitors. Starting at
the OHP the potential drops across the diffuse layer until it reaches the value that of the bulk solution.
Considering aqueous solutions, water molecules specifically align based on their dipoles on the surface
in THP region.[31] Thus the dielectric permittivity inside IHP and OHP differ from that of the bulk
value. In THP region it can be of the order of e = 6 to e = 30 in the OHP region.[28] Due to breaking
down of Stern layer, it can be seen as a small separation between counterions and electrode double
layer which can give rise to quite high capacitances values, usually around 10 to 40 uF/cm2.

17
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Stern Layer

»
»>

I |
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Figure 2.1: Gouy-Chapman-Stern model

The Gouy-Chapman-Stern model even though it addresses many of the drawbacks of previous models
and replicates a more realistic scenario.[17, 32] There are a few more improvements that can be done
to adjust any mismatch between experiments and theoretical bases such as variations of the dielectric
permittivity near the EDL interface, the polarizability or ion-ion interactions at the interface.[32] The
exact process occurring at EDL is still not clearly understood in-depth and poses as an essential topic
of research.

2.1.2 The Poisson-Nernst-Planck (PNP) Model

The Poisson—Nernst—Planck (PNP) model describes the ion interactions and transport along with a
continuum description of electrostatic potential and concentration based on a mean-field approxima-
tion. Not just a qualitative basis but this model is also capable of quantitative predictions for various
ion transport problems in areas such as biological systems, fluidic systems, and semiconductor de-
vices. Even though the PNP model is capable of giving a good prediction of the ionic and transport
phenomena, it can be a tedious task to solve the equations. Each ion species will have one diffusion
coefficient profile concerning the position and also one Nernst-Planck equation. This would then be
extended to all the ion species in the system.

But the PNP system already simplifies studying these ionic interactions by neglecting interactions
between ions thereby averaging them. It considers individual ions to be point charges with a certain
electrical charge and mobility. The distribution of ionic densities and their transport depends on
these parameters, which are explained by the Nernst-Planck (NP) equation. [17, 33] According to the
equation the flux of each individual ion species ¢ will by,

dc;
8—; = V.(DiVCi + Mizieciv¢) (2.4)
D; = p;kpT, Einstein’s relations establishes the diffusion coefficient D; expressed in terms of mobility

;. The above equation can then be understood as a straight forward drift-diffusion equation neglecting
more complex interactions such as convective transport. To describe the other parameter of ionic
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charge, the charge density of this ionic species and its relation with the electrostatic potential is
represented using the Poisson’s equation,

—V.(eVe) = Z ziec; (2.5)

Equations (3.1) and (3.2) put together represent the complete PNP model. Examining the equations,
due to their non-linearity and coupled partial derivatives it would be a challenging task to solve them.
Only knowing the primary parameters, the potential ¢ and ionic concentrations of each species ¢;
would reduce the complexity. In a purely qualitative sense, this also illustrates the basic features of an
electrical double layer (EDL). That is when a potential is applied at an electrode surface, ions with the
same charge will be repelled, while oppositely charged ions drift towards the electrode. Following the
equations of the PNP model, this ionic motion is facilitated by the local potential gradient and while in
drift motion, it is hindered by diffusion. At equilibrium, this creates a space charge distribution region
representing the EDL. The time needed to reach the equilibrium is related to the charging time of EDL.

Capable of quantifying the EDL, this model also satisfies the Gouy-Chapman model as discussed in
the above segment and also suffers from the same drawbacks. Given the small sizes of these ions, very
small potentials can also generate high electric fields at the electrodes which imply ion concentrations
out of range. Not considering the finite size of an ion into the model and neglecting of ion-ion
interaction effects are two major drawbacks to this model. [34] Various extensions to the PNP model
like Poisson-Nernst-Boltzmann-Planck model take into consideration these interactions and finite-size,
thereby giving more accurate results closer to the real scenario. [35]

2.2 Dielectric properties and behavior of aqueous solutions

The tendency of a charge distribution like an electron cloud of an atom or a molecule to be distorted
by an external electric field is known as polarizability. In more simpler terms, it is the ability to
form instantaneous dipoles. Dipoles are simply a pair of electrical charges of opposite signs and equal
magnitude separated by a distance. The dipole moment is the measure of this separation of dipoles,
that is, a measure of the system’s overall polarity. Now, dipole moment can be of two types, either
permanent or induced. The permanent dipole moment is something that generally exists in polar
molecules due to their inherent structure and the charge distribution around them. On the other
hand, a dipole moment that arises due to the orientation of particles or atoms by an external field is
known as the induced moment. All atoms and molecules possess dipole polarizability «, which is the
dipole moment induced by a unit electric field.

Some molecules due to the asymmetric arrangement of bonds containing opposing charges give rise to
a net dipole moment and such molecules are known as polar molecules. Water with a slight positive
charge on one side and a small negative charge on the other is an example for a polar molecule.
Molecular structure of water contains two polar O—H bonds in a bent (nonlinear) geometry. Oxygen
with high electronegativity creates a dipole with the negative end, and the positive pole arises midway
between both hydrogen atoms. The dipole moments here do not cancel out, resulting in a net dipole
moment. This can be visualized by the depiction in figure 2.2.
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Y

Figure 2.2: Illustration of structure of water molecule

Water being a polar molecule can easily dissolve other polar molecules. An electrolyte is a substance
that breaks down into cations and anions when dissolved in a polar solvent like water. When an
electrical field is applied to an electrolytic solution, the cations move towards the more negative end
of the field and the anions towards the positive field. This movement of cations and anions in a solu-
tion amounts to the induced dipole moment. Thus changing the concentration of the electrolyte will
change the densities of these cations and anions, which in turn changes the dipole moment induced.
Neurons are cells with gated-ion channels and continuously exchange various ions like Sodium (Na+2),
Potassium (K+1) or Calcium ions (Ca+2), etc.[36] These ions released when a neuron fires add to the
existing cations and anions in the electrolytic solution thereby causing a change in the dipole moment
which is reflected in the dielectric constant. In simpler terms, the neurons here act as the dielectric
medium, and one can measure the changes in this electrically.

Dielectric constant or permittivity is the measure up to which the electric charge distribution within
the material can be polarized. The polarization (P) of a substance is the density of electric dipole
moments (M) for a given volume V, as shown in the equation below.

uw=PAd= PV (2.6)

The charge density of the dipoles would be the sum of the polarization and the effect of the applied
field.

Q=P+ek (2.7)

Where P is the polarization, €y the permittivity in free space and E the electric field. But as

Q=¢F (2.8)
€ = €60
P = (e —1)goE

Where €, is the dielectric constant of the material. It is necessary to understand that macroscopic and
microscopic polarization effects are entirely different. The calculation of microscopic polarization or
the molecular dipole moment is not just dividing the macroscopic polarization by molecular volume.
This is because the actual field felt by the molecule is not the same as the macroscopic field applied
externally.
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It was Debye who first calculated the polarization of a system of rigid polar molecules randomly
oriented in the absence of electric field.[37] Debye proposed that the moments are distributed about
an applied field in accordance with Boltzmann’s law. This relation would be

(6 = D/(er +2) = 22 (2.9)

P, is the polarization molar polarization and can be defined as

Nga p?

[
300t 3RT)

(2.10)

Where « is the polarizability of the molecules induced by the external field, N4 is the Avogadro
number, Kp is the Boltzmann constant, T is the absolute temperature and g the permanent dipole
moment. However, Debye’s equation had certain limitations as it did not take into account the Lorentz
inner field. This was improved by considering all detailed forces by Kirkwood yielding the Kirkwood-
Frohlich equation as follows:

(e = n?)(2¢ +n?) B 47(N0g,u§
en2+2)2  9KTV

(2.11)

These equations work for all cases but fail when an alternating field is applied as new effects arise. An
alternating electric field applied over a dielectric of certain frequency gives rise to dielectric dispersion.
That is the motion of orientation of dipoles results in frequency variation of the dielectric constant,
and subsequently a dielectric loss over a broader range of frequencies. The phenomena here are that
when the direction of the field is changing considerably fast, at one point, the dipoles are unable to
follow the changes. Therefore at these frequencies, the orientation of the permanent dipole no longer
contributes to the dielectric constant. Utilizing this aspect that there will be no induced dipole due to
the rapidly changing field direction, the capacitive MEAs at higher frequencies will only be sensitive
to the local ionic concentration changes and not anything due to the external field. The complex
notation of dielectric can describe this phenomenon:

*

e =¢ —je' (2.12)

Where the real part ¢ represents the dielectric constant discussed in the prior equations and €” is the
imaginary part known as the dielectric loss. Mutual transformation relations as a function of frequency
were developed by Kramers-Kronig, and the absolute values of these constants can be estimated by
the Deby-Drude equations that reveal the dependence of € with frequency.

2

* 2 (Es_n)
_. 2.13
¢ =n't (2.13)

2

/ 2 (esfn)
' =n -— 2.14
¢ K +1+w27-2 ( )

2
v (€ —n*)wT
14 w?r2 (2.15)

Where n is the refractive index, €4 is the static dielectric constant, w is the frequency, and 7 is the
mean collision rate - momentum scattering time.
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Figure 2.3: For an AC field, components of complex dielectric constant with respect to frequency

As discussed earlier, variation in the concentration of electrolytes varies the number of ionic species,
thereby influencing the polarizability of water reflected in the change in dielectric constant. For
measurements using electrodes, there could potentially be other effects of ionic concentrations that
are causing a change in dielectric constant. Through Debye-Huckel theory,[38] it was proposed that
the static dielectric constant varies by a linear relationship as

€ss = € + 0C (2.16)

Here the €, is the static dielectric constant of solution or electrolyte, C the concentration and e,
is the static dielectric constant of water. This change of dielectric concerning concentration can be
seen in figure 2.4. The parameter ¢ is known as the dielectric decrement and is variable for different
ion species. This difference is based on the sizes and number of different ions. Thus, changes on €4
would make the complex dielectric to change as well. Therefore by a transitive relation, a change in
the concentration would yield a change in not just the static dielectric but also in a complex dielectric
for alternating fields.
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Figure 2.4: Static dielectric versus concentration
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2.2.1 Cell - Electrode Interface

The interface between the electrode and electrogenic neural cells can be represented by an equivalent
circuit as shown in figure 2.5.[1] Action potentials propagating through the ion channels in the neuronal
membrane (illustrated by purple lines in the figure 2.5) an imbalance of charge arises. The neural
electrical interface then transduces Time-varying imbalance from multiple neurons. This interface can
then be put into an equivalent electrical circuit with passive components Constituents such as buffer
resistance (Ry), trace resistance (R,,), shunt capacitance (C) and amplifier impedance can typically
be ignored for a well-developed system. Electrode material resistance (R.) and electrode double-layer
capacitance (Ce) together known as electrode impedance (Z.) along with seal resistance (Req) are the
most important parameters to understand the interface. Therefore for this project, the main emphasis
is on understanding the electrode impedance (Z.) for various frequencies and to see how it fairs in
higher frequency range.

Conducting Volume

Figure 2.5: Equivalent circuit at the electrical measurement interface (Borrowed from [1])
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2.3 Capacitance of co-planar electrodes

To understand the capacitance between two electrodes on the same plane and the mathematical basis
behind it, one can study it by an analogy to symmetrical-strip lines as shown in figure 2.6.[39] This
attempt to solve for the capacitance per unit length for strip lines would require the use of the
Schwarz-Christoffel transformation by which the estimation can be made much more straightforward.
Schwarz—Christoffel transformation is a conformal mapping of the upper half-plane to the interior of
a simple polygon such as a rectangle.

Figure 2.6: Symmetrical strip transmission lines

If the spacing a is much much smaller than the width D of outer strips, the field at the edges would
necessarily be zero. This allows us to assume that the outer strips are infinitely wide. The thickness of
the center strip is negligible and environment for this problem sake would be free space with electrical
parameters €, p. By the principle of symmetry, the electrostatic boundary-value problem is reduced
to that illustrated in figure 2.7.

Figure 2.7: Simplification of strip lines using symmetry

By the application of Schwarz-Christoffel transformation, the strip lines are mapped onto a rectangle
for easier analysis. This mapping is in the W plane, which is the standard complex plane with
curvilinear coordinates. The gradient of the potential @ is zero as we traverse through portions of the
boundary. With reference to the next figure 2.8, as the points W7 and Wy tend to —oo, a capacitor
configuration can be obtained.
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Figure 2.8: Conformal mapping into rectangle in W complex plane

To solve this boundary-value problem more efficiently, we make a transformation to project the polygon
from W plane into the real axis of the Z (complex) plane.

Jy
2 _ _
o - Vo " 0=0 Z-Plane
4————.
'XO 'X2= '1 X3 X

Figure 2.9: Conformal mapping in Z complex plane

By which the mapping function takes the form,

Z
W= A’/ (Z — 1) Y2(Z = 20) V2 (Z — 23) V2 Z — 24)"V?dZ + B
(2.17)

Z Z Z /2

= A/ (1= )1 = S)(Z —w3)(Z — 2))M?dZ + B
I Za

Where A = A’(xy24) "/ and A’ is an arbitrary constant. Further simplified to final transformation

2 ‘
W =122+ (Z+ 1)) + ja (2.18)
Y

For W = -d /2, Z would correspond to be -xy. From equation 2.18 we then get,
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1(1)/2 + (1150 - 1)1/2 _ cdm'/4a
(2.19)
o = cosh?(rd/4a)

Since the boundary-value problem in the Z plane is still as difficult to solve as the first case, and it
puts us in the same position as the beginning. Therefore a different mapping function is used to map
the above The x-axis in Z plane to form a rectangle in another W’ complex plane as shown in figure
2.10.

Jv

Wl4 ®=O W3=1 +jV0
0 "™
= ° o
W’ - Plane
Wll G) - Vo le — 1 ul

Figure 2.10: Final mapping for a strip-line cross section in W’ complex plane

If it is possible to perform this mapping and transform it into W’ plane, the capacitance can be
determined easily, since the boundary-value is more easy to solve. It is obvious that capacitance is C
= ¢/v, where v represents plate spacing in W’ plane. In the W’ plane, the boundary conditions can
be brought up to be W{ = 0 for Z = -z, W3 = 1 corresponding to Z = -1, and finally W3 = 1 + ju
with Z = 0. Therefore the required mapping takes the form,

W’:Al/d 1z + B (2.20)
2(Z + )z + 1)) 7 '
This integral cannot be evaluated directly and thus cannot be minimized into basic functions. However,
it represents an inverse elliptic function, for which there are evaluation tables readily available. To
evaluate the constants, we apply the boundary conditions by substituting the values Z = -xg, -1, 0
and corresponding values of W’. The sn~!(x, k) function is elliptical and can be defined by an integral
as below

[T dA
e = [ e

where x may be a complex variable, and k is called the modulus of the elliptic function. Since By is as
yet arbitrary in equation 2.21, we may put in a lower limit of integration and, by introducing a new
constant,

(2.21)

AO = 2.7A1/$51/2
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Finally solving for the required mapping in equation 2.20 we obtain vy by which the capacitance can
be calculated as C = ¢y/vg

| -1/2
—Jsn (1~ Lo )
v = — - (2.22)
sn—l(x(l)/z,xo 1/2) —sn71(1, z, 1/2)
The function sn(x +jy) is periodic in nature both in x and y. For x with a period of 4K, thus
! dA
K = 2.23
/0 [(1 — /\2)(1 — k2/\2)]1/2 ( )
and period of 2K’ in y, where
K /1 dA
0 [(1—=X2)(1— X2 4 k2A2)]1/2
(2.24)

1/k d\
:/1 (A2 = 1)(1 — k222)]1/2

Also sn(K - jK’) = 1/k, and sn K = 1; so sn™'(1,k) = K, and sn~!(1/k,k) = K - jK’. Therefore,
equation 3.15 gives

K K(k)
TR T KW

(2.25)

where kK’ = (1 - K 2)1/ 2 and K as given by equation 3.16 represents a complete elliptic integral of the
first kind. The table below depicts how xg, K, K’, and upsilony vary for typical variations in the
parameter d/a. This table is compiled by estimating z( for a given value of d/a by utilizing equation
2.22. Since our analysis was limited to the mapping of a one-quarter section in the W’ plane, the
capacitance per unit length of the stripline would be four times the calculated value. hence C =
4eg/vg. Assuming an air-filled line, Z. = 30mvy would be the characteristic impedance. The key to
analyzing such co-planar problems is to utilize conformal transformations from which characteristic
impedance and capacitance per unit length are easy to explain from the above equations. Thus an
inference can be made that increasing the (d/a) characteristic value, the vy value decreases. Since this
term vy is inversely proportional to the capacitance, design of these co-planar electrodes can be tuned
to have maximum capacitance.

d/a x0 K K’ Vo
2 6.3 1.64 226 0.695
4 134 1.57 3.84 0.41
6 0.25¢*  1.57 6.98 0.225
8 0.25¢5™  1.57 8.55 0.184

10 0.25¢197 157 16.4 0.0958

Table 2.2: Parameters to estimate capacitance of coplanar strips
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2.4 Principles of Lock-in detection

Lock-in detection is a technique used to extract a signal from a noisy background in time domain.[40]
In order to pick up the very small changes from the cells using MEAs, we employ this technique.
A lock-in amplifier uses the concept of lock-in detection where it multiplies the input signal with a
reference signal after which a low-pass filter is applied to the result, as shown in figure 2.11. This
multiplication isolates the signal at the interested frequency from rest all frequency components. This
is known as Phase-Sensitive Detection. Averaging over time the signal-to-noise ratio (SNR) of the
signal can be increased, allowing detection of very small signals with high accuracy and making lock-
in amplifiers suitable for such applications. The reference signal is either generated in the amplifier
itself or supplied externally. A sine wave is commonly used as a reference and upon demodulation
allows selective measurement at the frequency of interest or any of its harmonics.

m v

Lock-in Output AS’

6

V. (t) Amplifier
"
0\ ,\
( Y/ d Reference
SN
Sine wave
generator

Figure 2.11: Basic measurement setup of a lock-in amplifier [Source: Zurich Instruments]

Most amplifiers multiply the signals using a mixer along with a band-pass filter and the resulting signal
is low-pass filtered. The mixer shifts the input signal to baseband (ideally DC), and the low-pass filter
removes all the higher frequency components. This is shown in schematic 2.12 where the reference and
a 90-degree phase-shifted reference is multiplied with the input signal using mixers. This constitutes
the quadrature components, capable of measuring both amplitude and phase.[41] The outputs are
low-pass filtered to remove the higher harmonics and noise. The output is the demodulated signal (X
+iY), where X is the real and Y the imaginary part which is then converted into polar coordinates.
This can be done with the help of the equations 2.26 and 2.27.

