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Abstract—We introduce a hybrid CMOS-graphene sensor
array for subsecond measurement of dopamine via fast-scan cyclic
voltammetry (FSCV). The prototype chip has four independent
CMOS readout channels, fabricated in a 65-nm process. Using
planar multilayer graphene as biologically compatible sensing
material enables integration of miniaturized sensing electrodes
directly above the readout channels. Taking advantage of the chem-
ical specificity of FSCYV, we introduce a region of interest technique,
which subtracts a large portion of the background current using
a programmable low-noise constant current at about the redox
potentials. We demonstrate the utility of this feature for enhancing
the sensitivity by measuring the sensor response to a known
dopamine concentration in vifro at three different scan rates. This
strategy further allows us to significantly reduce the dynamic range
requirements of the analog-to-digital converter (ADC) without
compromising the measurement accuracy. We show that an inte-
grating dual-slope ADC is adequate for digitizing the background-
subtracted current. The ADC operates at a sampling frequency
of 5-10 kHz and has an effective resolution of about 60 pA, which
corresponds to a theoretical dopamine detection limit of about
6 nM. Our hybrid sensing platform offers an effective solution
for implementing next-generation FSCV devices that can enable
precise recording of dopamine signaling in vivo on a large scale.

Index Terms—Biosensor, cyclic voltammetry, dopamine, dual-
slope ADC, electrochemical sensor, FSCV, graphene.

1. INTRODUCTION

HE brain is a chemically complex environment with
many chemical messengers, including neurotransmitters
and neuromodulators. Among those, dopamine is a crucial neu-
romodulator for action selection and reward-motivated behavior
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[1]-[3]. The role of dopamine in several pathological brain con-
ditions, including drug addiction [4], schizophrenia [5], and
Parkinsons disease [6] makes it crucial to devise efficient meth-
ods for its measurement in vivo. At present, repeated fast-scan
cyclic voltammetry (FSCV) with carbon microfibers (CMFs)
is the method of choice to measure transient dopamine release
in the neural tissue. FSCV offers good chemical specificity and
acceptable temporal resolution. Further, it has successfully been
used for in vivo measurements in rodents [7], [8] and recently in
humans and non-human primates [9]-[11]. However, two main
challenges limit the utility of existing devices for large-scale
measurement of dopamine neuromodulatory signals. First, the
large size of cylindrical CMFs makes the miniaturization of the
electrodes using standard microfabrication processes difficult,
thereby limiting them to single-site measurements [12]. In fact,
CMF electrodes are currently produced manually, resulting in
significant variability of the device properties. Second, the signal
of interest is small and thus susceptible to environmental noise.
This is a limiting factor particularly in experiments involving
large animals where the signal must travel a few centimeters
along the probe inside the brain before it reaches the readout
circuitry.

CMOS technology allows large-scale integration of silicon
transistors, enabling compact systems with complex function-
ality. Leveraging this feature, a large body of work has demon-
strated innovative CMOS chips for detecting various chemical
analytes via cyclic voltammetry (CV) [13]-[18]. These inte-
grated readout chips offer a number of remarkable advantages
over the conventional readout methods, namely enhanced detec-
tion limit, massively parallel sensing, low power consumption,
and a small footprint. Due to similarities with CV measure-
ments, FSCV chips can directly benefit from these advances and
often use similar strategies for measuring FSCV signals. How-
ever, from a practical standpoint the fast scan rates in FSCV
measurements, at least 100 times higher than the conventional
CV measurements, alter the design requirements for the FSCV
chips. A few studies have used CMOS chips to advance the
FSCV readout systems, which are typically used for subsecond
recording of neuromodulatory signals. These FSCV integrated
circuits (ICs) are particularly useful to facilitate measurements
in moving animals by making the readout unit compact, lighter,
and possibly wireless [19]-[22].

The FSCV ICs are, in essence, analog-to-digital converters
(ADC) that digitize the current signal produced during the FSCV

1932-4545 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

measurements. Past design strategies of the FSCV ICs have
aimed to cope with the large variations of the CMF electrodes.
These variations originate from a number of factors including
the structural inhomogeneity of CMF at the microscopic level
and the inconsistency of the electrode size at the macroscopic
level. Existing designs of the FSCV ICs use two strategies to
accommodate this practical consideration. The first strategy has
used oversampling ADCs with high resolution and high dynamic
range (e.g. high-order XA modulators) for recording the total
current [19]-[21].