R=+VX2+Y?2 (2.26)

0 = arctan(Y, X) (2.27)
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Figure 2.12: Mixing and low-pass filtering in a lock-in amplifier [Source: Zurich Instruments]

Lock-in detection is important for work like this to measure small, stationary or slowly varying signals
which are completely buried in noise like thermal noise or the 1/f noise and slow drifts. This technique
allows the weak signal to be shifted to a higher frequency away from the noise as depicted in figure
2.13. This modulated signal can be shifted back efficiently after filtering the noise, which can further
be measured using a lock-in amplifier.

power line noise Demodulated with
and harmonics lock-in amplifier €———
(ground loops) with reference wr

Weak signal at » Modulated to

pseudo-DC Wr = Ws

Figure 2.13: Lock-in detection of a noisy signal [Source - Zurich Instruments]
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2.5 Conclusions

In this chapter, the background theory behind the ionic interactions and phenomena occurring at
the electrode-electrolyte interface have been explained. Next the important aspects of the behavior
of aqueous dielectrics was explained. From which it can be concluded changes in concentration and
frequency change the dielectric constant. This project represents MEAs that exactly exploit this point
of theory. Based on the equivalent circuit the cell-electrode interface is visualized and we learn that
impedance is a direct indication of sensitivity of detection. Finally, capacitance calculations were
worked out for the coplanar electrodes to understand how various dimensional parameters affect the
capacitance value. Basing on this, the MEA design choices were made.
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Chapter 3

Methods

This Section summarizes the methodologies used to build these MEAs for recording the extracellular
signals from neurons. The methods section can be broadly classified into three segments: firstly the
aspects and design of the MEA sensor, then the methodology for the fabrication of these MEAs and
finally the experimental setup with the recording electronics, cell culturing, imaging and data analysis.

3.1 MEA system for cell culturing

MEAs as sensors allow both recording and stimulation, making them one of the most widely used means
for electrical measurements on in-vitro experiments. They are economical to manufacture and reusable
upon proper cleaning. Electrodes allow the exchange of ionic and electrical currents and detection of
changes in electrical parameters. Therefore it is crucial to make careful design considerations for these
electrodes. MEAs have two main advantages: first, the electrodes are made in the micrometer scale
comparable to that of the cellular sizes for better cellular-electrode contact. Second, it is an array of
multiple electrodes which allows simultaneous access to various cells. Simple MEA design would look
like that in figure 3.1.
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Figure 3.1: Commercial MEA from Multi-channel systems (3.1a). Outlook, (3.1b). Zoomed in version
of the microelectrodes

N\

The characteristics of the recorded signal depend on contact between the electrode and cells (area,
etc.), electrode characteristics (geometry, material, noise), signal processing (bandwidth, gain, etc.).
Out of these tunable parameters, the electrode characteristics such as the shape, size, material, etc.
are the most critical design considerations atleast to fabricate MEAs.
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3.2 Design of MEAs

Microelectrode arrays designed in this work are comprised of Gold electrodes patterned over a glass
substrate. MEAs were created in a standard fashion with that of the Multi-Channel systems with the
micro-electrodes fanning out to much larger contact pads as seen in 3.3. It is these contact pads that
can be integrated with the external electronics. As explained earlier, neurons due to the incoming
and outgoing of ions change the concentration of ions in the electrolyte, which in turn changes the
polarizability of water, giving rise to changes in dielectric constant. This implies, in a way, the cell
body acts as the dielectric. This change is seen in the changing dielectric constant that can be picked
up electrically, and the geometry of the electrode plays a crucial role to detect these. Therefore the
MEAs designed were of different sizes and varying inter-electrode distance all arranged as capacitors
(or symmetrical strip lines). The motivation was to see how the size or the inter-electrode distance
affects the sensitivity. A trend of increasing sizes and parameters like inter-electrode distance was
maintained to provide a control and allow one to draw conclusions with ease.
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Figure 3.2: Various trends in electrode distance and size

Since these MEAs were produced by lithographic patterning techniques; the microelectrode arrays
would have to be patterned with the help of a mask. K-Layout, an open-access CAD software, was
used to design the mask for the MEAs and to generate the GDS II file that was further transferred
onto a mask. The design was carefully inspected for uniformity and to make compatible with a
commercially available MEA (Here Multi-channel systems standard 60-electrode MEA) enabling one
to compare the performance between both as shown in figure 3.3. The MEA created has 55 working
electrodes to record or stimulate and one relatively larger reference electrode. To obtain better yield,
the design was set to make three MEAs (two identical MEAs with rectangle shape and varying sizes
and one with diverse shapes as shown in figure 3.4) on a single 4-inch glass wafer. The smallest feature
size was designed to be 2 microns making it comparable to the size of subcellular features of a single
neuron. No features were opted below this value as it then becomes difficult to print a mask with
finer details and also the reliability to pattern such small features is low. For patterning the Gold
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electrodes, the bottom layer mask was designed and then to pattern an insulation layer over the whole
MEA except the electrodes and contact pads, an upper layer mask was designed. The bottom layer
and upper layer masks were printed such that the layer on the CAD is not transparent, and the rest
are. Alignment markers were added to enable alignment of the top mask with the pattern transferred
from the bottom mask on the wafer.

Figure 3.3: K-Layout mask CAD design of a complete MEA with contact pads

¥ % & %

Figure 3.4: (K-Layout mask CAD design of a MEA 3.4a). with rectangle shape and varying sizes,
(3.4b). with diverse shapes

3.3 Fabrication of MEAs

Cleaned glass wafers of 500-micron thickness were spin-coated with a photoresist which was then baked
and exposed to UV light through the mask. The spinning RPM was adjusted to obtain a desired thick-
ness of resist coating. Since the feature polarity is negative to assist lift-off with a darkfield mask, a
negative photoresist was used. Meaning the region which is not exposed to the light will be removed by
the developer. A negative photoresist was chosen because it is possible to obtain an undercut profile,
which is not the case with positive photoresist. After exposure, the wafer was developed in an etching
developer and rinsed thoroughly leaving the pattern on the photoresist.
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Figure 3.5: Flow chart for MEA fabrication process

Gold (Au) of roughly 150 nm thickness with a ~ 5 nm Titanium (Ti) adhesion layer was evaporated
on this wafer containing patterned resist. A thin layer of Ti is used to increase the adhesion between
Au and glass. Au was chosen because of its high conductivity and less degradation from environmental
factors. Wafer with an evaporated layer of Au-Ti was then immersed in a solvent for the lift-off of
tracks. Warm Di-Methyl Sulfoxide (DMSO) was used as the solvent in an ultrasonic bath for lift-off.
The wafer was placed upside down during this process such that the dislodged Au does not re stick
to the wafer side with features. Since the adhesion between Ti and glass is very high, during lift-off,
the solvent attacks the photoresist. Photoresists are usually soluble in solvents, thereby allowing the
lift off. The ultrasonic bath assists in faster lift-off process due to agitation, this way the Au-Ti in
contact with the glass is retained and the rest of it is released. Once the electrodes, with the tracks
and contact pads, are neatly visible, the wafer is rinsed and prepared for adding an insulation layer.

A polymer SU-8 was spun to insulate the whole wafer. SU-8 was chosen because of its high trans-

parency in thin layers and good stability. This transparency would help us during imaging of the
MEA with cells. As the Au electrodes have to make contact with the cell body, the SU-8 layer was
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patterned using the top layer mask, exposing just the electrodes whilst the rest is insulated. With the
ald of alignment markers already patterned using the bottom mask, the top mask was aligned with
accuracy for exposure. Patterning of SU-8 involves additional steps such as pre-baking, post-baking,
and developing to get accurate patterns. The pre-baking step is done to evaporate the solvent to make
the SU-8 photoresist more solid. The post-bake step is to provide energy for the reaction to proceed
after exposure. Finally, a hard bake step was done to evaporate all the solvent and harden the SU-8
polymer, this makes it chemically and thermally inert thereby acting as a protection and electrically
insulating layer. This entire process can be explained as in flowchart ?? to yield results of neatly
patterned MEAs.

(a) (b)

Figure 3.6: Fabricated MEAs (3.7a). Gold deposited on patterned Photoresist, (3.6b). Patterned
microelectrodes after lift-off process

3.3.1 MEA fabrication issues

Fabrication of these MEAs involved a lot of fine-tuning to obtain perfect patterns. Considering the
major challenges encountered, they have been explained in detail, and the solution thought of has also
been put forward.

Broken tracks during lift-off

Figure 3.7: MEAs with broken tracks wile lift-off
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One of the critical problem faced was the breakage and damage of tracks and at times even breakage
of electrodes during the lift-off process. Ultrasonication was used to aid the lift-off process as agitation
assists in allowing the solvent to penetrate the photoresist quickly, thereby releasing the unwanted
gold. But several trials during fabrication resulted in the tracks being broken or complete dislodge-
ment of gold film or layer from the wafer soaking in DMSO solvent. This problem was identified as
residual under-developed photoresist still present on the glass wafer. Due to these remnants, when
titanium and gold are evaporated, there was still some resist left underneath, which reacted with the
solvent causing the removal of gold. This was rectified by carefully regulating the ultrasonic power.
Next by making sure that the development process is complete. A series of quality control steps, i.e.
to visually inspect if there are any remnants of resist and by thorough cleaning of the wafer with DI
water after the development process. Employing these precautions made sure that perfect tracks and
electrodes were fabricated.

Fringes after exposure

Another complication during the fabrication was with the exposure. After spinning the photoresist
and baking, the wafer was exposed to UV radiation through the mask. But this resulted in fringe-like
patterns (as shown in figure ?? and figure ??) being developed on the resist rather than that the mask
pattern exactly being transferred.

Figure 3.8: Fringe like patterns seen on photoresist after exposure

It was identified that this was a result of the soft-contact setting in the exposure program. The soft-
contact program places the mask above the wafer with a gap of 100 microns. Given that the minimum
feature size was 2 microns, placing the mask this far apart created diffraction at the mask causing
some amount of light to be scattered around the actual pattern. This scattered light not being strong
enough caused only partial reaction with the resist. On development, this partial resist, along with
the exposed resist, created these fringes. These structures were similar to how stairs look like, but
with a gradient. Due to this, it was difficult to focus on the edges using a microscope.

This was corrected by setting the program to hard-contact in which the gap between the mask and the
wafer is only 20 microns. Additionally, a black non-reflecting sheet was placed beneath the glass wafer
to prevent any backscattering. After changing the program and using the black sheet has provided
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clear mask patterns being imprinted on the resist.

Exposure and development times

Another major issue from the beginning was the adjustment of exposure and development times.
The MEA design in this project has sizes going from 2 millimeter down to 2 micrometer. Thus it
was necessary that not just the larger feature sizes were transferred but also the finer ailments were
inspected for proper features. Going down to such small feature sizes like 2 microns, the exposure dose
listed in the datasheet of the resist had to be adjusted. On performing exposure with the listed dosage
resulted in overexposure again causing fringe like patterns. This was corrected by performing a study
by varying the dosage and gauging the resultant patterns. The same was performed on development
times, optimizing them to get properly patterned structures. A table describing one of such study has
been listed in Appendix 1.

Undercut profile

Substrate

Metal

Substrate

Metal

Substrate

Figure 3.9: Description of undercut profile

This study was repeated over different development times as well. Being an intensive optimization,
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such studies do demand lot of preparation and time. Moreover, the development times were set to
slightly higher values than the one required to obtain perfect features. This was done on purpose to
enable slight over-etch, which resulted in an undercut profile. Undercut profile is advantageous for
the fact that when Au-Ti is evaporated, it allows the gold deposited on the glass to be discrete and
not connected to the gold on the resist. Thereby allowing more cleaner lift-off process. It can be
illustrated, as shown in figure 3.9.

3.4 Electronic interface board for readout

An electronic readout interface board was designed to tap into the contact pads, thereby enabling one
to either record or stimulate into an electrode. The task of stimulating is the equivalent of writing
operation from the interface board, and the task of recording from an electrode would be reading
operation. The circuit implemented has 64 pins connected to switching multiplexers out of which 60
were connected via pogo pins to all contact pads of an MEA. By using this board, one can tap into
all the electrodes at once and perform simultaneous read/write operation of their choice at any two
electrodes. Connected only through two BNC connectors that fan-out and fan-in into the electrode
pins can be directly connected to a bench-top measuring instrument via BNC cables. This can be
visualized with the block diagram 3.10

WRITE OPERATION

READ OPERATION

Figure 3.10: Block diagram of the PCB interface board

Separate top the shelf multiplexer integrated circuits (ICs) were used to design this switching circuit.
Specifically ADG731 and ADG738 were preferred due to their low noise levels and faster switching
(more details have been listed in Appendix 4 with datasheets of these ICs). Therefore each of the pins
connects to one of the read switches and one of the write switches. The multiplexers were controlled
using SPI interface. All of these switching ICs were laid out on a Printed circuit board (PCB) along
with the powering electronics and a microcontroller to control them. The PCB designed was a four-
layer PCB with the second layer being the power plane and the third layer the ground plane. Write
switching multiplexer based traces were laid out on the top side of the PCB and the read traces on
the bottom side for isolation. Careful precautions were taken to match the grounds and implement a
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noise/interference reduction design. The design was optimized to match the trace lengths as much as
possible to avoid any impedance mismatch. For the read operation, all the 64 pins were connected to
two 32:1 multiplexer (switches) and the outputs of these two ICs were combined to fan-out into the
read BNC connector. Similarly, for the write operation, the BNC connector getting the input signal

fans-in to eight 1:8 multiplexers (switches) thereby giving 64 lines, which are further connected to the
MEA.

[slisfis]isjis[[s]is]le]
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Oooogoooag
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Figure 3.11: PCB layout for interface board

Figure 3.12: PCB interface board with MEA placed inside
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3.5 Bench-top setup for electrical measurements

The electrical signals from the cells being small in amplitude are integrated with noise. It is for this
purpose that electronic processing techniques in the form of measuring instruments are needed to en-
hance the signal. One of the most common techniques for detecting signals which are comparable and
integrated with noise is the coherent detection or more commonly known as lock-in principle. Thus
all real-time electrical measurements from the neurons, impedance measurements, and noise measure-
ments of MEAs were realized with a lock-in amplifier HF2LI (Zurich Instruments, Switzerland).
Lock-in amplifiers work on the principle of phase-sensitive detection. A known periodic reference signal
is modulated with the signal coming from the device under test (here from neurons) which alters the
phase and amplitude. On comparing these changes by synchronizing with the reference signal, lock-in
amplifiers can measure even very minute signal changes that are overwhelmed by noise. This lock-in
amplifier was combined with preamplifiers namely trans-impedance amplifier and current amplifier
(HF2TA and HF2CA, Zurich Instruments, Switzerland) to pre-amplify the signal coming from the
electrodes by setting the gain and coupling.

Figure 3.13: HF2LI four-point measurement setup

To measure impedance with high accuracy with taking into account all characteristics of Z, four-point
setup is chosen. The four-point method is an accurate simultaneous measurement of current flowing
through the measured impedance and voltage drop across the device via two separate paths. This
is implemented by injecting voltage through one of the electrodes and measuring current from the
neighboring electrode. Being a different sensing paradigm, the voltage injected, and the frequency
of this signal are relatively high. For much higher accuracy, the voltage preamplifier with high-input
impedance causes a voltage drop across the impedance V; = V In2. This drop is measured differentially
through the HF2CA and then converted to single-ended input to the lock-in amplifier. The current
through the impedance is directly connected in a single-ended fashion to the lock-in amplifier. Both
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the amplifiers are connected via ethernet cables to the lock-in instrument and can be set and used
through the user interface of Zurich Instruments - Lab One. Assuming that the Vp,o is the voltage
drop across Z, R and G are the resistor setting and the gain of the trans-impedance amplifier; then
the impedance can be estimated using the following equation:

Z=R*xGx+V,/Vip1 = R+ G xVipa/Vin1  (assuming voltage pre-amp gain = 1) (3.1)

The Lab One graphic user interface provides a wide range of options to tune the lock-in amplifier. This
software enables one to optimize parameters such as the lock-in frequency or the reference frequency,
sampling rate, filter characteristics to omit higher harmonics, etc. HF2LI lock-in amplifier has a signal
generator that can be combined to output the reference signal as well. Therefore as per the four-
point setup, the output of the signal generator was used as the reference signal over the MEA setup
(into the write BNC of PCB running into one electrode), i.e., the stimulating signal. The read signal
from the MEA setup (from the read BNC of the PCB coming from the neighboring electrode) was
connected to the transimpedance amplifier as this carried the electrical current from the electrode.
This transimpedance amplifier converts this current into a voltage, making it easy for the lock-in
amplifier to measure it.

3.6 Cell culturing

To this point, the MEA was designed, fabricated, integrated with a readout board, and measuring
instruments. This section now describes the process of cell culturing and the protocols used. Using
a plastic ring over the MEA, a well was created to seed the neuronal cultures. This plastic ring was
attached to the MEA by the help of the polymer Polydimethylsiloxane (PDMS) and baking it at
100-120 degrees for 10-15 minutes to fixate it. This is followed by thorough rinsing and cleaning of
the MEA with ethanol, 2% SDS in millipore (soap), and milli-Q water (ultrapure water). To remove
any remaining organic compounds and to majorly active the surface to be hydrophilic, the MEAs
were plasma cleaned using O2 plasma. Making the surface hydrophilic allows more adhesion of poly (
D- Lysine) (PDL). Coating the MEA with PDL acts as an attachment factor, thereby enhancing cell
adherence. After > 40 min, PDL was washed out with pure buffer solution more than three times
from the MEA ready for seeding of neurons.