A second strategy described in [22] has used an on-chip
analog background current subtraction. This approach is con-
ceptually similar to the original analog background subtraction
technique, described in [23]. In this FSCV chip, the background
current was first recorded using a Nyquist ADC at the beginning
of each trial, prior to dopamine release, and subsequently stored
into an on-chip memory unit. The saved background current was
retrieved during dopamine measurements and subtracted in real
time from the total current just before the conversion by the same
ADC. These techniques have improved the quality of measure-
ments. However, the variability of conventional probes and their
fabrication process pose a fundamental challenge that cannot be
easily surmounted by such approaches of the FSCV integrated
circuits. This challenge is amplified by other considerations that
one should take into account for improving the sensitivity of
measurements. For example, it is often desired to boost the scan
rates (up to 2000 V/s) [24] to lower the detection limit of CMF
sensors, especially for in vivo studies. High scan rates amplify
the background current to a few micro ampere (1A), requiring
ADCs with both high accuracy and large dynamic range. These
demands are often impossible to satisfy simultaneously with the
needs to limit power consumption and circuit area, which are
also required for most in vivo measurements.

To address the challenges imposed by the large variations of
the traditional electrodes and the demand for large-scale record-
ing of neuromodulators, we propose a hybrid CMOS-graphene
sensor array, as shown in Fig. 1 [25].

To miniaturize the FSCV electrodes, we simply replace the
conventional CMFs with planar multilayer graphene (MLG).
The graphene electrodes are constructed directly above the
CMOS chip because the electrode fabrication process is compat-
ible with the CMOS post-processing steps. A main advantage
is the precise control of the process to create homogeneous
electrodes with reproducible properties, which contrasts with
variability inherent to the manual manufacturing of CMF elec-
trodes. Not only does the reproducible sensor properties relax
the design requirements of FSCV ICs, but also it provides an
opportunity to further simplify the design by leveraging the
inherent FSCV characteristics. We do so by taking advantage
of the chemical specificity of the FSCV output, in which the
signal of interest (i.e. faradic current) occurs at about a given
electrochemical potential. We refer to this potential range as
the region of interest (ROI). Our CMOS chip subtracts a major
portion of the background current in real time at the ROI using
a programmable low-noise constant current source, while main-
taining the shape of the signal. Our partial subtraction of the
background current relaxes the conventional requirement for a
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high dynamic range ADC, without compromising the measure-
ment accuracy or restricting the FSCV sensing parameters (i.e.
electrode size and scan rate). Consequently, we can use a simple
dual-slope integrating ADC to digitize the partially subtracted
current.

A recent study by Kishida et al. suggests that the conven-
tional analog background subtraction technique might produce
unreliable measurements for low dopamine concentrations [11].
For example, they observed that this method confused changes
in pH for changes in dopamine. By maintaining the shape of
the signal at the ROI, our method gives an option for using
newly developed algorithms in [11], [26] to reliably estimate
low dopamine concentrations. This is particularly important to
achieve high fidelity measurement of dopamine concentration.
Finally, our sensor design allows us to place the readout chip
in close physical vicinity to the sensor and further reduce detri-
mental effects of environmental noise, enhancing the limit of
detection.

This paper is organized as follows. Section II explains prac-
tical considerations for the design of our FSCV IC. Section III
describes our circuit design and system implementation. Sec-
tion IV reports the results for the chip verification and in vitro
dopamine tests.

II. DESIGN CONSIDERATIONS FOR FSCV IC

In this section, we first introduce the concept for region of
interest, which we later use for implementing our current sub-
traction scheme. We then explain our strategy for applying the
voltage waveform to the working electrode (WE). Finally, the
electrical model of the MLG electrodes is provided for system
simulations.

A. Region of Interest in FSCV

FSCV is a variant of the electrochemical cyclic voltam-
metry that uses fast scan rates and high measurement fre-
quency to achieve sub-second temporal resolution. FSCV
has good specificity and thus highly useful for detecting
target analytes in chemically complex environments. Be-
cause of its advantageous properties, FSCV is used exten-
sively for recording transient dopamine release in the brain.
Fig. 1(a) schematically illustrates the working principle of
FSCV. A triangular voltage waveform is applied to the WE
with a typical scan rate of 400 V/s and a repetition rate of
10 Hz. In one full cycle, the voltage is varied relative to a
Ag/AgCl reference electrode (RE) between —0.4 V to 1.3 V
and back to —0.4 V and is then held at this potential until the
start of the next cycle. The dopamine molecules undergo a redox
reaction as a result of the voltage ramp applied to the WE, as
shown in Fig. 1(a). Specifically, dopamine is oxidized during
the voltage ramp-up, producing dopamine-o-quinone (DOQ)
and two free electrons. This charge transfer process produces
a faradic current (Ip 4) with a positive polarity, indicating the
flow of the current into the WE, as shown in Fig. 2(d). Impor-
tantly, the amplitude of this faradic current is proportional to the
dopamine concentration. DOQ is subsequently reduced back to
dopamine during the voltage ramp-down, producing a faradic
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current with a negative polarity, i.e. the current flows out of the
WE and into the readout circuitry.

When an ionic solution (an electrolyte) comes into contact
with a non-faradic electrode, the re-arrangement of ions with
opposing polarities on the surface of the electrode forms an
interfacial electrical double layer. An apparent capacitance is
associated with this layer, which is the fundamental property of
the electrode-electrolyte interface. Therefore, applying a posi-
tive (negative) voltage ramp to the electrode will charge (dis-
charge) the double-layer capacitance, producing a non-faradic
current with positive (negative) polarity. The amplitude of this
current is a function of the voltage scan rate and the double-layer
capacitance. In FSCV, this current is known as the background
current (/;4) because it exists even in the absence of dopamine
molecules in the electrolyte. Since the amplitude of the back-
ground current is independent of the dopamine concentration,
and also that of other neuromodulators, we refer to it as the non-
informative component of the total current. Once dopamine is
introduced into the solution, the total current (/¢ ) includes
both the background and the faradic currents. Fig. 2(a) shows the
typical temporal responses of an MLG electrode to a dopamine-
free phosphate-buffered saline (PBS) solution (dashed curve)
and to a PBS solution with 1 M dopamine (solid curve).
We made these measurements using a discrete FSCV readout
unit [27] that consists of a current pre-amplifier (SR570, Stan-
ford Research Systems) and a data acquisition card (NI 6353 X
series, National Instruments). From the data, itis evident that [,
is significantly larger than the faradic current. The background

CMOS

Schematic illustrations of (a) FSCV operating principle, and (b) our proposed hybrid graphene-CMOS sensor array.

current typically ranges from a few hundreds of nA to a few pA,
depending on the scan rate and the size of the WE.

In FSCYV, the oxidation (reduction) current peak for a given
molecule occurs at specific positive (negative) electrochemi-
cal potentials. This specificity is highly useful for identifying a
molecule in the presence of other chemicals. The precise con-
trol of the MLG electrode array fabrication allows us to take
advantage of this fundamental property of FSCV to design a
new current subtraction scheme. In our method, we first de-
fine the redox potential range as the region of interest, ROL
For example, the box region in Fig. 2(a) shows the ROI for the
oxidation peak of dopamine. We then remove a large portion
of I, in this region using a low-noise constant current (/,),
while maintaining the shape of the FSCV current at the ROIL.
Fig. 2(b) conceptually illustrates the current in the ROI after
constant current subtraction. This current is then digitized using
a high-resolution integrating ADC, as shown in Fig. 2(c).

B. Applying Voltage Waveform to the Working Electrode

Previous FSCV ICs [19]-[22] adopted the conventional two-
electrode configuration (WE and RE) for the voltammetry mea-
surements. One practical concern in two-electrode measure-
ments is the voltage drop across the RE, originating from the
current flow through this electrode. The potential drop across
the RE, therefore, introduces an error in determining the actual
electrochemical potential that is applied to the WE. However,
because of the small amplitude of the total current in FSCV (in
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Fig. 2. (a) Typical transient characteristics of the FSCV total current before

(dashed) and after (solid) introducing dopamine, indicating the presence of a
large background current. (b) Concept of region of interest (ROI), in which a
large potion of the background current is removed at about the redox potentials
using a constant current. (¢) Architecture of our FSCV readout channel. (d) We
use a three-electrode configuration for applying the FSCV voltage waveform to
the WE.

low pA range or less), the potential drop across the RE is neg-
ligible . Therefore, the two-electrode configuration is adequate
for FSCV measurements. Those ICs apply the voltage wave-
form using two strategies, depending on whether the readout
scheme is continuous-time or discrete-time. In the continuous-
time readout, the opamp in the first (gain or integrating) stage
simultaneously functions as a potentiostat, where the waveform
is simply applied to its non-inverting input terminal while the
WE is connected to its inverting input terminal [19], [28]. On
the other hand, the discrete-time readout requires a dedicated
potentiostat in addition to the integration opamp. For example,
a current-mirror-based potentiostat has been used in Ref [22], in
which the waveform is applied to the non-inverting terminal of
a unity-gain opamp while the WE is connected to the inverting
input node. A 1:1 current mirror stage then transfers the FSCV
current into the discrete-time Nyquist ADC. To eliminate the
need for a current mirror and potential current scaling errors
associated with the current mirror, we used a three-electrode
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Fig. 3. (a) Small-signal electrical model at the electrode-electrolyte inter-
face. (b) We extracted the model parameters through simulations to match the
simulated and the measured I}, .

configuration [29]. Fig. 2(d) schematically illustrates our ap-
proach. A voltage waveform (—Vrgcy) is applied to the non-
inverting terminal of a control amplifier. Due to the equivalent
circuit of the electrodes in the solution [see Fig. 2(c)], the FSCV
waveform then appears between the WE and RE.