All neuronal cultures were primarily hippocampal cells from E18 embryos of time-mated pregnant
Wistar rats (Harlan Laboratories, Netherlands). The Cantonal Veterinary Office approved all animal
experiments of Zurich. The cortices were dissociated in a 37 ° C / 5% CO 2 incubator for 15 min in
5 mL of a filter-sterilized solution of 0.5mg / mL papain and 0.0lmg / mL deoxyribonuclease in PBS
supplemented with 0.5 mg / mL bovine serum albumin and 10 mM D - (+) - glucose. The supernatant
was then removed and resuspended three times with 5mL of Neurobasal medium supplemented with
2% GlutaMAX and 1% penicillin-streptomycin, thereby leaving the cells dissociated and suspended
in the medium. The remaining solution was gently clipped. Then, the cell solution was spun down
and re-suspended into new media reading for seeding. This protocol has been explained in detail in
Appendix 2. Approximately 1 ml of solution with roughly 200,000 neurons were seeded per well. For
functional imaging experiments, un-tagged cells were transfected at DIV5 with a calcium indicator
- GCaMP (AAVDJ.hSynl.GCaMP.WPRE.SV40, University of Zurich Viral Vector Facility, Switzer-
land) for convenient visualization during activity measurements. Across all trials, cells were seeded
onto new MEAs. Each MEA was one of the best ways to ensure all MEAs were of optimal quality. In
all experiments, media was changed every three DIVs and needed constant supervision. These MEAs
were stored in an 37 ° C / 5% CO 2 incubator.

The cell cultures seeded were many a times not useful for making measurements. This was sometimes
due to the cells dying due to lower viability or the neurons not present over the desired electrode
regions or even that the neurons are present and alive but not connected/firing. Due to this multiple
cell cultures were seeded but only little amount of data could be recorded.
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3.7 Calcium (Ca+2) Imaging and Confocal Laser Scanning Microscopy
(CLSM)

One of the key goals of the project is to detect neural activity of in-vitro cultures which is indicated
by recording the action potentials from the culture. These action potentials are spikes in the electrical
domain arising from the synchronous firing of the neuronal network. Therefore it is a necessity to
verify that these spikes are actually originating from the activity of neurons and are not from exter-
nal factors such as noise. For this verification process, Ca+2 imaging was performed on the cellular
cultures being electrical recorded from.

Ca+2 imaging is the technique that uses so-called calcium indicators, fluorescent molecules that re-
spond to the binding of Ca2+ ions by changing their fluorescence properties. By this technique, one
can monitor the out/in- flux of Ca+2 ions traversing through the membrane. This correlates to the
firing of neurons since various ions like potassium, sodium, or calcium are exchanged across the mem-
brane of a neuron during an action potential. Genetically encoded calcium indicators (GECI) derived
from green fluorescent protein (GFP) are used to indicate the Ca+2 ions. These need not be loaded
onto cells; rather, these can be efficiently transfected to cell lines through proteins. As mentioned in
the previous section, GCaMP is the calcium indicator used for these experiments, and GCaMP is a
GECI. This Ca+2 indicator can now be easily imaged through fluorescence microscopy with a laser
running at a responsive wavelength (here 482 nm for GCaMP) as that of the indicator.

(a)

Figure 3.14: Calcium Imaging of neuronal culture on a MEA. (3.14a). Same culture when not firing,
(3.14b). Same culture when firing

Confocal laser scanning microscopy (CLSM) is an imaging technique that utilizes a spatial pinhole
for blocking out-of-focus light while image formation to increase the optical resolution and contrast.
The very same CLSM can be used as a fluorescence microscope to perform Ca+2 imaging. Where the
sample (here neural culture) is radiated with the light of a specific wavelength (lasers in general - here
482 nm was used) which causes fluorophores to get excited. Upon de-excitation, they emit light of
longer wavelengths. This emitted light is separated using a spectral emission filter and other optical
components. Using this emitted light, the image is reconstructed. The working principle of the CLSM
can be visualized as below in figure 3.15.

44



Capacitive Microelectrode Arrays for in-vitro Analysis of Neural Activity

— o

(= Emission filter

Confocal
pinhale

Laser source
Main dichroic
i beamsplitter

Collimator P

Scanning
mirrors

Objective

Specimen

Focal plane

Z-motor }

Figure 3.15: Working principle of a confocal laser scanning microscope [Source: Carl Zeiss|

3.8 Data acquisition and analysis

So far different methodologies to design, make, and integrate these MEAs have been discussed. But
what is important that how all of these components come together as a system or as an experiment to
provide data that will allow us to make conclusions. On this line, data acquisition for this work can
be broadly classified into two categories: one with cells and the other without cells. Addressing data
with cells, the most important experiment is to collect electrical signals using the lock-in amplifier
i.e. to observe action potentials during the firing of neurons and concurrently perform imaging to
verify these APs. For this, the MEA with neuronal culture was placed along with the PCB interface
board in a controlled environment of temperature and C'O; level. This compartment for controlling
the environment for the cells (incubator) is also a part of the CLSM microscope, thereby allowing
us to electrically measure and image at the same time. Thus a lock-in amplifier placed outside is
connected via BNC cables to the PCB board mounted on the MEA with neurons inside the imaging
compartment. This setup looks as shown in figure 3.16a and figure 3.16b.
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Figure 3.16: Experimental setup for MEA electrical measurements along with imaging setup. (3.16a).
Microscope with an incubator and bench-top lock-in amplifier. (3.16b). Zoomed in version of interface
board with MEA inside the incubator

The other category of measurements involve MEA without cells. These experiments are focused on
the characterization of the electrodes, their impedance profiles. For this characterization, electri-
cal impedance measurements were made for MEAs with Milli-QQ water to get the variation between
different sizes of electrodes. Next, impedance measurements with buffer solution (PBS) of various con-
centration were carried out to understand the dependence of impedance concerning the concentration
of the solution in the MEA. For each of these gathered measurements multiple parameters like the
frequency, amplitude, impedance, phase were varied and recorded into .csv or .txt file formats as seen
in Appendix 3.

To be more specific, the quadrature components (real and imaginary parts) of the voltage (Xa + iY3)
and current (X + 4Y7) signals were acquired by varying the frequency. Using equations 2.26, the
respective R values were estimated for both voltage and current independently. Equation 3.1 was then
used to calculate the amplitude of impedance based on the four-point setup with the resistance of
the transimpedance amplifier to be Ry;mp (= 1000 ohms here). Similarly, equation 2.27 was used to
estimate the phase component — the imaginary part of the impedance obtained in the form of (X+iY)
[Eq. 3.6] using both voltage and the current was equation to the (1/jwC') to obtain the capacitance.
Therefore all the equations used for calculations can be summarized as below:

| Rvoltage |: V X22 + }/22 (32)

| Rcurrent |: \/ X12 + Y? (33)

VX2 4+Y2
VA + Ty (3.4)
VXI+Y?

Rvoltage |

| Riotal |:| Z |:| Ramp * = Ramp *

Rcurrent

arctan 2(Y2, X2)

Phase(0) = )
ase(f) arctan2(Y'1, X1) (3.5)
(X1 Xo +Y1Y2) +i(X1Ys — XoY7)
Z = 1000 3.6
: XZ+Y? (3.6)
X2+Y?
L (3.7)

C p—
1000 # 27 f(X2Y1 — X1Y2)
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Since the gathered data is quite huge, nearly 400 GB data for all the electrical measurements carried
out, dictionaries were created in Python to access these files saved in various folders directly. Once
the data was read, different parameters were computed and plotted to make conclusions out of.

3.9 Conclusions

From this chapter it can be concluded that the MEAs were designed with various sizes and elec-
trode distances. This designed transferred to a mask was used in the fabrication. Extensive training
was obtained to effectively master this fabrication process. Alongside various studies were performed
in time to optimize the process and to perfect them. More than 75 MEAs were fabricated using the
whole process. Lots of major and minor problems were encountered during the whole fabrication
process, but were effectively identified and solved to obtain MEAs with good reliability. The interface
electronics was designed to make choice of electrodes much simpler to couple with the external mea-
suring instruments. Cell culturing, another time intensive was performed over more than 30 MEAs to
obtain reliable data with repeatability. Finally the data acquisition was made by combining both the
electrical measurements and imaging.
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Chapter 4

Results and Discussion

4.1 Impedance characterization of MEAs

Characterization is the description of the properties or features of a material or device. It is a necessity
to characterize the MEAs fabricated as this allows one to get a proper understanding of the array’s
itself. Properties such as impedance, capacitance, etc. can be used as the features to describe these
capacitive MEAs. Based on the differences between these features such as impedance for electrodes
with the varying sizes and inter-electrode distance, it is possible to distinguish and highlight which
one’s fare better. As described earlier, four-point setup with the lock-in amplifier was used to measure
the impedance. First an empty MEA without any solution and then with ultrapure water (milliQ
water) was analyzed using the measurement setup. Next PBS in step-wise dilution was put in the
MEA and the corresponding impedance was calculated. Graphs were plotted by calculating the real
and imaginary part of impedance with respect to frequency for both MEA with milliQ water and PBS
filled MEA data. This was performed multiple times (6 measurements) on all electrode pairs of the
MEA as shown in figure 3.2 and averaged.

4.1.1 Impedance vs Frequency

As explained in the dielectrics for aqueous solutions section, supplying an alternating field changes
the dielectric constant. Here this change in dielectric constant is estimated in terms of changes in
impedance with respect to frequency. The impedance is calculated by 3.6 looks as in the graph 7?7 for
most of the electrode pairs with slight deviations. It is observed that the impedance is in the order
of 107 ohms and drops with the increase in frequency as it should be ideally. This drop is due to the
increasing capacitive component. At lower frequencies, spiking behavior was noticed. This is due to
the transient behavior of the electrochemical process at the electrode as soon stimulation is started
concurrently with a frequency sweep. Due to this reason, only at the lower frequencies, transient
fluctuations were seen. Another reason for more unstable behavior at lower frequencies is due to the
limitation of the instrument itself. Being close to the low-pass filter cut-off range, the signal being
acquired still picks up more amount of noise than at higher frequencies.

For the same impedance characteristic, a sudden spike in the impedance was noticed around
frequency of 10°, this could be attributed to an inductive influence arising from the PCB interface
board. But it can still be seen that the impedance further decreases after this spike therefore allowing
one to safely assume that the spike is an artifact. This was verified by measuring the impedance
directly from the MEA to the lock-in amplifier without the switching PCB board and the resulting
impedance looks like 4.2. For this figure it can be clearly seen that the spike in impedance is less
evident implying that this was introduced was PCB and was confirmed with other electrode pairs as
well. Thus to make it easier, all the graphs plotted further are limited to the range of 1 MHz. This
range is still sufficient to analyse the capacitive sensing scheme.
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Impedance vs. Frequency
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Figure 4.1: Impedance vs frequency characteristic
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Figure 4.2: Impedance vs frequency without switching PCB board

Sweeping frequency to higher values, the phase was calculated as in 4.3 by using the real and imaginary
parts to see if the impedance seen at higher frequencies is capacitive in nature. Due to the noise seen
at lower frequencies, it can be observed that the phase also secems to vary abruptly below 103 Hz.
But at higher frequencies above this 1 KHz mark, it settles down close to -90 degrees phase, which
corresponds to the lag of the capacitive component. Therefore given the fact that we are interested
to notice changes at higher frequencies, the fluctuations at lower values can be ignored and capacitive

measurements can be done in confidence.

Since dielectric constant is related to capacitance, the

change in capacitance with frequency have also been plotted. Capacitance is seen to be in the range of
10~ (10s of Picofarad) for higher frequency range as shown in figure 4.4. Capacitance also decreases
with increase in frequency as expected ideally. This is because of at higher frequencies, the induced
dipole moment tends to zero. Since impedance drops with increasing frequency, and impedance being
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highly capacitive in nature at higher frequencies also drops. Again due to huge number of electrodes,
characteristics for only certain electrodes are shown here but similar behavior was noticed for all pairs.
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Figure 4.4: Capacitance vs frequency

4.1.2 Impedance for varying Electric field

Flectric field strength represented by the amplitude of the stimulating voltage was varied and the
corresponding impedance versus frequency plot was obtained in graph 4.5. It was noted that increasing
the amplitude causes a drop in the impedance and this can be justified as increasing amplitude will
cause much stronger field thereby improving the coupling between the electrodes and dropping the
impedance. But for very high field ranges (> 300 mV), opposite behavior in impedance for varying
frequency was observed. The impedance increased with increasing frequency and this can be attributed
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to the ionic current tending to zero much faster due to the very strong field. Once the ionic current is
no longer the contributing factor, it is only the orientation of the water molecules that induces change
in impedance. But at this point, also a strong EDL is formed which further prevents the easy flow of
ions towards the electrode thereby increasing the impedance. Another interesting observation made
was how the amplitude along with the geometry of electrodes affect the impedance sensitivity. It can be
seen between figure 4.5 (5x15 um?/5 pm) and figure 4.7 (5x15 pm?/5 um) that the later electrode has
lower change in impedance for various amplitudes than the prior case. This can be understood by the
optimization of size and inter-electrode distance, in further results it has been shown that increasing
the size and decreasing the distance gives much lower impedance and thereby higher sensitivity. This
was verified for both the mentioned electrode cases while changing the amplitude as well.
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Figure 4.5: Impedance vs frequency for varying amplitude for 5x15 pm?/5 ym
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Impedance vs. Frequency for different amplitudes
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Capacitance vs. Frequency for different amplitudes
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Figure 4.10:

4.1.3 Variability across various MEAs

Capacitance vs frequency for varying amplitude for 5x10 pm?/20 pm

All the measurements were obtained over three MEAs and have been averaged over all of them to
obtain all the results listed in this report. The variability between MEAs has been shown in figure
?7?7. The graph shown represents the variability for one set of electrodes, but this is consistent with all

other electrodes across the three MEAs.

LY




Capacitive Microelectrode Arrays for in-vitro Analysis of Neural Activity

Impedance vs. Frequency for different MEAs
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Figure 4.11: Impedance vs frequency variability over multiple MEAs

Capacitance vs. Frequency for varying size
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Figure 4.12: Capacitance vs frequency variability over multiple MEAs

Varying electrode size

One of the aim of this work was to see how different sizes of electrodes perform and impedance of these
electrodes was compared to draw conclusions. On observation over various trends of increasing sizes,
it has been observed that an increase in the size of electrode leads to a decrease in the impedance
value as evident from graphs below. In figure 4.13 the size of electrodes increases as 2x10 um? ,
2x15 um? and 2x20 pum? for a fixed inter-electrode distance of 18 um, and it can be seen at the 1Hz
frequency, the electrodes with larger are have less impedance. The capacitance increases on making
the electrodes larger in size and certainly more sensitive to capacitive changes. But it is a trade-off to
reach the optimal size such that the capacitance is large enough at the same time the electrodes are
small enough to capture changes at single cell spatial range.
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A similar trend of increasing sizes but with 5x10 pm? and 10x20 pum? for the fixed distances of 5 and
10 pm between the electrodes were analyzed. The graphs 4.15 and 4.16 shows that the increasing

electrode size decreases impedance.
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Impedance vs. Frequency for varying size
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Figure 4.15: Impedance vs frequency for increasing size of electrodes 5x10 um? and 10x20 um? at 5

pm distance

Impedance vs. Frequency for varying size
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Figure 4.16: Impedance vs frequency for increasing size of electrodes 5x10 um? and 10x20 um? at 10

pm distance

Similarly it has been noticed that capacitance increases with frequency on i

ncreasing the size of the

electrodes as shown in ?? for electrodes 5x10 pm? and 10x20 pum? which are 5 gm apart. This holds
true because the impedance drops on growing size and given impedance is inversely proportional to

capacitance, it increases.
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Capacitance vs. Frequency for varying size
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Figure 4.17: Capacitance vs frequency for increasing size of electrodes 5x10 um? and 10x20 pm? at 5

pm distance

Certain comparisons of increasing the size of the electrodes seemed to deviate at certain ranges such
as in 4.18. Here the increase is 5x10 um? , 5x15 um? and 5x20 pum? for a fixed inter-electrode distance
of 10 ym. Again the same inference can be drawn that increasing the size from 5x10 um? lowers the
impedance, but 5x15 um? or 5x20 pum? are seen to be very close and show opposite behavior for few
frequencies. This could be due to any slight changes during the experimentation or other anomalies
such as improper coverage of SU-8, etc. It is also interesting to notice that the deviation from 5x10 to
5x15 um? is much higher than 5x15 to 5x20 wm?2. This is due to the limiting nature of the electrode

size, and for larger electrode sizes the sensitivity in impedance change is reduced.
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Figure 4.18: Impedance vs frequency for electrodes - 5x10 um? , 5x15 pum? and 5x20 pm?
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Capacitance vs. Frequency for varying sizes
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Figure 4.19: Capacitance vs frequency for increasing electrode size

Varying inter-electrode distance

Next the inter-electrode distance was varied for the same size of electrodes. Again impedance versus
frequency plots were obtained to draw conclusions. First the electrodes of size 10x20 pum? with varying
distances 10 pum, 15 pm and 20 pm were analyzed. On observation it can be inferred that decreasing
the inter-electrode distance causes an drop in the impedance for figure 4.21. This can be justified by
the fact that, bringing the electrodes closer has a higher electric field coupling thereby reducing the

impedance.
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Figure 4.20: Impedance vs frequency for electrodes with 10 um, 15 gm and 20 pum spacing
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Capacitance vs. Frequency for varying sizes
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Figure 4.21: Capacitance vs frequency for electrodes with 10 gm, 15 gm and 20 um spacing

Similar trends were seen on comparing the other electrode sizes with varying sizes - 5x30 pm? and
2x30 pm? with distances varying as 15 pm/25 pum and 8 um/18 pum respectively in 4.22 and 4.23.
Again just like the variation in size, the inter-electrode distance varied for larger size electrodes causes

much lesser variation in the impedance.

Impedance vs. Frequency for varying inter-electrode distance

108
. -=- Ele39-40 (5x30 - 15 um)
-~ Ele42-43 (5x30 - 25 um)
.

107 -
— .
m
£ .
¢
: % LX)
3 .
: e o .
s . . .
S oo . ®
£ 10° ML
3 B e F
E o e

o
.
1054 iy, A
h“:‘q;,.,»,w;-"
10° 10° 106

10? 103
log(Frequency) (Hz)

Figure 4.22: Impedance vs frequency for 5x30 pum? electrodes

60




Capacitive Microelectrode Arrays for in-vitro Analysis of Neural Activity

Impedance vs. Frequency for varying inter-electrode distance
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Figure 4.23: Impedance vs frequency for 2x30 pm? electrodes

Certain dissimilarities were observed such as in 5x15 pum? with varying distances 4.24, but the general
trend that decreasing distance also drops the impedance was still verified. Again, these disparities
can be attributed to inaccuracies in experimentation or the MEA itself. The capacitance plotted in
4.25 also checks out with the fact that bringing the electrodes closer will have a better electrical field

coupling thereby giving higher capacitive sensitivity.
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Figure 4.24: Impedance vs frequency for 5x15 pum? electrodes
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Figure 4.25: Capacitance vs frequency for 2x30 um? electrodes

Therefore based on both the observations of varying size and varying electrode distance, it can be
inferred that having bigger electrodes with less distance between them causes to impedance drop,
thereby increasing the capacitance. This is important to get better sensitivity for electrodes which
enabling them to pick up even the smallest of the dielectric changes when a cell is placed. One can
choose a suitable point between the trade-off of having high capacitance to that of making a large
electrode that wouldn’t be very useful for more of single cell analysis.

4.1.4 Impedance for varying Concentration

Impedance measurements were made with MEA containing varying concentrations of Buffer solution
PBS with respect to the frequency. Here 1 pl - PBS in the graphs implies 1 pul with the rest 999
] milliQ water in MEA. Similarly for the other concentrations, PBS was diluted with milliQ water
always totaling to 1 ml of solution to maintain control in the experiment. Impedance versus frequency
for varying concentration has been plotted for few electrode pairs as below.
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Figure 4.26: Impedance vs frequency for varying concentration of PBS
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Figure 4.27: Impedance vs frequency for varying concentration of PBS
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Capacitance vs. Frequency for varying concentration
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Figure 4.28: Capacitance vs frequency for varying concentration of PBS

From the above graphs it can be understood that increasing the concentration, lowers the impedance
value. This is crucial because when neurons fire, the increase in concentration will lower the impedance
or increase the capacitance that we intend to measure. Through this it has been demonstrated that

concentration changes as small as 1 pl can be detected sensitively.

4.2 Electrical measurements with cells

This section describes the electrical measurements performed using MEAs with neurons seeded on

them. The goal of these experiments was to detect action potentials.

That is to observe a change

in the impedance when an action potential is fired. To verify that these changes were a result of
an action potential, Ca+2 imaging data was used. Keeping in mind the optimal settings as inferred
from the results in the above section, slightly higher amplitude and higher frequency ranges close
to 100KHz were used to record these action potentials. Time windows of electrical impedance and
their corresponding Ca+2 image has been shown for two instances when the neurons are firing and
vice-versa. It was seen that the action potentials could be detected as spikes on the impedance data
and when no neurons are firing, there are no spikes except for the baseline and noise.
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Figure 4.29: Electrical impedance with spikes when firing and no spikes when not firing

Many of these action potentials were zoomed into and analyzed to obtain the shape of the action
potential spike and validate the resemblance with a true action potential. Another example of the
recorded action potentials was listed in appendix 4.
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Figure 4.30: Zoomed in single action potential

4.3 Conclusions

From this chapter it can be concluded all electrical measurements pertaining to all electrodes were
obtained and analyzed. Repeatability and variability has also been accounted in these measurements.
As for the inferences from the results, it can be observed that having bigger electrodes with less distance
between them causes to impedance drop, thereby increasing the capacitance. This is important to
get better sensitivity for electrodes which enabling them to pick up even the smallest of the dielectric
changes when a cell is placed. One can choose a suitable point between the trade-off of having high
capacitance to that of making a large electrode that wouldn’t be very useful for more of single cell
analysis. Additionally, very small concentration changes were detected successfully which can help pick
up the minutest of the changes from the cell. Finally action potentials from the cells were measured
and noted thereby proving that the capacitive MEAs are an effective way to acquire neuronal activity.
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Chapter 5

Conclusions and Outlook

The main aim of this thesis was to design, fabricate and interface MEAs, to seed neurons and record
action potentials from them using the new sensing technique. This goal was successfully accomplished
and a complete modular setup has been established that can simultaneous perform recording and
stimulation from neurons.

Contributions:

Several modalities such as the electrode planar geometry were explored in detail to enhance the signal
quality. Impedance characterization of all the electrodes both empty and along with an electrolytic
solution has been successfully performed.

An overview of the sub-tasks solved in order to achieve the main goal are given in the following list:

1. Design and fabrication of MEAs:
To understand how the electrode size or the inter-electrode distance will have an effect on the
signal quality. Trends of these parameters were varied and the design choices were made based
on the sizes comparable to that of a neuron. This was backed up the background theory and
working pricinples. Once designed, these MEAs were fabricated and improved to achieve MEAs
of good quality for experimentation.

2. Electronic interface and measurement setup:
To interface this MEA to the measurement setup, a customized PCB was designed and fabricated
to allow flexible recording/stimulation scenarios. Further, the bench-top setup such as the lock-
in amplifier and its working was understood to integrate it with the MEA and the PCB. Using
this setup successful characterization of MEAs was performed by measuring the impedance of
all the electrodes.

3. Neuronal cell cultures and imaging:
Cell culturing was carried out to seed neurons on the MEAs. Protocols to do perform the seeding
of neurons and to work with them were learnt. Principles of operation of a CLSM was understood
and Ca+2 imaging was performed in conjunction with electrical measurements.

4. Data processing:
Finally the acquired electrical measurements were processed and the resulting graphs were plot-
ted. Based on the data, interpretations were made to answer the questions posed in this thesis.

Finally it can be concluded that new capacitve sensing paradigm works. With the help of impedance
characterization data, the optimal way to proceed is to increase the size of electrodes for lower
impedance but still keep them small enough to access single neurons or just a few of them. Further-
more based on the concentration experiments, we conclude that capacitance changes were observed
for very small concentration changes. Both of these goals were achieved and are in accordance with
the ideal scenario. Action potentials were detected using this sensing scheme and have resulted to be
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correct based on the verification from the imaging data. Therefore to conclude, the proof of concept
of capacitive MEAs has been implemented and is shown to be quite effective.

Recommendations:

1. As an outlook, it would be very interesting to see the in-detailed characteristics of these action
potentials.

2. To do a comparative study between the spikes detected by this method to that of the traditional
sensing method.

3. It would also be interesting to further explore many more shapes of these microelectrodes to
further enhance the signal quality.

4. Even a comparitive study between commercial and capacitive MEAs from this work would be
interesting to observe.

68



Bibliography

1]

2]

3]

(6]

[7]

8]

(9]

C. A. R. Chapman, N. Goshi, and E. Seker, “Multifunctional neural interfaces for closed-loop
control of neural activity,” Advanced Functional Materials, vol. 28, no. 12, p. 1703523, 2018.
[Online|. Available: https://onlinelibrary.wiley.com/doi/abs/10.1002/adfm.201703523

S. Desai, “Improving impedance of microelectrode arrays by ultrasonic electroplating of durable
platinum black,” Society for Neuroscience Abstracts, vol. 3, p. 390.7, 01 2009.

G. Charvet, L. Rousseau, O. Billoint, S. Gharbi, J.-P. Rostaing, S. Joucla, M. Trevisiol,
A. Bourgerette, P. Chauvet, C. Moulin, F. Goy, B. Mercier, M. Colin, S. Spirkovitch,
H. Fanet, P. Meyrand, R. Guillemaud, and B. Yvert, “Biomea™: A wversatile high-
density 3d microelectrode array system using integrated electronics,” Biosensors and
Bioelectronics, vol. 25, mno. 8, pp. 1889 — 1896, 2010. [Online]. Available:  http:
//www.sciencedirect.com/science/article/pii/S0956566310000035

A. C. Hoogerwerf and K. D. Wise, “A three-dimensional microelectrode array for chronic neural
recording,” IEEE Transactions on Biomedical Engineering, vol. 41, no. 12, pp. 1136-1146, Dec
1994.

T. Ryyndnen, M. Toivanen, T. Salminen, L. YI4-Outinen, S. Narkilahti, and J. Lekkala,
“Ton beam assisted e-beam deposited tin microelectrodes—applied to neuronal cell culture
medium evaluation,” Frontiers in Neuroscience, vol. 12, p. 882, 2018. [Online]. Available:
https://www.frontiersin.org/article/10.3389/fnins.2018.00882

Y. Hanein and L. Bareket-Keren, “Carbon nanotube-based multi electrode arrays for neuronal
interfacing: progress and prospects,” Frontiers in Neural Circuits, vol. 6, p. 122, 2013. [Online].
Available: https://www.frontiersin.org/article/10.3389/fncir.2012.00122

J.-H. Kim, G. Kang, Y. Nam, and Y .-K. Choi, “Surface-modified microelectrode array with flake
nanostructure for neural recording and stimulation,” Nanotechnology, vol. 21, no. 8, p. 085303,
jan 2010. [Online]. Available: https://doi.org/10.1088%2F0957-4484%2F21%2F8%2F 085303

S. Park, Y. J. Song, H. Boo, and T. D. Chung, “Nanoporous pt microelectrode for neural stimu-
lation and recording: In vitro characterization,” The Journal of Physical Chemistry C, vol. 114,
no. 19, pp. 8721-8726, 2010.

T. Gabay, M. Ben-David, I. Kalifa, R. Sorkin, Z. R. Abrams, E. Ben-Jacob, and
Y. Hanein, “Electro-chemical and biological properties of carbon nanotube based multi-
electrode arrays,” Nanotechnology, vol. 18, no. 3, p. 035201, jan 2007. [Online]. Available:
https://doi.org/10.1088%2F0957-4484%2F 18%2F3%2F035201

A. Hai, J. Shappir, and M. E. Spira, “In-cell recordings by extracellular
microelectrodes,”  Nature Methods, vol. 7, p. 200, jan 2010. [Online]. Avail-
able: https://doi.org/10.1038 /nmeth.1420http: //10.0.4.14 /nmeth.1420https: / /www.nature.
com/articles/nmeth.1420{\ # }supplementary-information

69



Capacitive Microelectrode Arrays for in-vitro Analysis of Neural Activity

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

23]

[24]

[25]

[26]

U. Frey, J. Sedivy, F. Heer, R. Pedron, M. Ballini, J. Mueller, D. Bakkum, S. Hafizovic, F. D.
Faraci, F. Greve, K. Kirstein, and A. Hierlemann, “Switch-matrix-based high-density microelec-
trode array in cmos technology,” IEEFE Journal of Solid-State Circuits, vol. 45, no. 2, pp. 467-482,
Feb 2010.

P. M. Vignais and P. Vignais, Discovering Life, Manufacturing Life: How the experimental method
shaped life sciences, 2010.

Q. N., H. J., and B. F.Y., “Extrapolating in vitro results to predict human toxicity,” In Vitro
Toxicology Systems. Methods in Pharmacology and Toxicology. Humana Press, New York, NY,
pp- 531-550, 2014.

B. K-H and et. al., “her,” In Vitro Toxicology Systems. Methods in Pharmacology and Toxicology.
Humana Press, New York, NY, pp. 24-37, 2014.

J. Whitson, D. Kubota, K. Shimono, Y. Jia, and M. Taketani, Multi-Electrode Arrays:
Enhancing Traditional Methods and Enabling Network Physiology. Boston, MA: Springer US,
2006, pp. 38—68. [Online|. Available: https://doi.org/10.1007/0-387-25858-2_3

S. M. Potter, “Chapter 4 distributed processing in cultured neuronal networks,” in Advances in
Neural Population Coding, ser. Progress in Brain Research. Elsevier, 2001, vol. 130, pp. 49 —
62. [Online]. Available: http://www.sciencedirect.com/science/article/pii/S0079612301300055

A. Bard and L. Faulkner, FElectrochemical Methods: Fundamentals and Applications, 2nd ed.,
2001.

P. Attard, Electrolytes and the Electric Double Layer. John Wiley Sons, Ltd, 2007, pp. 1-159.
[Online]. Available: https://onlinelibrary.wiley.com/doi/abs/10.1002/9780470141519.ch1

——, “Recent advances in the electric double layer in colloid science,” Current Opinion

in Colloid  Interface Science, vol. 6, no. 4, pp. 366 — 371, 2001. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S1359029401001029

T. M. Squires, “Induced-charge electrokinetics: fundamental challenges and opportunities,” Lab
Chip, vol. 9, pp. 2477-2483, 2009.

H. Helmholtz, “Ueber einige gesetze der vertheilung elektrischer strome in korperlichen leitern
mit anwendung auf die thierisch-elektrischen versuche,” Annalen der Physik, vol. 165, no. 6,
pp. 211-233, 1853. [Online]. Available: https://onlinelibrary.wiley.com/doi/abs/10.1002/andp.
18531650603

Helmholtz, “Studien iiber electrische grenzschichten,” Annalen der Physik, vol. 243, no. 7,
pp. 337-382, 1879. [Online]. Available: https://onlinelibrary.wiley.com/doi/abs/10.1002/andp.
18792430702

Gouy, M., “Sur la constitution de la charge électrique a la surface d'un électrolyte,” J. Phys.
Theor. Appl., vol. 9, no. 1, pp. 457-468, 1910.

D. L. Chapman, “Li. a contribution to the theory of electrocapillarity,” The London, Edinburgh,
and Dublin Philosophical Magazine and Journal of Science, vol. 25, no. 148, pp. 475-481, 1913.

S. Yiacoumi and K. Yang, FElectrolytes and the Electric Double Layer. Marcel Dekker Inc, New
York, 2004, ch. Electrical Double-Layer Formation, p. 1001-1014.

T. M. Squires and S. R. Quake, “Microfluidics: Fluid physics at the nanoliter scale,” Rev. Mod.
Phys., vol. 77, pp. 977-1026, Oct 2005.

70



Capacitive Microelectrode Arrays for in-vitro Analysis of Neural Activity

[27]
[28]

[29]

[30]

[36]

[37]

[38]

[39]

[40]

[41]

W. Schmickler and E. Santos, Interfacial Electrochemistry. Springer, Berlin Heidelberg, 2010.

H. Butt, K. Graf, and M. Kappl, Physics and Chemistry of Interfaces. Wiley [U+2010]VCH
Verlag GmbH Co. KGaA, 2003.

0. Stern, “Zur theorie der elektrolytischen doppelschicht,” Zeitschrift fiir Elektrochemie und
angewandte physikalische Chemie, vol. 30, no. 21[U+2010]22, pp. 508-516, 1924. [Online].
Available: https://onlinelibrary.wiley.com/doi/abs/10.1002/bbpc.192400182

D. C. Grahame, “The electrical double layer and the theory of electrocapillarity.” Chemical Re-
views, vol. 41, no. 3, pp. 441-501, 1947.

J. Bockris, M. Devanathan, and K. Muller, “On the structure of charged interfaces,” Processings
of Royal Society A, Mathematical, Physical and Engineering Sciences, vol. 274, p. 55-79, 1963.

S. Ritchie, S. Bailey, and R. Woods, “Othe metal-solution interface,” Advances in Colloid Interface
Sciences, pp. 183-231, 1999.

A. Golovnev and S. Trimper, “Steady state solution of the poisson—nernst—planck equations,”
Physics Letters A, vol. 374, mno. 28, pp. 2886 — 2889, 2010. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0375960110005682

Q. Zheng and G.-W. Wei, “Poisson—boltzmann—nernst—planck model,” The Journal of Chemical
Physics, vol. 134, no. 19, p. 194101, 2011. [Online]. Available: https://doi.org/10.1063/1.3581031

M. S. Kilic, M. Z. Bazant, and A. Ajdari, “Steric effects in the dynamics of electrolytes at large
applied voltages. ii. modified poisson-nernst-planck equations,” Phys. Rev. E, vol. 75, p. 021503,
Feb 2007. [Online|. Available: https://link.aps.org/doi/10.1103/PhysRevE.75.021503

P. D, A. GJ, and et. al., Voltage-Gated Ion Channels , Neuroscience, 2nd ed. Sunderland, Mass:
Sinauer Associates, 2001.

G. Arrhenius, “The collected papers of peter j. w. debye,” Journal of Chemical Education,
vol. 31, no. 9, p. 501, 1954. [Online|. Available: https://doi.org/10.1021/ed031p501.1

E. Hiickel and P. Debye, “The theory of electrolytes: I. lowering of freezing point and related
phenomena,” Phys. Z, vol. 24, pp. 185-206, 1923.

R. E. Collin, Transmission Lines. IEEE, 1991. [Online]. Available: https://ieeexplore.ieee.org/
document /5265620

J. H. Scofield, “Frequency [U+2010]domain description of a lock [U+2010]in amplifier,” American
Journal of Physics, vol. 62, no. 2, pp. 129-133, 1994.

P. A. Temple, “An introduction to phase [U+2010]sensitive amplifiers: An inexpensive student
instrument,” American Journal of Physics, vol. 43, no. 9, pp. 801-807, 1975.

71



Capacitive Microelectrode Arrays for in-vitro Analysis of Neural Activity

72



Appendix

Appendix: 1

Optimization of dosage for proper pattern transfer for the smaller feature sizes such as electrodes. The
power of the UV lamp was fixed at 7.46 mW/ em?, based on which the exposure time was calculated
and used. Exposure time = (exposure dosage/power of the UV lamp):

Dosage (mJ/cm?2 Observation

550 (listed in datasheet) No patterns were transferred (due to overexposure)
400 No visible patterns due to overexposure

250 Faint patterns observed but without resolution

100 Patterns clearly visible but not with resolution

55 Clean transfer of patterns noticed

20 Patterns transferred but exposure not sufficient

Based on the study, it was understood that the 55mJ was the perfect dosage to obtain good feature
clarity. Some of the images taken during the study can be seen as below.

Figure 5.1: No patterns visible for 550 mJ dose

73



Capacitive Microelectrode Arrays for in-vitro Analysis of Neural Activity

Figure 5.2: Very faint patterns for a dosage of 250 mJ

Figure 5.3: Patterns for 100 mJ dose - have very poor resolution

Appendix: 2

Protocol for Neuron Dissociation
To make PBG:
Total = 50 mL

1. Dissolve 50 mg of BSA in 50 mL sterile PBS.
2. Add 90.08 mg (per 50 mL) of glucose.

3. Store in cell culture room 4 degree celsius fridge.
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To make PBG-papain-DNase solution:
Total = 5 mL

1. Take 5 mL of PBG from the stock.

2. Add 2.5 mg of papain (stored in -20 C freezer). Make sure to wash the spatula at microbalance
before and after use with ethanol-water-MilliQQ water.