C. Electrical Model of MLG Electrodes

To properly simulate the transient behavior of the electrodes in
the solution and its effect on the stability of the system, it is nec-
essary to develop a realistic electrical model for the electrodes.
Fig. 3(a) illustrates the phenomenological small-signal electri-
cal model of a non-faradic electrode. In this model, Crp 1, Rp,
and Rg are the double-layer capacitance, the parallel resistance
at the electrode-electrolyte interface, and the solution resistance,
respectively. To extract the values of the capacitance and the re-
sistances, we first measured I, by applying the FSCV voltage
waveform with a scan rate of 400 V/s to an MLG electrode in a
PBS solution. Next, using a parametric sweep in Virtuoso (Ca-
dence Virtuoso 1C6.1.7), the model parameters were changed
iteratively to match the simulated and measured transient cur-
rents. Fig. 3(b) shows the measured and simulated currents for
a 1000 um?> MLG electrode, giving the fitted model parame-
ters of 1.1 nF, 500 M2, and 180 k2 for Crp, Rp, and Rg,
respectively.

III. CMOS CIRCUIT IMPLEMENTATION

This section focuses on the architecture of the readout chan-
nels and on the implementation of the circuit sub-blocks.

A. System Architecture

Fig. 4 shows the architecture of our CMOS sensing platform
comprising 4 independent channels. Each channel consists of
the following circuit sub-blocks: a control amplifier to apply the
FSCV waveform to the WE; a current subtraction unit to re-
move a large portion of the background current at the ROI; and
a dual-slope ADC to digitize the background-subtracted current
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large FSCV voltage waveform with a peak-to-peak amplitude
of 1.7 V to the WE.

B. Current Subtraction Circuit

To relax the dynamic range requirement of the ADC, while
maintaining the measurement accuracy, we implement a pro-
grammable current subtraction unit. This unit removes a large
portion of I, before the signal is digitized by the ADC. The cur-
rent subtraction unit has three key requirements. First, it should
be low-noise with negligible DC offset error to avoid introduc-
ing unintentional noise or error to the FSCV signal. Second, it
should be highly stable, particularly when the current subtrac-
tion branches are switched on or off. An improper design can
lead to a range of issues from corrupting the signal of interest
to making the entire system unstable. Finally, it should have a
large dynamic range to make the sensing platform configurable
for a wide range of FSCV experimental conditions including
different electrode sizes and faster scan rates.

Fig. 5(a) schematically illustrates the current subtraction unit.
This unit consists of a 5-bit digital-to-analog converter (DAC)
and two robust low-noise current sources with opposing po-
larities. The combination of these sub-blocks makes this unit
configurable, thus enabling a wide range of current subtractions
up to 2.48 pA with a step of 80 nA for both positive and negative

(b)

Fig. 5. (a) Schematic illustration of the programmable current subtraction
unit. (b) Schematic of the 5-bit current DAC, supplying a constant current up to
2.48 1A with a step of 80 nA.

polarities. Fig. 5(b) shows a simplified schematic of the 5-bit
current DAC. The biasing current and the biasing voltage Vi p
are supplied by the global current source unit, described later in
Section III-D. Depending on the polarity of the FSCV current
signal, one of the switches, either Sy,;1 or Ssyp 2, connects
the proper current source to the input current path. The design
of these switches needs special care because a poor design can
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corrupt the input signal or make the system unstable during the
switching transience. Adjusting the impedance of the switches
and matching them with that of the signal path is critical to
avoid those problems. Specifically, when the switches are off,
they must have sufficiently high impedance to fully disconnect
the signal path from the current subtracting branch. On the other
hand, it is desired that the switches have very small impedance
in their on state. This will allow the current source branch to
source (sink) a stable current to (from) the signal path when the
polarity of the FSCV current is positive (negative). To meet the
above requirements, we have chosen an optimal switch size of
4 pm/0.4 pm for the NMOS switch and 16 pm/0.4 pm for the
PMOS switch from the transient simulations. Importantly, to
compensate for the charge injection during transience, dummy
switches are used. The lengths of the dummy and the main
switches are identical, while the width of the main switches is
two times larger than the width of the dummy switches.

C. Dual-Slope Integrating ADC

As discussed earlier in Section II-A, the subtraction current
unit removes a large portion of I;,,, significantly reducing the
dynamic range requirement of the readout ADC. Another impor-
tant specification of the ADC relates to its effective resolution.
The physiological concentrations of dopamine in the brain can
be as small as a few nM. Depending on the physical and geo-
metrical properties of the electrode, such small concentrations
translate into a faradic current in the range of hundreds of pA
to a few nA. Resolving such a small current that is accompa-
nied with the subtracted background current, therefore, requires
an ADC with high accuracy. Additional ADC design consid-
erations for this application include: (i) compact footprint to
enable implementation of a dense sensor array, and (ii) low bit
rate to facilitate data transmission and subsequent data analysis.
We have chosen a dual-slope integrating ADC for digitizing the
background-subtracted current because of its simplicity, high
achievable accuracy, good linearity, and low bit rate. In our
design, the ADC operates at a modest sampling frequency of
10 kHz during the in vitro measurements. Since for a nominal
scan rate of 400 V/s the FSCV current signal occurs in a span of
about 8.5 ms, this sampling rate is adequate to resolve the shape
of the faradic current peak.