3. Vortex briefly then put in 37 C bath until papain is full dissolved (est time 30 mins).
4. Filter with 0.2 um sterile filters into a new tube.
5. Add DNase only after filtering. Add 5 uL of Dnase. Pipet up and down to mix.

To dissociate hippocampul/cortical neurons:

1. Remove PBG already in tube (usually 10 mL) carefully without disturbing the brain tissue at
the bottom.

2. Add 5mL of PBG-papain-DNase solution prepared.

3. Shake gently and out in the 37 C incubator for 15 minutes.

4. Remove PBG solution without disturbing the pellet.

5. Gently add 5 mL of Neurobasal media (NB and let it sit for atleast 3 minutes.
6. Remove the media without disturbing pellet and perform the above step thrice.

7. Add 2 mL of Neurobasal media and pipette up and down for a minute with a 1000 uL pipette
to break the cell clump.

8. Prepare eppendorf container with 90 uL of media. After mixing the cells, add 10 uL of the cell
solution into the 90 uL of media.

9. Pipetter to mix. Remove 10 uL from this and put it into a second eppendorf container (to dilute
the cells for counting 1:10). If there are not many cells, do not dilute.

10. Take this 10 uL to the cell counter and add 10 uL of Trypan Blue. Add 10 uL of this solution to
each side of the cell counter slide and count cells. Make sure to factor the dilution back into it.

Appendix: 3

Data containing the current, voltage components and frequencies are saved as .txt files as shown below.
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Module: Sweep, ID: cOplt13picfmo
Device: devea
Time: 2019/08/05 12:06:48

o 0% 0% % 0% o% o% o

Demod 1 Sample X, /module/cep1t13plcf/sweep/dev6a/demods/@/sample.x
pemod 1 Sample Y, /module/cep1t13plcf/sweep/dev6a/demods/@/sample.y
Demod 2 Sample X, /module/c@p1t13picf/sweep/devea/demods/1/sample.x
Demod 2 Sample Y, /module/c@piti3picf/sweep/dev64/demods/1/sample.yY
Frequency (Hz); Demod 1 Sample X Amplitude (V); Demod 1 Sample Y Amplitude (V); Demod 2 Sample X Amplitude (V); Demod 2 Sample Y Amplitude (V)

100; -0.0218404056564; -0©.248046566093; ©.0060470023995; -0.00185229918796
105.9560179277616; -0.0288710981993; -0.261912267113; ©.00672523704064; -0.00219381175133
3 -0.275943091692; ©.00748106083958; -0€.00259331497056
0.290295923028; 0. 79; -0. 727871
3 -0.304875199675; ©.00922031819386; -©.0036149051066
5 -0.31963934217; 0.0102129393165; -0.00426072020179
5 -0.334530502833; ©.0112970147684; -0.00501565957495
5 -0.349437178026; ©.0124771261765; -0.00590067457757

112.2667773510814; -0.0369035986512
118.953406737032; -0.0459651149972;
126.0382929679727; -0.0561212461747
133.5451562929899; -0.0674305333417
141.4991297434576; -0.0799850751563
149.9268432786046; -©.0937836001939
158.8565129428053; -0.108918888126;
168.3180353330957; -0.125407919662;
178.3430876931909; -0.143273665458;
188.965233969121; -0.162510555826;
200.2200371815584; -0.183112412071;
212.145178491063; -0.205009091758;
224.7805833548725; -0.228123195903;
238.1685551976158; -0.252373098403;
252.3539170434766; -0.277535506301;
267.3841615839947; -0.303461502723;
283.3096101839324; -0.329886309952;
300.1835813575589; -0.356532084248;
318.0625692794119; -0.383115791304;
337.0064329271928; -0.409224855773;
357.0785964900463; -0.434656997398;
378.3462617131929; -0.45941132822;
100.8806328898465; -0.483563518817;
124.7571552536899; -0.507206363612;
150.0557675700497; -0.530258348752;
176.861169771447; -0.552599136559;
505.263106533568; -0.574271038231;
535.3566677410724; -0.59510882902;
567.2426068491977; -0.614994223459;
501.0276782070382; -0.634082468521;
536.8249944718586; -0.652206652322;
574.7544053110693; -0.669416562154;

Appendix: 4

-0.36427208846; 0.0137512118352; -0.00692752343667

-0.378929287357; 0.0151207797902; -0.00812203136879

-0.39324731539; 0.0165907609504; -0.0095053369724
-0.407092090681; 0.0181550981033; -0.011110794643
-0.420317484857; 0.0198073799146; -0.0129581485823
-0.432715644374; 0.0215373690062; -0.0150808530314
-0.444128768123; ©.0233299470335; -0.0175129319317
-0.454403247423; 0.0251750354583; -0.0202867241235
-0.463304143618; 0.0270404754627; -0.0234367298374
-0.47068846729; ©.028897664786; -0.0269983294925
-0.476493074667; ©.0307074327439; -0.0310071019958
-0.480591898413; 0.0324259068321; -0.0354914451917
-0.483087946147; 0.0340025798094; -0.0404797068395
-0.484118540228; 0.0353733270708; -0.0459995263976
-0.483910473094; 0.0364621492455; -0.0520602539453
-0.482509606336; 0.0372030479249; -0.058673845318
-0.479841219159; 0.0375102555807; -0.0658314086703
-0.475843151236; 0.0373026058801; -0.0735101623138
0.470550226159; 0.036489818345; -0.0816827984999
-0.464017343666; 0.0349825122543; -0.0903046724156
-0.456345596996; 0.0327026108767; -0.0992996533833
-0.447651933009; 0.0295798085418; -0.108604256463
-0.438021111945; 0.0255479962968; -0.118103934486
-0.427577679499; 0.0205486293964; -0.127702861102
-0.416465653095; 0.014565783575; -0.137285639523
-0.404738264397; 0.00756973900402; -0.146720199875

Figure 5.4: Saved text file with current and voltage information
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16-/32-Channel, Serially Controlled 4 (2
1.8Vt0 3.9V, £2.5YV, Analog Multiplexers

ADG725/ADG731

FEATURES

3-Wire SPI Compatible Serial Interface

1.8 V to 5.5 V Single Supply

+2.5 V Dual-Supply Operation

4 O On Resistance

0.5 O On Resistance Flatness

7 mm x 7 mm 48-Lead Chip Scale Package (LFCSP)
or 48-Lead TQFP Package

Rail-to-Rail Operation

Power-On Reset

42 ns Switching Times

Single 32-to-1 Channel Multiplexer

Dual/Differential 16-to-1 Channel Multiplexer

TTL/CMOS Compatible Inputs

For Functionally Equivalent Devices with Parallel
Interface, See ADG726/ADG732

APPLICATIONS

Optical Applications

Data Acquisition Systems
Communication Systems
Relay Replacement

Audio and Video Switching
Battery-Powered Systems
Medical Instrumentation
Automatic Test Equipment

GENERAL DESCRIPTION

The ADG731/ADG725 are monolithic, CMOS, 32-channel/
dual 16-channel analog multiplexers with a serially controlled
3-wire interface. The ADG731 switches one of 32 inputs
(S1-832) to a common output, D. The ADG725 can be config-
ured as a dual mux switching one of 16 inputs to one output, or a
differential mux switching one of 16 inputs to a differential output.

These mulitplexers utilize a 3-wire serial interface that is com-
patible with SPI®, QSPI", MICROWIRE™, and some DSP
interface standards. On power-up, the Internal Shift Register
contains all zeros and all switches are in the OFF state.

These multiplexers are designed on an enhanced submicron
process that provides low power dissipation yet gives high switch-
ing speed with very low on resistance and leakage currents.
They operate from a single supply of 1.8 Vto 5.5 Vora

+2.5 V dual supply, making them ideally suited to a variety of
applications. On resistance is in the region of a few ohms, is
closely matched between switches, and is very flat over the full
signal range.

Rev. B Document Feedback
Information fumished by Analog Devices is believed to be accurate and reliable.
However, no responsibility is assumed by Analog Devices for its use, nor for any
infringements of patents or other rights of third parties that may result from its use.
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These parts can operate equally well as either multiplexers or
demultiplexers and have an input signal range that extends to the
supplies. In the OFF condition, signal levels up to the supplies
are blocked. All channels exhibit break-before-make switching
action, preventing momentary shorting when switching channels.

The ADG731 and ADG725 are serially controlled 32-channel,
and dual/differential 16-channel multiplexers, respectively. They
are available in either a 48-lead LFCSP or TQFP package.

PRODUCT HIGHLIGHTS
1. 3-Wire Serial Interface.

2. 1.8 Vto 5.5V Single-Supply or £2.5 V Dual-Supply
Operation. These parts are specified and guaranteed
with 5 V£10%, 3 V £10% single-supply,
and £2.5 V £10% dual-supply rails.

On Resistance of 4 Q.
Guaranteed Break-Before-Make Switching Action.

7 mm x 7 mm 48-Lead Chip Scale Package (LFCSP) or
48-Lead TQFP Package.
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ADG725/ADG73]_SPECIFI CATIONS] (Vop =5V £ 10%, Vss =0V, GND = 0V, unless otherwise noted.)

B Version
Parameter +25°C —40°C to +85°C | Unit Test Conditions/Comments
ANALOG SWITCH
Analog Signal Range 0 to Vpp \Y
On Resistance (Roy) 4 Q typ Vs =0V to Vpp, Ips = 10 mA;
5.5 6 Q max Test Circuit 1
On Resistance Match between 0.3 Q typ Vs =0V to Vpp, Ips = 10 mA
Channels (ARpy) 0.8 Q max
On Resistance Flatness (Rpratony) 0.5 Q typ Vs =0V to Vpp, Ips = 10 mA
1 Q max
LEAKAGE CURRENTS Vpp=5.5V
Source OFF Leakage Is (OFF) +0.01 nA typ Vp=4.5V/1V,Vg=1V/4.5V;
+0.25 +1 nA max Test Circuit 2
Drain OFF Leakage I, (OFF) +0.05 nA typ Vp=4.5V/1V,Vg=1V/4.5V;
ADG725 +0.5 +2.5 nA max Test Circuit 3
ADG731 +1 +5 nA max
Channel ON Leakage Ip, I (ON) +0.05 nA typ Vp=Vg=1Vor4.5YV;
ADGT725 +0.5 2.5 nA max Test Circuit 4
ADG731 +1 5 nA max
DIGITAL INPUTS
Input High Voltage, Ving 2.4 V min
Input Low Voltage, VNt 0.8 V max
Input Current
Invp or Ivu 0.005 UA typ Vin = VL or Ving
+0.5 UA max
Cmns Digital Input Capacitance 5 pF typ
DYNAMIC CHARACTERISTICS?
TTRANSITION 42 ns typ RL =300 Q, CL =35 pF, Test Circuit 5
53 62 ns max V51 =3V/0V,Vg3,=0V/3V
Break-Before-Make Time Delay, tp 30 ns typ Ry =300 Q, Cp = 35 pF
1 ns min Vs =3 V; Test Circuit 6
Charge Injection 5 pC typ Vg=25V,Rg= 0Q, C_ =1nF;
Test Circuit 7
Off Isolation -72 dB typ R; =50Q, C, =5 pF, f=1 MHz;
Test Circuit 8
Channel-to-Channel Crosstalk -72 dB typ Rp. =50Q, C.=5pF, f=1MHz;
Test Circuit 9
-3 dB Bandwidth
ADGT725 34 MHz typ | Ry =50 Q, C;, =5 pF; Test Circuit 10
ADG731 18 MH?z typ
Cs (OFF) 15 pF typ f=1MHz
Cp (OFF)
ADGT725 170 pF typ f=1MHz
ADG731 340 pF typ f=1MHz
Cp, Cs (ON)
ADG725 175 pF typ f=1 MHz
ADG731 350 pF typ f=1MHz
POWER REQUIREMENTS Vpp=5.5V
Iop 10 YA typ Digital Inputs =0V or5.5V
20 MA max
NOTES

"Temperature range is as follows: B Version: -40°C to +85°C.
2Guaranteed by design, not subject to production test.

Specifications subject to change without notice.
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ADG725/ADG731

SPEC I F I CATI ONS1 (Vpp=3V = 10%, Vss=0V, GND =0V, unless otherwise noted.)

B Version
Parameter +25°C  —40°Cto+85°C | Unit Test Conditions/Comments
ANALOG SWITCH
Analog Signal Range 0 to Vpp A%
On Resistance (Roy) 7 Q typ Vs =0V to Vpp, Ips = 10 mA;
11 12 Q max Test Circuit 1
On Resistance Match between 0.35 Q typ Vs =0V to Vpp, Ips = 10 mA
Channels (ARgy) 1 Q max
On Resistance Flatness (RgraTon)) 3 Q max Vs =0V to Vpp, Ips = 10 mA
LEAKAGE CURRENTS Vpp=3.3V
Source OFF Leakage Is (OFF) +0.01 nA typ Vs=3V/1V,Vp=1V/3V;
+0.25 +1 nA max Test Circuit 2
Drain OFF Leakage I, (OFF) +0.05 nA typ Vs=1V/3V,Vp=3V/1V;
ADG725 +0.5 2.5 nA max Test Circuit 3
ADG731 +1 5 nA max
Channel ON Leakage Ip, I (ON) +0.05 nA typ Vs¢= Vp=1Vor3V;
ADG725 +0.5 2.5 nA max Test Circuit 4
ADG731 +1 +5 nA max
DIGITAL INPUTS
Input High Voltage, Ving 2.0 V min
Input Low Voltage, Vi 0.7 V max
Input Current
Inve or Ive 0.005 A typ Vin = Ve or Ving
+0.5 UA max
Cin, Digital Input Capacitance 5 pF typ
DYNAMIC CHARACTERISTICS?
TTRANSITION 60 ns typ Ry =300 Q, Cy = 35 pF; Test Circuit 5
80 90 ns max Vg1 =2V/0V,Vg3,=0V/2V
Break-Before-Make Time Delay, tp 30 ns typ Ry =300 Q, Cp =35 pF
1 ns min Vg =2 V; Test Circuit 6
Charge Injection 1 pC typ Vs=0V,Rs=0Q, C. =1nF;
Test Circuit 7
Off Isolation -72 dB typ Ry =50Q, C, =5 pF, f=1MHz;
Test Circuit 8
Channel-to-Channel Crosstalk -72 dB typ Ry =50Q, C.=5pF, f=1 MHz;
Test Circuit 9
-3 dB Bandwidth
ADG725 34 MHz typ Ry =50 Q, Cp =5 pF; Test Circuit 10
ADG731 18 MHz typ
Cs (OFF) 15 pF typ f=1MHz
Cp (OFF)
ADGT725 170 pF typ f=1MHz
ADGT731 340 pF typ f=1MHz
Cp; Cs (ON)
ADG725 175 pF typ f=1MHz
ADG731 350 pF typ f=1MHz
POWER REQUIREMENTS Vpp =3.3V
Ipp 5 VA typ Digital Inputs =0V or 3.3V
10 UA max
NOTES

'Temperature range is as follows: B Version: -40°C to +85°C.

2Guaranteed by design, not subject to production test.

Specifications subject to change without notice.
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ADG725/ADG731

DUAL-SUPPLY SPECIFICATIONS'

(Vop=+2.5V £ 10%, Vgs =-2.5V = 10%, GND =0V,
unless otherwise noted.)

B Version
Parameter +25°C  —40°Cto +85°C | Unit Test Conditions/Comments
ANALOG SWITCH
Analog Signal Range Vssto Vpp| V
On Resistance (Roy) 4 Q typ Vs = Vss to Vpp, Ips = 10 mA;
5.5 6 Q max Test Circuit 1
On Resistance Match Between 0.3 Q typ Vs = Vss to Vpp, Ips = 10 mA
Channels (ARoy) 0.8 Q max
On Resistance Flatness (Rgraton)) 0.5 Q typ Vs = Vss to Vpp, Ips = 10 mA
1 Q max
LEAKAGE CURRENTS Vop = +2.75 V, Vgs = -2.75V
Source OFF Leakage Is (OFF) +0.01 nA typ Vg =+2.25V/-1.25V, Vp =-1.25 V/+2.25 V;
+0.25 +0.5 nA max Test Circuit 2
Drain OFF Leakage Ip (OFF) +0.05 nA typ Vs = +2.25V/-1.25V, Vp =-1.25 V/+2.25 V;
ADG725 +0.5 +2.5 nA max Test Circuit 3
ADG731 +1 +5 nA max
Channel ON Leakage Ip, Is (ON) +0.01 nA typ Vg = Vp = +2.25 V/-1.25 V; Test Circuit 4
ADG725 +0.5 +2.5 nA max
ADG731 +1 +5 nA max
DIGITAL INPUTS
Input High Voltage, Ving 1.7 V min
Input Low Voltage, VinL 0.7 V max
Input Current
Inve or Ivg 0.005 A typ Vin = Vi or Ving
+0.5 UA max
Cns Digital Input Capacitance 5 pF typ
DYNAMIC CHARACTERISTICS?
TTRANSITION 55 ns typ Ry =300 Q, Cr. = 35 pF; Test Circuit 5
75 84 ns max Vg1 =15V/0V, Vg3, =0V/1.5V
Break-Before-Make Time Delay, tp 15 ns typ Ry =300 Q, C;. = 35 pF
1 ns min Vs = 1.5 V; Test Circuit 6
Charge Injection 1 pC typ Vs=0V,Rg= 0Q, C =1 nF; Test Circuit 7
Off Isolation -72 dB typ Ry =50Q,C.=5pF, f=1 MHz;
Test Circuit 8
Channel-to-Channel Crosstalk 72 dB typ Ry =50Q, C. =5 pF, f=1 MHz;
Test Circuit 9
-3 dB Bandwidth
ADG725 34 MHz typ| Ry =50 Q, C =5 pF; Test Circuit 10
ADG731 18 MHz typ
Cs (OFF) 13 pF typ
Cp (OFF)
ADG725 130 pF typ f=1MHz
ADG731 260 pF typ f=1MHz
Cp, Cs (ON)
ADG725 150 pF typ f=1MHz
ADG731 300 pF typ f=1MHz
POWER REQUIREMENTS Vop = +2.75V
Ibp 10 VA typ Digital Inputs = 0 Vor 2.75 V
20 UA max
Iss 10 MA typ Vgs =-2.75V
20 UA max Digital Inputs =0V or 2.75V
NOTES

"Temperature range is as follows: B Version: -40°C to +85°C.

2Guaranteed by design, not subject to production test.

Specifications subject to change without notice.
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ADG725/ADG731

TIMING CHARACTERISTICS' 2

Parameter Limit at Tyyn, Tamax Unit Conditions/Comments
fscix 30 MHz max SCLK Cycle Frequency

t 33 ns min SCLK Cycle Time

tp 13 ns min SCLK High Time

t3 13 ns min SCLK Low Time

ty 13 ns min SYNC to SCLK Falling Edge Setup Time
ts 40 ns min Minimum SYNC Low Time
te 5 ns min Data Setup Time

t7 4.5 ns min Data Hold Time

tg 33 ns min Minimum SYNC High Time
NOTES

!See Figure 1.

2All input signals are specified with tr = tf = 5 ns (10% to 90% of Vpp) and timed from a voltage level of (Vi + Vi)/2.
Specifications subject to change without notice.

S AVAVAWAWAWA

[{§ £
t; —> }/ o / )
SYNC £

7

o —— OO

Figure 1. 3-Wire Serial Interface Timing Diagram

- t;

DB7 (MSB) DBO (LSB)
|ﬁ |CSA|_CSB| X | A3 | A2 | A1 |A0|

DB7 (MSB) DBO (LSB)

|ﬁ|ﬁ| X |A4|A3|A2|A1 |A0|
le————— oamais ———— j«———— paTABITS ————»|

Figure 2. ADG725 Input Shift Register Contents Figure 3. ADG731 Input Shift Register Contents
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ADG725/ADG731

ABSOLUTE MAXIMUM RATINGS'

(Ta = 25°C, unless otherwise noted.)

VoD tO Vgg e 7V
VpptoGND ....... ... ... ... ... .. -0.3Vto+7V
VsstoGND ... +0.3Vto-7V
Analog Inputs® .. ............ Vss— 0.3 Vto Vpp + 0.3 Vor

30 mA, Whichever Occurs First
Digital Inputs® .................. -0.3VtoVpp+0.3Vor

30 mA, Whichever Occurs First
Peak Current, SorD . ... ... .. . 60 mA

(Pulsed at 1 ms, 10% Duty Cycle max)
Continuous Current, S or D
Operating Temperature Range

Industrial (B Version)

CAUTION

Storage Temperature Range ............ -65°C to +150°C
Junction Temperature ...................ou.... 150°C
Thermal Impedance (4-Layer Board)

48-1ead LFCSP . ... ... .. i 25°C/W

48-lead TQFP . ... ... ... ... 54.6°C/W
Lead Temperature, Soldering (10 seconds) .......... 300°C
IR Reflow, Peak Temperature (<20 seconds) ........ 235°C
NOTES

! Stresses above those listed under Absolute Maximum Ratings may cause perma-
nent damage to the device. This is a stress rating only; functional operation of the
device at these or any other conditions above those listed in the operational
sections of this specification is not implied. Exposure to absolute maximum rating
conditions for extended periods may affect device reliability. Only one absolute
maximum rating may be applied at any one time.

2 Overvoltages at SCLK, SYNC, DIN, S, or D will be clamped by internal diodes.
Current should be limited to the maximum ratings given.

ESD (electrostatic discharge) sensitive device. Electrostatic charges as high as 4000 V readily
accumulate on the human body and test equipment and can discharge without detection. Although the
ADG725/ADG731 features proprietary ESD protection circuitry, permanent damage may occur on
devices subjected to high energy electrostatic discharges. Therefore, proper ESD precautions are
recommended to avoid performance degradation or loss of functionality.

WARNING!

=1

SENSITIVE DEVICE

i ESD

REV.B



ADG725/ADG731

PIN CONFIGURATIONS
48-Lead LFCSP and TQFP

m o m
PILOCO0 L 0pm2R Y epxooo 00dn 2R
DO OHZAOZAQnO D DO HDNHZOZZHBHOBOD
8] [a7]l46]| sl laa] ] la2] a1] aol so] 38 |37 Jesl[er]fs o[l es]ezl ] [aol o fs]r]_
s12A [1]e 36]
q ®PIN 1 36| S12B S$12 %.\PIN1 E S28
S11A [2|  |DENTIFIER 35 5118 $11[2]  |DENTIFIER 35] 527
s10a [3] 4] s108 s10 [3] 4] 26
S9A [4] 33] S9B s9 [4] 33] 525
s8A [s] 32] 8B s8 [5] [32] 524
S7A [6] ADG725 [31] s7B s7 E ADG731 E s23
= TOP VIEW = TOP VIEW
S6A |7
= (Not to Scale) 30| S68 6 E (Not to Scale) E S22
s5A [g] 0] 558 s5 [&] [20] 521
s4a [9] 25] S4B s4 [s] 28] 520
S3A [10] 7] s38 s3 fig] [27] s19
s2A [11] 26] 528 s2 [i1] 6] s18
s1A [i2] 25] s18 s1 [i2] [25] S17
[13]l1a[[s5][16[|17]18 [[ro] |20 [21] 22 23] 2a] [alfia]fslhe[fizlfe[lrolf2ol 2122 2[4
D Q00EZX000O @ cQoVjzX¥XOLOLOAO @
£L 225322z 2z > £L=22ZEg5gzzzz ¥
o (7] 7] (7] ©

NIC = NOT INTERNALLY CONNECTED.

NIC = NOT INTERNALLY CONNECT

THE EXPOSED PAD IS CONNECTED INTERNALLY.
FOR INCREASED RELIABILITY OF THE SOLDER
JOINTS AND MAXIMUM THERMAL CAPABILITY, IT

IS RECOMMENDED THAT THE PAD BE
SOLDERED TO THE SUBSTRATE, Vss.

PIN FUNCTION DESCRIPTIONS

ADG725 ADG731 Mnemonic | Function

1-12, 25-40,(1-12, 25-40,| Sxx Source. May be an input or output.

45-48 45-48

13, 14 13, 14 Vpp Power Supply Input. These parts can be operated from a single supply of 1.8 Vto 5.5V
and a dual supply of £2.5 V.

17 17 SYNC Active Low Control Input. This is the frame synchronization signal for the input
data. When SYNC goes low, it powers on the SCLK and DIN buffers and the input
Shift Register is enabled. An 8-bit counter is also enabled. Data is transferred on the
falling edges of the following clocks. After eight falling clock edges, switch conditions
are automatically updated. SYNC may be used to frame the signal or just pulled low
for a short period of time to enable the counter and input buffers.

18 18 DIN Serial Data Input. Data is clocked into the 8-bit Input Register MSB first on the falling
edge of the serial clock input.

19 19 SCLK Serial Clock Input. Data is clocked into the Input Shift Register on the falling edge of
the serial clock input. These devices can accommodate serial input rates of up to 30 MHz.

23 23 GND Ground Reference

24 24 Vss Most Negative Power Supply in a Dual-Supply Application. In single-supply applications,
connect to GND.

41, 43 N/A DA, DB Drain. May be an input or output.

N/A 43 D Drain. May be an input or output.

EPAD Exposed Pad for LECSP. The exposed pad is connected internally. For increased reliability

of the solder joints and maximum thermal capability, it is reccommended that the pad be
soldered to the substrate, V.
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ADG725/ADG731

Table I. ADG725 Truth Table

A3 A2 A1 A0 EN CSA CSB Switch Condition
X X X X X 1 1 Retains Previous Switch Condition
X X X X 1 X X All Switches OFF
0 0 0 0 0 0 0 S1A - DA, S1B-DB
0 0 0 1 0 0 0 S2A - DA, S2B - DB
0 0 1 0 0 0 0 S3A - DA, S3B - DB
0 0 1 1 0 0 0 S4A - DA, S4B - DB
0 1 0 0 0 0 0 S5A - DA, S5B - DB
0 1 0 1 0 0 0 S6A — DA, S6B - DB
0 1 1 0 0 0 0 S7A - DA, S7B - DB
0 1 1 1 0 0 0 S8A - DA, S8B - DB
1 0 0 0 0 0 0 S9A - DA, S9B - DB
1 0 0 1 0 0 0 S10A - DA, S10B-DB
1 0 1 0 0 0 0 S11A-DA, S11B-DB
1 0 1 1 0 0 0 S12A - DA, S12B-DB
1 1 0 0 0 0 0 S13A - DA, S13B-DB
1 1 0 1 0 0 0 S14A - DA, S14B - DB
1 1 1 0 0 0 0 S15A - DA, S15B - DB
1 1 1 1 0 0 0 S16A - DA, S16B - DB
X = Don’t Care
Table II. ADG731 Truth Table
A4 A3 A2 Al A0 EN CSA Switch Condition
X X X X X X 1 Retains Previous Switch Condition
X X X X X 1 X All Switches OFF
0 0 0 0 0 0 0 1
0 0 0 0 1 0 0 2
0 0 0 1 0 0 0 3
0 0 0 1 1 0 0 4
0 0 1 0 0 0 0 5
0 0 1 0 1 0 0 6
0 0 1 1 0 0 0 7
0 0 1 1 1 0 0 8
0 1 0 0 0 0 0 9
0 1 0 0 1 0 0 10
0 1 0 1 0 0 0 11
0 1 0 1 1 0 0 12
0 1 1 0 0 0 0 13
0 1 1 0 1 0 0 14
0 1 1 1 0 0 0 15
0 1 1 1 1 0 0 16
1 0 0 0 0 0 0 17
1 0 0 0 1 0 0 18
1 0 0 1 0 0 0 19
1 0 0 1 1 0 0 20
1 0 1 0 0 0 0 21
1 0 1 0 1 0 0 22
1 0 1 1 0 0 0 23
1 0 1 1 1 0 0 24
1 1 0 0 0 0 0 25
1 1 0 0 1 0 0 26
1 1 0 1 0 0 0 27
1 1 0 1 1 0 0 28
1 1 1 0 0 0 0 29
1 1 1 0 1 0 0 30
1 1 1 1 0 0 0 31
1 1 1 1 1 0 0 32
X = Don’t Care
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ADG725/ADG731

TERMINOLOGY

Vp (Vs)
Ron
ARon

RreraTon

Is (OFF)

Ip (OFF)
Ip, Is (ON)
Vine

Vinu

Inve. (Inne)
Cs (OFF)
Cp (OFF)
Cp, Cs (ON)
Cx

TTRANSITION

p

Charge Injection
OFF Isolation
Crosstalk

On Response
Insertion Loss

Most Positive Power Supply Potential.

Most Negative Power Supply in a Dual-Supply Application. In single-supply applications, connect to GND.
Positive Supply Current.

Negative Supply Current.

Ground (0 V) Reference.

Source Terminal. May be an input or output.

Drain Terminal. May be an input or output.

Analog Voltage on Terminals D, S.

Ohmic Resistance between D and S.

On Resistance Match between any Two Channels.

Flatness is defined as the difference between the maximum and minimum value of on resistance,
as measured over the specified analog signal range.

Source Leakage Current with the Switch OFF.

Drain Leakage Current with the Switch OFF.

Channel Leakage Current with the Switch ON.

Maximum Input Voltage for Logic 0.

Minimum Input Voltage for Logic 1.

Input Current of the Digital Input.

OFF Switch Source Capacitance. Measured with reference to ground.
OFF Switch Drain Capacitance. Measured with reference to ground.
ON Switch Capacitance. Measured with reference to ground.

Digital Input Capacitance.

Delay time measured between the 50% points of the eighth clock falling edge and 90% points of the output
when switching from one address state to another.

OFF time measured between the 80% points of both switches when switching from one address state to another.
A measure of the glitch impulse transferred from the digital input to the analog output during switching.
A measure of unwanted signal coupling through an OFF switch.

A measure of unwanted signal is coupled through from one channel to another as a result of parasitic capacitance.

The Frequency Response of the ON Switch.
The Loss Due to the On Resistance of the Switch.
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ADG725/ADG731-Typical Performance Characteristics
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0 T O 7T O
R\ ADG725
Vpp =5V = N
-10 Thz25°C ~10 |- Yoo = 3%, 5V o| Yoo =5V h \\\‘
A Tp=25C I Ta=25°C
-20 -20
m -4 ADG731
@ -30 . @ 30 3 G73
1 | A
= -40 -40 z
] // S | (=}
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=) AT =] I 2 _g
Z 60 4 Z 0 4 &
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E E L E
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" 12
-90 ¥ -90
-100 -100 -14
0.03 0.1 1 10 100 0.003 0.1 1 10 100 0.03 0. 1 10 100
FREQUENCY - MHz FREQUENCY - MHz FREQUENCY — MHz
TPC 10. OFF Isolation vs. Frequency TPC 11. Crosstalk vs. Frequency TPC 12. ON Response vs. Frequency
Ips
-—
€D, Vop  Vss
N ? 9
[———— —_—]
Vop Vss
s1
0 Ip (OFF)
——-0o0 S2 D
S D o @1
o«—O s32| |
4 O EN —— — V\p
Vs = ° LOGIC 1

— GND
v s T
Ron = V1/lps %7

Test Circuit 1. On Resistance Test Circuit 3. Ip (OFF)
Vop Vss
? ?
Vop v$s Voo Vss
I (OFF) TR Ip (ON)
Ve = S2 . D H o 1
R e ! I
vs€ GND LOGIC 1 iVD ng $
Test Circuit 2. Is (OFF) Test Circuit 4. Ip (ON)
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ADG725/ADG731

TEST CIRCUITS (continued)

Vop

$2TO S31

ADG731* s32
D |

O Vgq

—OVs32 3

GND

Voutr

SCLK

Vs1

Vour

8TH FALLING EDGE

50%

8TH FALLING EDGE

50%

VS32

H

v

RL C
3000 % 35pF

*SIMILAR CONNECTION FOR ADG725

90%
—» f—
'TRANSITION

90%

> e

'TRANSITION

Test Circuit 5. Switching Time of Multiplexer, trgansiion

Vbp Vss

? 9

Vbp Vss
S1

GND

S2 THRU S31
ADG731* ?7

S32

OVs

D
RL

v

*SIMILAR CONNECTION FOR ADG725

Voo

8TH FALLING EDGE

SCLK 1
Vol ~ [
CL Vour 80% 80%

3000 35pF

tOPEN '4—

Test Circuit 6. Break-Before-Make Delay, topen

Vss

Vbp

Vss

ADG731*

-
| S D
A A S R
L

GND

TO Vour
CL

%mF

v

*SIMILAR CONNECTION FOR ADG725

Test Circuit 7.

8th FALLING EDGE

SCLK _\—

Vout

Charge Injection
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ADG725/ADG731

ﬁ%

01p.F

NETWORK
ANALYZER

s

i

ADG731*
GND

v

OFF ISOLATION =20 LOG
*SIMILAR CONNECTION FOR ADG725

500
Vs

OUT

Test Circuit 8. OFF Isolation

Vop Vss
Vop Vss ST 200 NETWORK
ANALYZER
s2
ADG731* h 500
s32|—— Vg
D v
RL ouT
GND 500

*SIMILAR CONNECTION FOR ADG725
CHANNEL-TO-CHANNEL CROSSTALK =20 LOG

0UT

Test Circuit 9. Channel-to-Channel Crosstalk

0. 1MF 0. 1p.F
NETWORK
ANALYZER
s 500
Vs
D
v
ouT
ADG731* Ru
SND i 500
NSERTION L ) Vour WITH SWITCH
SERTION LOSS =20 LOG { y " \WiTHOUT SWITCH

*SIMILAR CONNECTION FOR ADG725

Test Circuit 10. Bandwidth
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POWER-ON RESET

On power-up of the device, all switches will be in the OFF
condition. The Internal Shift Register is filled with zeros and
will remain so until a valid write takes place.

SERIAL INTERFACE

The ADG725 and ADG731 have a 3-wire serial interface
(SYNC, SCLK, and DIN) that is compatible with SPI, QSPI,
and MICROWIRE interface standards and most DSPs.

Figure 1 shows the timing diagram of a typical write sequence.

Data is written to the 8-bit Shift Register via DIN under the
control of the SYNC and SCLK signals.

When SYNC goes low, the Input Shift Register is enabled. An
8-bit counter is also enabled. Data from DIN is clocked into the
Shift Register on the falling edge of SCLK. Figures 2 and 3
show the contents of the Input Shift Registers for these devices.
When the part has received eight clock cycles after SYNC has
been pulled low, the switches are automatically updated with
the new configuration and the Input Shift Register is disabled.

The ADG725 CSA and CSB data bits allow the user the flex-
ibility to change the configuration of either or both banks of the
multiplexer.

MICROPROCESSOR INTERFACING

Microprocessor interfacing to the ADG725/ADG731 is via a serial
bus that uses standard protocol compatible with microcontrollers
and DSP processors. The communications channel is a 3-wire
interface consisting of a clock signal, a data signal, and a
synchronization signal. The ADG725/ADG731 requires an
8-bit data-word with data valid on the falling edge of SCLK.

Figures 4-7 illustrate simple 3-wire interfaces with popular
microcontrollers and DSPs.

ADSP-21xx to ADG725/ADG731 Interface

The ADSP-21xx family of DSPs are easily interfaced to the
ADG725/ADG731 without the need for extra logic. Figure 4
shows an example of an SPI interface between the ADG725/
ADG?731 and the ADSP-2191M. SCK of the ADSP-2191M
drives the SCLK of the mux, while the MOSI output drives the
serial data line, DIN. SYNC is driven from one of the port lines,
in this case SPIxSEL.

SPIXSEL P> SYNC
ADSP-2191M* ADG725/ADG731
MOSI »{ DIN
SCK P SCLK

*ADDITIONAL PINS OMITTED FOR CLARITY

Figure 4. ADSP-2191M to ADG725/ADG731 Interface
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ADG725/ADG731

A serial interface between the ADG725/ADG731 and the ADSP-
2191M SPORT is shown in Figure 5. In this interface example,
SPORTO is used to transfer data to the switch. Transmission is
initiated by writing a word to the Tx Register after the SPORT
has been enabled. In a write sequence, data is clocked out on
each rising edge of the DSP’s serial clock and clocked into the
ADG725/ADG731 on the falling edge of its SCLK. The update
of each switch condition takes place automatically after the eighth
SCLK falling edge, regardless of the frame sync condition.