The ADC consists of a low-noise amplifier, a 2.5 pF MOM
feedback capacitor, a latched comparator, and two discharge
current sources with positive and negative polarities, as shown in
Fig. 6(a). The discharge current sources have the same amplitude
of 10 nA. The design of the low-noise amplifier is based on the
Recycling Folded Cascode (RFC) architecture [31], as shown
in Fig. 6(b). The RFC amplifier has a DC gain of 87 dB and
consumes about 10 ©A from a 1.8 V voltage supply. Fig. 6(c)
shows the schematic of the latched comparator. To avoid false
triggering of the comparator due to noise, the comparator has a
Schmitt-trigger inverter at its output.

Fig. 6(d) shows the timing diagram of the FSCV ramp signal
Vrscv (top). Each channel has its own enable signal, FN¢ .
The EN¢y and Vigey signals are synchronized for the FSCV
measurements. As a result, the dual-slope ADC only digitizes
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Fig. 6. (a) Schematic of the readout circuit for measuring the FSCV current.
(b) The integrator uses a low-noise RFC amplifier. (¢) The latched comparator
with a Schmitt-trigger inverter determines the full discharge of the capacitors.
(d) Timing diagram of the FSCV voltage waveform. We enable the readout
channels only during the voltage ramps. (e) Control and output signals of the
dual-slope ADC.

the current signal within this time period and is disabled during
the rest period for energy saving. From the timing diagram, the
duty cycle («) of the circuit is 8.5% at 400 V/s. Considering
the total power consumption of about 36 W by the integrator
and the comparator, we obtain an active power consumption of
about 3.1 /W per channel.

The operating principle of a dual-slope ADC is simple.
Fig. 6(e) shows the timing diagrams of the main signals within
one cycle of the ADC operation. In this example, the V;,,; is the
output of the integrator and corresponds to an input current sig-
nal with negative polarity, i.e. during the voltage ramp-down 7.
After a short reset time Sk g7, the Sy switch is ON for a prede-
fined time interval of 77 = 10 us. During this time period, the
ADC integrates the background-subtracted current signal I .
After a short delay, the stored charge across the capacitor C'p
is gradually removed using a known discharge current /;;; with
an opposing polarity to that of I7y, i.e. I; 2 in this example.
Once the capacitor is fully discharged, the output voltage of the
integrator reaches the common-mode again, which is equal to
the Vi g ¢ of the comparator. At this time, the comparator output
switches from low to high, triggering the control circuit to stop
the discharge period, Sy;s,1. The background-subtracted current
I;x is then simply calculated from the measured discharge time
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In our design, we set the maximum values of 75 at sam-
pling frequencies of 5 kHz and 10 kHz to 180 us and 80 us,
respectively. Considering 77 = 10 us and ;5 = 10 nA, these
maximum discharge times correspond to nominal Iy ;ax Of
180 nA and 80 nA at 5 kHz and 10 kHz, respectively. There-
fore, given the maximum I,,; of 2.48 pA, our readout system
can accommodate an input current up to 2.56 pA at 10 kHz

sampling frequency.

D. Current Source Circuit

From equation (1), it is clear that a time-dependent error in
the discharge current will directly compromise the accuracy of
the ADC. Therefore, the discharge currents must be robust to
time-dependent sources of error (e.g., environmental noise). To
achieve this goal, we split the current source circuit into two
sub-circuits: a global current source and a local current source.
Fig. 7(a) shows the transistor-level schematic of the current
source circuit. The global current source is common among the
four measuring channels. It uses an external 10 pA current to
generate the biasing voltages and the biasing current for the
current subtraction unit, discussed in Section III-B. In contrast,
the local current source is implemented inside each channel. The
branch consisting of the M3, My, and M5 transistors locally

regenerates the biasing voltage Vi from the global voltage
Ve p at node “X” [see Fig. 7(a)]. Three 10:1 down-conversion
steps then generates the reference current. Regenerating this
biasing voltage inside each local current source provides two key
benefits. First, it diminishes the sensitivity of the local current
source to possible small signal variations of the global biasing
voltage Vz p. Second, it improves the performance of the local
current source against process variations, as shown in Fig. 7(b).