Communication between two devices at a given clock speed is
possible when the following specs are compatible: frame sync
delay and frame sync setup and hold, data delay and data setup
and hold, and SCLK width. The ADG725/ADG31 expects a
ty (SYNC falling edge to SCLK falling edge set-up time) of 13 ns
minimum. Consult the ADSP-21xx User Manual for information
on clock and frame sync frequencies for the SPORT Register.

The SPORT Control Register should be set up as follows:
TFSW = 1, Alternate Framing
INVTEFS = 1, Active Low Frame Signal
DTYPE = 00, Right Justify Data
ISCLK = 1, Internal Serial Clock
TFSR = 1, Frame Every Word
ITES = 1, Internal Framing Signal
SLEN = 0111, 8-Bit Data-Word

TFS P SYNC
ADSP-2191M* ADG725/ADG731
DT DIN

SCLK P SCLK

*ADDITIONAL PINS OMITTED FOR CLARITY

Figure 5. ADSP-2191M to ADG725/ADG731 Interface

8051 to ADG725/ADG731 Interface

A serial interface between the ADG725/ADG731 and the 8051
is shown in Figure 6. TXD of the 8051 drives SCLK of the
ADG725/ADG731, while RXD drives the serial data line, DIN.
P3.3 is a bit-programmable pin on the serial port and is used to
drive SYNC.

The 8051 provides the LSB of its SBUF Register as the first bit
in the data stream. The user will have to ensure that the data in
the SBUF Register is arranged correctly as the switch expects
MSB first.

When data is to be transmitted to the switch, P3.3 is taken low.
Data on RXD is clocked out of the microcontroller on the rising
edge of TXD and is valid on the falling edge. As a result, no
glue logic is required between the ADG725/ADG731 and
microcontroller interface.

P3.3 P SYNC
80C51/80L51* ADG725/ADG731
RXD B>( DIN
XD P SCLK

*ADDITIONAL PINS OMITTED FOR CLARITY

Figure 6. 8051 to ADG725/ADG731 Interface
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MC68HC11 Interface to ADG725/ADG731

Figure 7 shows an example of a serial interface between the
ADG725/ADG731 and the MC68HC11 microcontroller. SCK
of the 68HCI11 drives the SCLK of the mux, while the MOSI
output drives the serial data line, DIN. SYNC is driven from
one of the port lines, in this case PC7. The 68HC11 is config-
ured for Master Mode: MSTR = 1, CPOL = 0, and CPHA = 1.
When data is transferred to the part, PC7 is taken low, and data
is transmitted MSB first. Data appearing on the MOSI output is
valid on the falling edge of SCK.

PC7 SYNC
MC68HC11* ADG725/ADG731
mos! DIN
ScK SCLK

*ADDITIONAL PINS OMITTED FOR CLARITY
Figure 7. MC68HC11 Interface to ADG725/ADG731

APPLICATION CIRCUITS

ADG725/ADG731 in an Optical Network Control Loop

The ADG725/ADG731 can be used in optical network applica-
tions that have higher port counts and greater multiplexing
requirements. The ADG725/ADG731 are well suited to these
applications because they allow a single control circuit to con-
nect a higher number of channels without increasing board size
and design complexity.

In the circuit shown in Figure 8, the 0 V to 5 V outputs of the
AD5532HS are amplified to a range of 0 V to 180 V and then
used to control actuators that determine the position of MEMS
mirrors in an optical switch. The exact position of each mirror is
measured using sensors. The sensor readings are muxed using
the ADG731, a 32-channel switch, and fed back to a single-
channel 14-bit ADC (AD7894).

The control loop is driven by an ADSP-2191L, a 32-bit DSP

with an SPI compatible SPORT interface. It writes data to the
DAGC, controls the multiplexer, and reads data from the ADC
via a 3-wire serial interface.

1o
MEMS |5
AD5532HS MIRROR | § 2 ADG731 AD7894
ARRAY | ..
ke
]
/)
ADSP-2191M <

Figure 8. Optical Network Control Loop

Expand the Number of Selectable Serial Devices Using the
ADG725/ADG731

The SYNC pin of the ADG725/ADG731 can be used to select
one of a number of multiplexers. All devices receive the same
serial clock and serial data, but only one device will receive the

REV.B
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SYNC signal at any one time. The mux addressed will be deter-
mined by the decoder. There will be some digital feedthrough
from the digital input lines. Using a burst clock will minimize the
effects of digital feedthrough on the analog signal channels.
Figure 9 shows a typical circuit.

REV.B -15-

SCLK ©

DIN O

ADG725/
svnc ADG731

— SCLK

DIN

ADG725/

SYNC ADG731

| SCLK

VDD
ENABLE O—{ EN
o—
CODED DECODER
ADDRESS
DGND
=+

DIN

OTHER SPI
DEVICE

SYNC

DIN
SCLK

OTHER SPI
DEVICE

SYNC

DIN
SCLK

Figure 9. Addressing Multiple ADG725/ADG731s
Using a Decoder
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OUTLINE DIMENSIONS

7.00 0.30
BSC SQ 923
PIN 1 : " F PIN 1
INDICATOR ™\ /_INDICATOR
" |
5.20
. v - 5.10 SQ
5.00
| il
‘ [>25
E 13]
0.45 ANNNONONNAARTT T _ | e yun
TOP VIEW 070 BOTTOM VIEW
0.35 FOR PROPER CONNECTION OF
0.80 THE EXPOSED PAD, REFER TO
0.75 THE PIN CONFIGURATION AND
570 0.05 MAX FUNCTION DESCRIPTIONS
: |—D4]-DD-D-D4]-D-D-DDD:|_1 0.02 NOM SECTION OF THIS DATA SHEET.

COPLANARITY

[
_/ 0.08
SEATING 0.20 REF

PLANE

COMPLIANT TO JEDEC STANDARDS MO-220-WKKD.

Figure 10. 48-Lead Lead Frame Chip Scale Package [LFCSP]
7 mm x 7 mm Body and 0.75 mm Package Height
(CP-48-4)

Dimensions shown in millimeters

120 | 9.00
075 MAX :
0,60 BSC SQ
045 < AAARAAAAAAAs?
' - -
= .\— PIN 1 =
== E=  7.00
== TOPVIEW |E8 BSCSQ
0.20 (== (PINS DOWN) o
0.09 E %
70
%3.5" % %
0° 1 HHHHHHEHHH =+
0.08 MAX >l e
COPLANARITY VIEWA 050 0.27
LEAD PITCH 022
VIEW A 0.17

ROTATED 90° CCW

COMPLIANT TO JEDEC STANDARDS MS-026ABC

Figure 11. 48-Lead Thin Plastic Quad Flat Package [TQFP]
(SU-48)
Dimensions shown in millimeters

112408-8

ORDERING GUIDE

Model’ Temperature Range Package Description Package Option
ADG725BCPZ -40°C to +85°C 48-Lead Frame Chip Scale Package [LFCSP] CP-48-4
ADG725BSUZ -40°C to +85°C 48-Lead Thin Plastic Quad Flat Package [TQFP] SU-48
ADG731BCPZ -40°C to +85°C 48-Lead Frame Chip Scale Package [LFCSP] CP-48-4
ADG731BCPZ-REEL -40°C to +85°C 48-Lead Frame Chip Scale Package [LFCSP] CP-48-4
ADG731BCPZ-REEL7 -40°C to +85°C 48-Lead Frame Chip Scale Package [LFCSP] CP-48-4
ADG731BSUZ -40°C to +85°C 48-Lead Thin Plastic Quad Flat Package [TQFP] SU-48

' Z = RoHS Compliant Part.
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ANALOG
DEVICES

CMOS, Low Voltage, 3-Wire

Serially-Controlled, Matrix Switches

ADG738/ADG739

FEATURES

3-wire serial interface

2.7V to 5.5V single supply

2.5 Q onresistance

0.75 Q on-resistance flatness

100 pA leakage currents

Single 8-to-1 multiplexer ADG738
Dual 4-to-1 multiplexer ADG739
Power-on reset
TTL/CMOS-compatible

Qualified for automotive applications

APPLICATIONS

Data acquisition systems
Communication systems
Relay replacement

Audio and video switching

GENERAL DESCRIPTION

The ADG738 and ADG739 are CMOS analog matrix switches
with a serially-controlled 3-wire interface. The ADG738 is an
8-channel matrix switch, while the ADG739 is a dual 4-channel
matrix switch. On resistance is closely matched between switches
and very flat over the full signal range.

The ADG738 and ADG739 utilize a 3-wire serial interface

that is compatible with SPI™, QSPI™, MICROWIRE?, and some
DSP interface standards. The output of the input shift register,
DOUT, enables a number of these parts to be daisy-chained.
On power-up, the internal input shift register contains all zeros
and all switches are in the off state.

Each switch conducts equally well in both directions when on,
making these parts suitable for both multiplexing and demulti-
plexing applications. As each switch is turned on or off by a
separate bit, these parts can also be configured as a type of
switch array, where any, all, or none of the eight switches may
be closed at any time. The input signal range extends to the
supply rails.

Rev.A Document Feedback
Information furnished by Analog Devices is believed to be accurate and reliable. However, no
responsibility is assumed by Analog Devices for its use, nor for any infringements of patents or other
rights of third parties that may result fromits use. Spedfications subject to change without notice. No
license is granted by implication or otherwise under any patent or patent rights of Analog Devices.
Trademarks and registered trademarks are the property of their respective owners.

FUNCTIONAL BLOCK DIAGRAMS

I ADG738
s1 \

)D

1
1
1
1
1
1
1
1
1
1
1
1
S8 |
1

INPUT SHIFT _(
REGISTER

) DOUT

10758-001

SCLK DIN SYNC RESET

Figure 1.

ADG739

i | —( DA
1

+—ODs

INPUT SHIFT
REGISTER —~

L]

SCLK DIN SYNC

) DOUT

10758-002

Figure 2.

All channels exhibit break-before-make switching action,
preventing momentary shorting when switching channels.

The ADG738 and ADG739 are available in 16-lead TSSOP
packages.

PRODUCT HIGHLIGHTS

1.  3-Wire Serial Interface.

2. Single Supply Operation. The ADG738/ADG739 are fully
specified and guaranteed with 3 V and 5 V supply rails.

3. Low On Resistance, 2.5 Q typical.

4. Any configuration of switches may be on or off at any
one time.

5.  Guaranteed Break-Before-Make Switching Action.

6. Small 16-lead TSSOP Package.

One Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, U.S.A.
Tel: 781.329.4700 ©2000-2012 Analog Devices, Inc. All rights reserved.
Technical Support www.analog.com
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ADG738/ADG739

SPECIFICATIONS

Vpp =5V £10%, GND = 0V, unless otherwise noted.

Table 1.
B Version W Version
Parameter 25°C —-40°C to +85°C —40°C to +105°C Unit Test Conditions/Comments
ANALOG SWITCH
Analog Signal Range 0Vto Vpp Vv
On Resistance (Roy) 25 Qtyp Vs =0V to Vpp, Is=10 mA; see Figure 19
45 5 6 Q max
On-Resistance Match Between 0.4 Qtyp Vs=0Vto Vpp, Is=10mA
Channels (ARyy)
0.8 1 Q max
On-Resistance Flatness (R aron)) 0.75 Qtyp V=0V to Vpp, Is=10mA
1.2 1.5 Q max
LEAKAGE CURRENTS Vpp=55V
Source Off Leakage I (Off) +0.01 nAtyp Vp=4.5V/1V,Vs=1V/45V; see Figure 20
+0.1 +0.3 +0.6 nA max
Drain Off Leakage I, (Off) +0.01 nAtyp Vp=45V/1V,Vs=1V/45V
+0.1 +1 +1.3 nA max
Channel On Leakage Iy, Is (On) +0.01 nAtyp Vp=Vs=1V/4.5V, see Figure 21
+0.1 +1 +1.3 nA max
DIGITAL INPUTS
Input High Voltage, Vj\4 24 V min
Input Low Voltage, V . 0.8 V max
Input Current, |y, or Iy 0.005 A typ Vin = VinL OF Vinn
+0.1 +0.1 HA max
C,\, Digital Input Capacitance 3 pF typ
DIGITAL OUTPUT
Output Low Voltage 0.4 max lgng =6 MA
Cour Digital Output Capacitance 4 pF typ
DYNAMIC CHARACTERISTICS'
ton 20 ns typ R, =300 Q, C_ =35 pF, see Figure 22;V5; =3V
32 35 ns max
torr 10 ns typ R, =300 Q, C, =35 pF, see Figure 22;V5; =3V
17 20 ns max
Break-Before-Make Time Delay, t, 9 ns typ R =300Q, C, =35pF;
1 1 ns min Vs, =Vsg =3V, see Figure 22
Charge Injection +3 pCtyp Vs=25V,Rs=0Q, C =1 nF; see Figure 23
Off Isolation -55 dB typ R =50Q,C =5pF,f=10MHz
-75 dB typ R =50Q, C =5 pF,f=1MHz see Figure 25
Channel-to-Channel Crosstalk -55 dB typ R =50Q,C =5pF,f=10MHz
-75 dB typ R =50Q, C =5 pF,f=1MHz see Figure 24
—3 dB Bandwidth
ADG738 65 MHz typ R, =50Q, C, =5 pF, see Figure 25
ADG739 100 MHz typ
C; (Off) 13 pF typ
Co (Off)
ADG738 85 pF typ
ADG739 42 pF typ
Co, G5 (On)
ADG738 96 pF typ
ADG739 48 pF typ
POWER REQUIREMENTS Vpp=55V
loo 10 UA typ Digital Inputs=0Vor 5.5V
20 20 HA max

! Guaranteed by design, not subject to production test.
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Voo =3V £ 10%, GND = 0V, unless otherwise noted.

Table 2.
B Version W Version
Parameter 25°C | —40°Cto +85°C | —40°Cto +105°C | Unit Test Conditions/Comments
ANALOG SWITCH
Analog Signal Range 0VtoVpyp Vv
On Resistance (Roy) 6 Qtyp Vs =0V to Vyp, Is =10 mA; see Figure 19
1 12 16 Q max
On-Resistance Match Between 0.4 Qtyp Vs=0VtoVpp, Is=10mA
Channels (ARgy)
1.2 14 Q max
On-Resistance Flatness (Re aron) 35 Qtyp V=0V to Vpyp, Is=10mA
LEAKAGE CURRENTS Vpp=3.3V
Source Off Leakage I (Off) +0.01 nAtyp Vs=3V/1V,V,=1V/3V;see Figure 20
+0.1 +0.3 +0.6 nA max
Drain Off Leakage I, (Off) +0.01 nAtyp Vp=3V/1V,V;=1V/3V
+0.1 +1 +1.3 nA max
Channel On Leakage Iy, Is (On) +0.01 nAtyp Vp=Vs=3V/1V, see Figure 21
+0.1 +1 +1.3 nA max
DIGITAL INPUTS
Input High Voltage, V 2.0 V min
Input Low Voltage, V. 0.4 V max
Input Current, |y or |y 0.005 HA typ Vin =V or Vigy
+0.1 0.1 MA max
C,\, Digital Input Capacitance 3 pF typ
DIGITAL OUTPUT
Output Low Voltage 0.4 max Ik =6 MA
Cour, Digital Output Capacitance 4 pF typ
DYNAMIC CHARACTERISTICS'
ton 40 ns typ R, =300 Q, C =35 pF, see Figure 22; Vs, =2V
70 75 ns max
torr 14 ns typ R, =300 Q, C =35 pF, see Figure 22; Vs, =2V
25 40 ns max
Break-Before-Make Time Delay, tp 12 ns typ R =300Q, C, =35 pF;
1 1 ns min Vs =2V, see Figure 22
Charge Injection +3 pCtyp Vs=1.5V,Rs=0Q, C. =1 nF; see Figure 23
Off Isolation —-55 dB typ R =50Q,C =5pF,f=10MHz
-75 dB typ R =50Q, C =5 pF, f=1MHz see Figure 25
Channel-to-Channel Crosstalk -55 dB typ R =50Q,C =5pF,f=10MHz
-75 dB typ R =50Q, C, =5 pF, f=1MHz see Figure 24
—3 dB Bandwidth
ADG738 65 MHztyp | R, =50Q, C, =5 pF, see Figure 25
ADG739 100 MHz typ
G (Off) 13 pF typ
G (Off)
ADG738 85 pF typ
ADG739 42 pF typ
Co G5 (On)
ADG738 96 pF typ
ADG739 48 pF typ
POWER REQUIREMENTS Vpp =33V
lop 10 HA typ Digital Inputs=0V or 3.3V
20 20 MA max

! Guaranteed by design, not subject to production test.
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TIMING CHARACTERISTICS
Vip = 2.7 V to 5.5 V. All specifications —40°C to +105°C, unless otherwise noted.

Table 3.
Limit at Ty, Tyax
Parameter 2 Min Max Unit Test Conditions/Comments
focik 30 MHz SCLK cycle frequency
t, 33 ns SCLK cycle time
t, 13 ns SCLK high time
ty 13 ns SCLK low time
t, 0 ns SYNC to SCLK active edge setup time
ts 5 ns Data setup time
te 45 ns Data hold time
t, 0 ns SCLK falling edge to SYNC rising edge
ty 33 ns Minimum SYNC high time
ty* 20 ns min SCLK rising edge to DOUT valid
! See Figure 3.

2 All input signals are specified with tr = tf = 5 ns (10% to 90% of V,,) and timed from a voltage level of (V, + V,)/2.
3 — —
C,=20pF,R =1kQ.

SCLK ? ~ ; ~ ’
tg
<—t4

SYNC
3)
143

te |-
>l (-
DIN — { DB7 ) x x DBO s

> |-ty

X Xe= )
(oo Y )C:X N Yoo 2

1DATA FROM LAST WRITE CYCLE.

10758-003

Figure 3. 3-Wire Serial Interface Timing Diagram
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ABSOLUTE MAXIMUM RATINGS

Ta = 25°C unless otherwise noted.

Table 4.