IV. EXPERIMENTAL RESULTS
A. Chip Fabrication

We fabricated the circuit in a standard 65 nm CMOS pro-
cess. The prototype chip consists of four readout channels.
Post-processing was done to fabricate graphene microelectrodes
on top of the chip. Owing to its planar structure, multilayer
graphene is compatible with nano-fabrication processes. The il-
lustration in Fig. 8(a) shows the cross-section view of the key
fabrication processing steps. The post-processing starts with the
transfer of a commercial MLG film (Graphene Supermarket)
onto the CMOS chip. The MLG films are grown on nickel foils.
For the transfer process, the nickel foil is fully removed in ferric
chloride [32], followed by transfer of the free-standing MLG
film onto the surface of the CMOS chip. The graphene elec-
trodes are subsequently defined through a series of lithographic
and metal deposition steps. A final electron beam lithographic
step using an SUS resist defines the sensing region of the MLG
electrodes (1000 zzm?) and further protects the metal electrodes
from exposing to the solution. Fig. 8(b) shows the micrograph
of the CMOS-graphene prototype chip. The scanning electron
microscopy (SEM) image in Fig. 8(c) shows the close-up view
of the MLG sensor array. The nano-fabrication processes al-
lows us to create homogeneous MLG sensors with reproducible
properties. This feature is key for implementing our proposed
ROI concept. As a consequence, we achieve a channel size of
150 pmx 500 pm, which is adequately small for realizing a
dense array of FSCV sensors. Fig. 8(d) illustrates the layout of
our FSCV readout channel. After post-processing, the chip is
wire-bonded to a carrier board. Finally, a chemical-resist epoxy
is used to protect the bonding wires and the metal pads only at
the peripheral regions of the chip, while leaving the chip surface
exposed for chemical sensing.

B. Chip Verification

To verify the functionality of the circuit, we developed a test
measurement setup, shown in Fig. 9. The main components of
the test setup are: (i) a main printed circuit board that hosts
external buffers, biasing circuits, and an FPGA interface circuit,
(i1) a carrier board that hosts the fully-processed chip, (iii) an
FPGA board (Xilinx Spartan 3E) that provides control signals
and performs data acquisition, and (iv) injection pumps that
supply solutions for in vitro experiments.

To perform electrical characterization of the chip, we used a
built-in test circuit. For the chip verification experiments in this
paper, we operated the ADC at a sampling frequency of 5 kHz.
We first examined the linearity of the circuit by injecting known
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(a) Schematic illustration of the key post-processing steps for constructing the MLG sensor array above the CMOS chip. (b) Micrograph of the CMOS-

graphene prototype chip. (¢) Top-view SEM image of the post-processed chip, illustrating the MLG sensor array. (d) The illustration of the circuit layout of a

readout channel. The size of the CMOS channel is 150 gm x 500 pm.
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Fig. 9. Photograph of the measurement setup. Injection pumps sequentially
introduce PBS and dopamine solutions into the flow chamber. The FPGA records
the digitized data from the readout channels.

constant currents into the ADC and recording the discharge
time 75, which we then used to calculate the current using equa-
tion (1). Fig. 10(a) shows the plot for the measured current as
a function of the injected test current, confirming linear behav-
ior of the ADC up to 165 nA. We evaluated the signal-to-noise
ratio (SNR) of the ADC using 100 Hz sinusoidal input currents
with varying amplitudes in the range of 1-175 nA. We were un-
able to measure the SNR below 1 nA because of difficulties to
generate sinusoidal waveforms with such small amplitudes. The
inset in Fig. 10(b) shows a representative measured sinusoidal
current waveform with an amplitude of 165 nA at the output
of the ADC. The corresponding power spectral density (PSD)
of the measured waveform is shown in Fig. 10(b). From these

<

:—S/ 160 o’ = 80 —o— Measured SNR

é 120 E/H, %\ 60 -..Fitted SNR

3 8o e @ 40

B A 5 .

S a0f @200

7] ,B R

@® @ 0o

< % 40 80 120 160 CEIETERET R TIRET TS

Injected current (nA) Injected current (nA)

@ ©

VW

™
Time (ms)

Curent (nA)

Measured error (pA)

100 200 300 400
Frequency (Hz)

(b) (d

Number of sample

Fig. 10. (a) Linear behavior of the ADC verified by injecting known DC
currents. (b) Power spectral density of the ADC output corresponding to a
sinusoidal input current of 165 nA. The inset shows the reconstructed signal
at the ADC output. (¢) SNR of the readout channel, measured by applying
sinusoidal current signals with varying amplitudes at the input, indicating a
maximum SNR of 70.7 dB. (d) We measured the ADC error by applying a
slow current ramp rising at 10 nA/s and then subtracting each two consecutive
measurements. The error (o) is about 20 pA,.,, s, corresponding to an accuracy
of 60 pA (30).