Parameter Rating

Vob to GND -03Vto+7V
Analog, Digital Inputs’ —0.3VtoVop+0.3Vor

Peak Current, S or D

Continuous Current, Each S
Continuous Current D
ADG739
ADG738
Operating Temperature Range
Industrial (B Version)
Industrial (W Version)
Storage Temperature Range
Junction Temperature
TSSOP Package
0,2 Thermal Impedance
0,c Thermal Impedance
Lead Temperature, Soldering

30 mA, Whichever
Occurs First

100 mA
(Pulsed at 1 ms, 10%
Duty Cycle Max)

30 mA

80 mA
120 mA

—40°C to +85°C
—40°C to +105°C
—65°C to +150°C
150°C

150.4°C/W
27.6°C/W
As per JEDEC J-STD-020

Stresses above those listed under Absolute Maximum Ratings
may cause permanent damage to the device. This is a stress
rating only; functional operation of the device at these or any
other conditions above those indicated in the operational
section of this specification is not implied. Exposure to absolute
maximum rating conditions for extended periods may affect
device reliability.

ESD CAUTION
ESD (electrostatic discharge) sensitive device.
Charged devices and circuit boards can discharge
‘ without detection. Although this product features

patented or proprietary protection circuitry, damage

‘% \ may occur on devices subjected to high energy ESD.

Therefore, proper ESD precautions should be taken to
avoid performance degradation or loss of functionality.

" Overvoltages at IN, S, or D are clamped by internal diodes. Limit current to

the maximum ratings given.
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PIN CONFIGURATIONS AND FUNCTION DESCRIPTIONS

scLk [1]® 16] SYNC
RESET [2] 15] pouT
DIN [3] 14] GND
s1 ADG738 v,
4] TOP VIEW ] Voo
S2 E (Not to Scale) El S5
s3 [¢] 1] s6
s4[7] w]s7
o[ s

Figure 4. ADG738 Pin Configuration

Table 5. ADG738 Pin Function Descriptions

Pin No. Mnemonic Description

1 SCLK Serial Clock Input. Data is clocked into the input shift register on the falling edge of the serial clock input.
These devices can accommodate serial input rates of up to 30 MHz.

2 RESET Active Low Control Input. This pin clears the input register and turns all switches to the off condition.

3 DIN Serial Data Input. Data is clocked into the 8-bit input register on the falling edge of the serial clock input.

4,5,6,7 $1,52,53,54 Source. May be an input or output.

8 D Drain. May be an input or output.

9,10,11,12 S8, 57, 56, S5 Source. May be an input or output.

13 Voo Power Supply Input. These parts can be operated from a supply of 2.7V to 5.5 V.

14 GND Ground Reference.

15 DOUT Data Output. This allows a number a parts to be daisy-chained. Data is clocked out of the input shift
register on the rising edge of SCLK. This is an open drain output, which should be pulled to the supply
with an external resistor.

16 SYNC Active Low Control Input. This is the frame synchronization signal for the input data. When SYNC goes low,
it powers on the SCLK and DIN buffers and the input shift register is enabled. Data is transferred on the
falling edges of the following clocks. Taking SYNC high updates the switch conditions.
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scLk [t e 6] DoUT
SYnC [2] 5] GND
DIN [3] 4] Voo
sia[f] ADG739 [F]sm
s2a [5] (Not to Scale) 2] s28
s3A [o] 11] s38
san [7] 0] see
DA [8] (o] 0B g

Figure 5. ADG739 Pin Configuration

Table 6. ADG739 Pin Function Descriptions

Pin No. Mnemonic Description

1 SCLK Serial Clock Input. Data is clocked into the input shift register on the falling edge of the serial clock
input. These devices can accommodate serial input rates of up to 30 MHz.

2 SYNC Active Low Control Input. This is the frame synchronization signal for the input data. When SYNC

goes low, it powers on the SCLK and DIN buffers and the input shift register is enabled. Data is
transferred on the falling edges of the following clocks. Taking SYNC high updates the switch

conditions.

3 DIN Serial Data Input. Data is clocked into the 8-bit input register on the falling edge of the serial
clock input.

4,5,6,7 S1A, S2A, S3A, S4A Source. May be an input or output.

8,9 DA, DB Drain. May be an input or output.

10,11,12,13 | S4B, S3B,S2B, S1B Source. May be an input or output.

14 Voo Power Supply Input. These parts can be operated from a supply of 2.7V to 5.5 V.

15 GND Ground Reference.

16 DOUT Data Output. This allows a number a parts to be daisy-chained. Data is clocked out of the input

shift register on the rising edge of SCLK. This is an open drain output, which should be pulled to
the supply with an external resistor.
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TYPICAL PERFORMANCE CHARACTERISTICS

8 T
Tp = 25°C
7 N Vss =0V
/ \, Vpp = 2.7V
6
a \
§ 5 Vpp = 3.3V
< Ve
o 4 / ~—" \\ Vpp = 4.5V
@
w
g 3 / -_) / Vpp = 5.5V
N
o
, T~ e
1
0
0 1 2 3 4 5

Vp OR Vg — DRAIN OR SOURCE VOLTAGE (V)

Figure 6. On Resistance as a Function of V, (V)

Vpp = 5V
Vgg = OV
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6
5
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3 P / ‘/ —
—— —— %
2 — I
—40°C
1
0
0 1 2 3 4 5

Vp OR Vg — DRAIN OR SOURCE VOLTAGE (V)

10758-007

10758-006

Figure 7. On Resistance as a Function of V, (Vs) for Different Temperatures,

Vyp=5V
8 i
7 Ss =
+125°C
6 N/
S s /‘—’N/f\\ 857
<, [l NN
g / // / —40°c\\\§
g’ DAY
2 +25°C
1
0
0 05 10 15 2.0 25 3.0

Vp OR Vg — DRAIN OR SOURCE VOLTAGE (V)

10758-008
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Figure 9. Leakage Currents as a Function of V, (Vs), Vpp =5V
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Figure 11. Leakage Currents as a Function of Temperature, Vp, =5V
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TEST CIRCUITS

Figure 19. On Resistance
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Figure 20. Ip (Off), Is (Off)
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TERMINOLOGY

VDD
Most positive power supply potential.

IDD
Positive supply current.

GND
Ground (0 V) reference.

S
Source terminal. May be an input or output.

D

Drain terminal. May be an input or output.
Vi (Vy)

Analog voltage on Terminal D, Terminal S.

RON
Ohmic resistance between D and S.

ARgy
On resistance match between any two channels, that is, R max

— Roymin.

RFLAT(ON)
Flatness is defined as the difference between the maximum and

minimum value of on resistance as measured over the specified
analog signal range.

I, (Off)

Source leakage current with the switch off.

I, (Off)

Drain leakage current with the switch off.

I, I (On)

Channel leakage current with the switch on.

VINL
Maximum input voltage for Logic 0.

VINH
Minimum input voltage for Logic 1.

IINL (IINH)
Input current of the digital input.

GC; (Off)

Off switch source capacitance. Measured with reference to
ground.

C,, (Off)

Off switch drain capacitance. Measured with reference to
ground.

Cp, Cs (On)

On switch capacitance. Measured with reference to ground.

CIN

Digital input capacitance.

tON

Delay time between the 50% and 90% points of the SYNC rising
edge and the switch on condition.

tOFF

Delay time between the 50% and 90% points of the SYNC rising
edge and the switch off condition.

L

Off time measured between the 80% points of both switches

when switching from one switch to another.

Charge Injection
A measure of the glitch impulse transferred from the digital
input to the analog output during switching.

Off Isolation
A measure of unwanted signal coupling through an off switch.

Crosstalk
A measure of unwanted signal which is coupled through from
one channel to another as a result of parasitic capacitance.

Bandwidth
The frequency at which the output is attenuated by 3 dB.

On Response
The frequency response of the on switch.

Insertion Loss
The loss due to the on resistance of the switch.
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THEORY OF OPERATION

The ADG738 and ADG739 are serially controlled, 8-channel
and dual 4-channel matrix switches, respectively. While provid-
ing the normal multiplexing and demultiplexing functions,
these parts also provide the user with more flexibility as to
where their signal may be routed. Each bit of the 8-bit serial
word corresponds to one switch of the part. A Logic 1 in the
particular bit position turns on the switch, while a Logic 0 turns
the switch off. Because each switch is independently controlled
by an individual bit, this provides the option of having any, all,
or none of the switches on. This feature may be particularly
useful in the demultiplexing application where the user may
wish to direct one signal from the drain to a number of outputs
(sources). Take care, however, in the multiplexing situation
where a number of inputs may be shorted together (separated
only by the small on resistance of the switch).

When changing the switch conditions, a new 8-bit word is
written to the input shift register. Some of the bits may be the
same as the previous write cycle, as the user may not wish to
change the state of some switches. To minimize glitches on the
output of these switches, the part cleverly compares the state of
switches from the previous write cycle. If the switch is already
in the on condition, and is required to stay on, there will be
minimal glitches on the output of the switch.

POWER-ON RESET

During device power-up, all switches will be in the off condi-
tion and the internal input shift register is filled with zeros and
remains so until a valid write takes place.

SERIAL INTERFACE

The ADG738 and ADG739 have a 3-wire serial interface
(SYNC, SCLK, and DIN), which is compatible with SPI, QSP],
MICROWIRE interface standards and most DSPs. Figure 3
shows the timing diagram of a typical write sequence.

Data is written to the 8-bit input shift register via DIN under
the control of the SYNC and SCLK signals. Data may be written
to the input shift register in more or less than eight bits. In each
case, the input shift register retains the last eight bits that were
written.

When SYNC goes low, the input shift register is enabled. Data
from DIN is clocked into the input shift register on each falling
edge of SCLK. Each bit of the 8-bit word corresponds to one of
the eight switches. Figure 26 shows the contents of the input
shift register. Data appears on the DOUT pin on the rising edge
of SCLK suitable for daisy-chaining, delayed, of course, by eight
bits. When all eight bits have been written into the shift register,
the SYNC line is brought high again. The switches are updated
with the new configuration and the input shift register is
disabled. With SYNC held high, any further data or noise

on the DIN line has no effect on the shift register.

DB7 (MSB) DBO (LSB)
|58|s7|se|55|54|33|52|51|g
l«—— paTABTS ——— | §

Figure 26. Input Shift Register Contents

MICROPROCESSOR INTERFACING

Microprocessor interfacing to the ADG738/ADG739 is via
a serial bus that uses a standard protocol compatible with
microcontrollers and DSP processors. The communications
channel is a 3-wire (minimum) interface consisting of a
clock signal, a data signal, and a synchronization signal.
The ADG738/ADG739 requires an 8-bit data word with
data valid on the falling edge of SCLK.

Data from the previous write cycle is available on the DOUT
pin. The following sections illustrate simple 3-wire interfaces
with popular microcontrollers and DSPs.

ADSP-21xx TO ADG738/ADG739

An interface between the ADG738/ADG739 and the ADSP-
21xx is shown in Figure 27. In the interface example shown,
SPORTO is used to transfer data to the matrix switch. The
SPORT control register should be configured as follows:
internal clock operation, alternate framing mode; active low
framing signal.

Transmission is initiated by writing a word to the Tx register
after the SPORT has been enabled. As the data is clocked out of
the DSP on the rising edge of SCLK, no glue logic is required to
interface the DSP to the matrix switch. The update of each switch
condition takes place automatically when TFS is taken high.

TFS »1SYNC
ADG738/
* DT 1 DIN
ADSP-21xx ADG739
SCLK »|SCLK

10758-020

*ADDITIONAL PINS OMITTED FOR CLARITY.
Figure 27. ADSP-21xx to ADG738/ADG739 Interface
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8051 INTERFACE TO ADG738/ADG739

A serial interface between the ADG738/ADG739 and the 8051
is shown in Figure 28. TXD of the 8051 drives SCLK of the
ADG738/ADG739, while RXD drives the serial data line, DIN.
P3.3 is a bit-programmable pin on the serial port and is used to
drive SYNC,

The 8051 provides the LSB of its SBUF register as the first bit in
the data stream. The user has to ensure that the data in the SBUF
register is arranged correctly as the switch expects MSB first.

When data is to be transmitted to the matrix switch, P3.3 is
taken low. Data on RXD is clocked out of the microcontroller
on the rising edge of TXD and is valid on the falling edge. As a
result no glue logic is required between the ADG738/ADG739
and microcontroller interface.

P3.3 SYNC

o ADG738/

80C51/80L51* RXD i ADG739
TXD »|SCLK

10758-021

*ADDITIONAL PINS OMITTED FOR CLARITY.
Figure 28. 8051 Interface to ADG738/ADG739

MC68HC11 INTERFACE TO ADG738/ADG739

Figure 29 shows an example of a serial interface between the
ADG738/ADG739 and the MC68HC11 microcontroller. SCK
of the 68HC11 drives the SCLK of the matrix switch, while the
MOSI output drives the serial data line, DIN. SYNC is driven
from one of the port lines, in this case PC7.

pC7 »1SYNC

ADG738/

MC68HC11*  MOSI DIN ADG739

\

SCK SCLK

10758-022

*ADDITIONAL PINS OMITTED FOR CLARITY.
Figure 29. MC68HC11 Interface to ADG738/ADG739

The 68HCI11 is configured for master mode; MSTR = 1, CPOL
=0, and CPHA = 1. When data is transferred to the part, PC7 is
taken low, data is transmitted MSB first. Data appearing on the
MOSI output is valid on the falling edge of SCK.

If the user wishes to verify the data previously written to the
input shift register, the DOUT line could be connected to MISO
of the MC68HC11, and with SYNC low, the input shift register
would clock data out on the rising edges of SCLK.
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APPLICATIONS INFORMATION

EXPAND THE NUMBER OF SELECTABLE SERIAL
DEVICES USING AN ADG739

The dual 4-channel ADG739 multiplexer can be used to
multiplex a single chip select line to provide chip selects for
up to four devices on the SPI bus. Figure 30 illustrates the
ADG739 in such a typical configuration. All devices receive
the same serial clock and serial data, but only one device
receives the SYNC signal at any one time. The ADG739 is a
serially controlled device also. One bit programmable pin of
the microcontroller is used to enable the ADG739 via SYNC2,
while another bit programmable pin is used as the chip select
for the other serial devices, SYNCI. Driving SYNC2 low enables
changes to be made to the addressed serial devices. By

bringing SYNCI low, the selected serial device hanging from
the SPI bus is enabled and data will be clocked into its input
shift register on the falling edges of SCLK. The convenient
design of the matrix switch allows for different combinations of
the four serial devices to be addressed at any one time. If more
devices need to be addressed via one chip select line, the
ADG?738 is an 8-channel device and would allow further
expansion of the chip select scheme. There may be some digital
feedthrough from the digital input lines because SCLK and DIN
are permanently connected to each device. Using a burst clock
minimizes the effects of digital feedthrough on the analog
channels.

Vbp

ADG739
SYNC
— DIN
1 scLk
VoD ADG738
SYNC
1/2 OF DIN
ADG739
b| scLk
—A
b P4 OTHER SPI
( SYNC1 0-O——9 DEVICE
4 SYNC
DIN
LA
SCLK
FROM SCLK DIN SYNC i
MICRO- <
CONT%%LEE'; OTHER SPI
DEVICE
SYNC2 o J—
SYNC
SCLKO- DIN o
<Q
\ DINO SCLK E

Figure 30. Addressing Multiple Serial Devices Using an ADG739

DAISY-CHAINING MULTIPLE ADG738S

A number of ADG738 matrix switches may be daisy-chained
simply by using the DOUT pin. DOUT is an open-drain output
that should be pulled to the supply with an external resistor.

Figure 31 shows a typical implementation. The SYNC pin of

all three parts in the example are tied together. When SYNC
is brought low, the input shift registers of all parts are enabled,
data is written to the parts via DIN, and clocked through the

shift registers. When the transfer is complete, SYNC is brought
high and all switches are updated simultaneously. Further shift
registers may be added in series.

MW
Pyl

SCLK O SCLK SCLK

DIN o DIN DOUT DIN

ADG739 ADG739

SYNC & SYNC F SYNC

R R

SCLK

ADG739

DIN DOUT o

— TO OTHER
r SYNC SERIAL DEVICES
* o g

o g

Figure 31. Multiple ADG739 Devices in a Daisy-Chained Configuration
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OUTLINE DIMENSIONS
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COMPLIANT TO JEDEC STANDARDS MO-153-AB
Figure 32. 16-Lead Thin Shrink Small Outline Package [TSSOP]

(RU-16)
Dimensions shown in millimeters

ORDERING GUIDE

Model®-2 Temperature Range Package Description Package Option
ADG738BRU —40°C to +85°C 16-Lead Thin Shrink Small Outline Package [TSSOP] RU-16
ADG738BRUZ —40°C to +85°C 16-Lead Thin Shrink Small Outline Package [TSSOP] RU-16
ADG738BRUZ-REEL —40°C to +85°C 16-Lead Thin Shrink Small Outline Package [TSSOP] RU-16
ADG738BRUZ-REEL7 —40°C to +85°C 16-Lead Thin Shrink Small Outline Package [TSSOP] RU-16
ADG738WBRUZ-REEL —40°C to +105°C 16-Lead Thin Shrink Small Outline Package [TSSOP] RU-16
ADG739BRU —40°C to +85°C 16-Lead Thin Shrink Small Outline Package [TSSOP] RU-16
ADG739BRU-REEL7 —40°C to +85°C 16-Lead Thin Shrink Small Outline Package [TSSOP] RU-16
ADG739BRUZ —40°C to +85°C 16-Lead Thin Shrink Small Outline Package [TSSOP] RU-16
ADG739BRUZ-REEL —40°C to +85°C 16-Lead Thin Shrink Small Outline Package [TSSOP] RU-16
ADG739BRUZ-REEL7 —40°C to +85°C 16-Lead Thin Shrink Small Outline Package [TSSOP] RU-16

' Z = RoHS Compliant Part.

2 W = Qualified for Automotive Applications.

AUTOMOTIVE PRODUCTS

The ADG738W model is available with controlled manufacturing to support the quality and reliability requirements of automotive
applications. Note that this automotive model may have specifications that differ from the commercial models; therefore, designers
should review the Specifications section of this data sheet carefully. Only the automotive grade products shown are available for use in
automotive applications. Contact your local Analog Devices account representative for specific product ordering information and to
obtain the specific Automotive Reliability reports for these models.
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