measurements, we then computed the SNR of the ADC, shown
in Fig. 10(c). The ADC achieves a maximum SNR of 70.7 dB at
165 nA. The data in Fig. 10(b) also suggests a maximum signal-
to-noise-distortion ratio (SNDR) of 62.4 dB, corresponding to
10 effective number of bits (ENOB). The ENOB extracted from
the maximum SNDR is limited by the non-linearity of the test
circuit. The simulation results indicate an ENOB of 11.6. The
fit to the measured SNR data indicates a quantization-noise-free
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TABLE I
SUMMARY OF DIFFERENT NOISE SOURCES

Noise Source Value

M’ 5.1 //fvrm s
M 14.5 ,U'VW' ms
Vr st 40.5 /l’vrm s
Vora 15.6 uVim s
Total 75.7 uVyrm s

detection limit of about 30 pA. To verify this, we used the ex-
pression for the quantization-noise-free SNR of the ADC, which
is given by [29]:
vz
SNE = = —— )
V:),th + Vdis + V;"st + ‘/})TA

where V_O2 is the mean square voltage at the integrator output
and is given by 17, (T} /Cr)?. The other terms in the denom-
inator of equation 2 represent the mean square voltage of the
different sources of noise, which are: thermal noise of the WE
(VO2 .1)» thermal noise of the discharge current source (Vd%.s),

integrated £7"/C'r noise during the reset period (@), and the

OTA noise (V3 ). This SNR expression assumes that these
different sources of noise are uncorrelated. We found the root
mean square of these sources of noise, summarized in Table I,
either using the analytical models in [29] or using circuit simula-
tions. Assuming SNR = 1, we obtain a quantization-noise-free
I,y of about 19 PA, . s. This value represents the input-referred
noise and is consistent with the data in Fig. 10(c).

In our design, a small residual background current will al-
ways accompany the faradic current. Specifically, the constant
subtraction current during the FSCV measurements is set such
that the residual background current is in the range of several
nA, which is adequately larger than the minimum detectable
current by the ADC. Therefore, the minimum detectable cur-
rent is not a limiting factor for accurate measurement of the
dopamine concentration in our FSCV experiments. Rather, the
measurement resolution of the ADC is the key parameter for
this application. To experimentally verify the effective resolu-
tion of the ADC, we measured the ADC error by applying a very
slow ramp current starting at 40 nA and increasing at a rate of
10 nA/s. This ramp rate corresponds to a current change of about
2 pA in each measuring cycle of the ADC (considering 5 kHz
sampling frequency), which is much smaller than the expected
ADC error. Therefore, subtracting each measured current from
its immediate previous neighbor provides a good estimate of
the ADC error. Fig. 10(d) shows the measured ADC error, in-
dicating an error of about 20 pA,.,, s, which is consistent with
the calculated input referred noise. Assuming an SNR of 3, the
measured error corresponds to an effective resolution of 60 pA.

C. In Vitro Measurements

We now proceed to describe the performance of the chip us-
ing in vitro measurements. For the in vitro measurements, we

operated the ADC at a sampling frequency of 10 kHz. Based
on our experience, this sampling frequency is adequate for re-
solving the oxidation peak even at fast scan rates because the
time-dependent full-width half-max of the FSCV peak is largely
invariant to the scan rate. A 10 kHz operating frequency in our
design corresponds to a maximum /7 of 80 nA.

While the operating principle of our readout chip is based
on partial subtraction of the background current at the ROI,
the sensing platform is capable of fully constructing I, by
piecewise measurement of the current in a few FSCV cycles.
To do so, our DAC code utilizes a stepwise increase of the
subtraction current while the ADC records the corresponding
current-subtracted ;. The subtraction current is initially zero
in the first cycle but gradually increases in steps of 80 nA in
subsequent cycles. The measurement continues for a number of
FSCV cycles (e.g. 8 cycles for I, of 500 nA) until the current
measured by the ADC is zero during the entire FSCV cycle. This
condition indicates that the subtraction current has exceeded the
maximum amplitude of I,, which we use to signal the end
of the measurement for reconstruction of background current.
Because the time stamps of the ADC output bits are known
in FSCV and the background current is stable, the sum of the
measured currents at each time stamp gives the background
current at that time. The constructed I, (¢) is thus given by:

m

Ibg(t) = ZI]N(t—‘r (n— 1) X Ts)

n=1

0<t<Tp+Tr

3)
where T is the time period of the FSCV cycle (100 ms in our
experiments) and m is the FSCV cycle at which I,,; exceeds
maximum [, . Fig. 11(a) illustrates the constructed [, for three
different scan rates. As discussed in Section II-A, it is desired to
increase the amplitude of the faradic signal using either larger
electrodes or faster scan rates. However, these trends simultane-
ously increase I, as shown in Fig. 11(a). To evaluate the utility
of our proposed ROI scheme, we measured the response of the
hybrid sensing platform to a dopamine solution in PBS at these
scan rates. In our experiments, we sequentially introduced a PBS
solution and a dopamine solution in PBS into the flow cham-
ber using injection pumps. To determine the subtraction current
at the ROI, we used the constructed I, curves in Fig. 11(a).
Fig. 11(b) shows the measured I;y by the ADC before and
after introducing a 2 uM dopamine solution into the flow cham-
ber. Taking the difference of the I;y data between these two
measurements gives the faradic signal due to the dopamine so-
lution (dashed red curves). The solid grey bands in each panel
represent the ROI. For in vivo measurements, it is critical to dis-
tinguish different neurotransmitters using their corresponding
oxidation potentials in the FSCV voltammogram. This requires
the simultaneous recording of their oxidation peaks. However,
the relatively narrow ROI in Fig. 11(b) reveals the limitation of
our current design for capturing the oxidation peaks that might
occur outside the ROI. The limited width of the ROI in our de-
sign originates from the identical measuring range of the ADC
and the I;,,;, step (both 80 nA). This problem can be easily miti-
gated in our future work by designing a programmable /5, that
allows current subtraction at smaller steps.
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(a) I can be fully constructed by the piecewise measurement of /7y while sweeping the DAC code. The data indicates the increase of [;, with

increasing the scan rate. (b) In vitro measurements of 2 M dopamine at three different ramp rates. The grey regions represent the ROI. The results confirm our
design is configurable in that it allows the user to increase the sensitivity with increasing the scan rate without being limited by the ADC full-range. (c) Calibration
plots for three different scan rates. The slope of the linear fit represents the electrode sensitivity. (d) The plot of electrode sensitivity as a function of the scan rate,
where the linear fit to the data suggests an adsorption-limited reaction.

TABLE II
PERFORMANCE SUMMARY AND COMPARISON WITH THE STATE-OF-THE-ART

This work JSSC’09 [20] JSSC’14 [21] TBioCAS’16 [22] TBioCAS’16 [15]

Technology 65 nm 0.5 pm 0.35 pum 65 nm 0.18 pm
Electrode Graphene/Integrated CMF/Discrete CMF/Discrete CMF/Discrete Au/Integrated
material/type
Channel size (,qu) 150 x 500 180 x 1050 113 x 984 N/A 30,000
Input current range +2.56 uA + 430 nA + 950 nA + 430 nA + 50 nA
Dynamic current Yes No No Yes No
subtraction
RMS input-referred 20 pA in £ 80 nA (1 57 pAin £ 750 55 pAin £ 950 92 pAin + 430 93 pA in £ 50 nA
noise kHz BW) (w/ slow nA (5 kHz BW) nA (5 kHz BW) nA (2 kHz BW) (10 kHz BW) (w/

ramp at the input) (w/ open input) (w/ open input) (w/ open input) input current)
Resolution 60 pA N/A N/A 50 pA N/A
Power Supply (V) 1.8 2.5 -0.8, 1.7 1.2,3.0 1.8
Power consumption 3.1 76 9.3 14.4 12.1
(W)
Number of channels 4 4 1 1 100
Measurement type FSCV FSCV FSCV FSCV FSCV/CV/CA
Testing method In vitro In vivo In vivo In vitro In vitro

Before performing in vivo experiments, it is important to ob-
tain a calibration plot that represents the sensor response as a
function of known dopamine concentrations. For in vivo mea-
surements, this plot serves as a reference for estimating the
unknown concentration of dopamine from the measured output
of the sensor. Fig. 11(c) illustrates the representative calibration
curves obtained at the scan rates of 200-400 V/s. The slope

of a linear fit to the data is referred to as electrode sensitivity.
The summary of the extracted sensitivity for different scan rates
is shown in Fig. 11(d). The linear increase of sensitivity with
increased scan rate indicates that the sensing measurements at
these scan rates are adsorption limited, as observed previously
[33]. These measurements confirm the effectiveness of our cur-
rent subtraction scheme at the ROI, which allows us to increase
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the sensitivity to dopamine by adjusting the scan rate without
being limited by limitations in the dynamic range of the ADC.
The measured sensitivity of about 10 nA/uM at 400 V/s together
with the ADC effective resolution of 60 pA gives a theoretical
detection limit of about 6 nM for our hybrid sensing platform.
Table II compares the performance of our sensing platform with
the previous reports of FSCV ICs.

V. CONCLUSION

The results presented here establish three key strategies for
implementing our proposed hybrid CMOS-graphene sensing
platform: (i) replacing traditional carbon fiber with multilayer
graphene to integrate multiple miniaturized electrodes directly
above the CMOS readout chip; (ii) introducing a region of inter-
est technique to remove a large portion of the non-informative
background current; and (iii) implementing a high-resolution
dual-slope integrating ADC to accurately resolve the subtracted
current signal. A combination of these features makes our hy-
brid sensing platform configurable, small, and power-efficient.
Our design leads the way for implementing the next generation
of FSCV devices that are capable of measuring dopamine con-
centration in multiple locations with high temporal resolution.
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