2980

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 54, NO. 11, NOVEMBER 2019

A CMOS Electrochemical Biochip With 32 x 32
Three-Electrode Voltammetry Pixels

Arun Manickam™, Member, IEEE, Kae-Dyi You™, Nicholas Wood, Lei Pei, Yang Liu, Rituraj Singh™,

Nader Gamini, Mark W. McDermott, Life Member, IEEE, Davood Shahrjerdi™, Senior Member, IEEE,
Robert G. Kuimelis, and Arjang Hassibi, Senior Member, IEEE

Abstract— A  CMOS-integrated electrochemical biochip for
high-performance molecular testing is presented. The system
includes an array of 32 x 32 three-electrode voltammetry pix-
els and on-chip temperature control between 25 and 95 °C.
Each 100 xm x 100 xm pixel includes a CMOS-compatible and
chemo-stable amorphous carbon electrode transducer connected
to in-pixel XA current detection circuitry with 280 fA rms
input-referred noise (0.1-20 Hz bandwidth) and 93 dB dynamic
range (DR). Array-based DNA detection assays are implemented,
and successful DNA melt-analysis and real-time label-free DNA
hybridization detection are reported.

Index Terms—Biochip, biosensor, DNA sequencing, electro-
chemical, lab-on-chip, microarrays, molecular diagnostics (MDx),
nucleic acid, voltammetry.

I. INTRODUCTION

HE use of electronic methods to detect bio-analytes,

such as nucleic acids (DNA and RNA), proteins, and
small molecules, is one of the cornerstones of the field
of biosensors and bioelectronics [1]. Electronic devices and
sensor systems, broadly defined, are robust, high performance,
manufacturable, and scalable. Hence, they have the potential to
become the dominant detection platform for many molecular
biosensing applications, where performance, cost-efficiency,
and high-volume production are imperative. Example appli-
cations include point-of-care (PoC), molecular diagnostics
(MDx), food testing, and environmental monitoring.

From the sensor signal chain perspective, electronic
(or electrochemical) biosensors are far simpler than their
widely used optical (fluorescence and bioluminescence)
counterparts [2]-[7]. Electronic biosensors only require
electrode—electrolyte interfaces coupled with low-noise front-
end current or voltage detection circuitry. This is in contrast to
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delicate and bulky optical components and narrowband exci-
tation sources necessary for optical systems [8]—[11]. Despite
this advantage, the adoption and successful commercialization
of electrochemical techniques to detect complex molecules,
such as DNA or proteins, have been limited. One can attribute
this to three technical challenges. The first is the high interfer-
ence (background) in electro-analysis, broadly defined, which
originates from the electrostatic nature of electrode—electrolyte
interfaces [12], [13]. The second is the manufacturing chal-
lenge in creating both a chemically stable (inert) and bio-
compatible electrolyte transducers [14]. The third is the circuit
and IC design challenges associated with integrated electro-
analytical biosensors, particularly in high-density arrays that
are most applicable in the biotechnology space [15].

There are different electrochemical detection techniques,
such as voltammetry, charge-based sensing, and impedance
spectroscopy [15]. Voltammetry [2]-[6] is perhaps the most
popular for biosensing, as it can uniquely take advantage of
electro-active molecules [reduction—oxidation (redox) labels]
to create target-specific electronic signals that are not possible
using other methods that rely on changes in surface charge
or impedance changes. It is important to note here that
voltammetry is suitable for small-to-medium density arrays
(<1000 elements) and integration of high-fidelity front-end
detection circuitry to compensate for electrode—electrolyte
surface drifts. However, for any higher density arrays that
require densely packed transducers (> 1M sensing elements),
charge-based techniques are the only practical option so far.

In this article, we present a CMOS-integrated electrochem-
ical biochip that is specifically designed to address the above
limitations. The system adopts three-electrode voltammetry
and redox labeled analytes to increase the signal to back-
ground. Amorphous carbon (a-C) electrode transducers are
successfully implemented to create manufacturable and bio-
compatible transducer elements on the back end of the CMOS
process [16]. To be precise, the use of a-C surfaces offers
an electrically conductive surface to which biosensing probes
are covalently attached. This is a major advantage over com-
monly used precious metal (e.g., Au and Pt) electrodes [2]—
[6] with non-covalent probe attachment schemes (e.g., thiol
bonds [17]) with thermal stability of <60 °C. From a material
perspective, a-C (and carbon in general) is also compatible
with conventional VLSI fabrication processes and does not
require an isolated back-end process when compared to Au
and its device contamination concerns [18].
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Fig. 1. Electrostatic model, charge distribution, and lumped circuit models

of (a) electrolyte—electrolyte half-cell, (b) electrochemical biosensor, and
(c) biosensor with redox labeled amplicons during voltammetry.

Finally, a low-noise and high dynamic range (DR) XAl -V
sensor is designed in every pixel to offer a fully inte-
grated high-density programmable signal chain. The usage of
X AI — V sensor permits higher DR detection packed into a
small pixel area when compared to other works that employ
direct integration or SAR-based scheme [3]—[7]. Furthermore,
a 32x32 pixel array, an on-chip three-electrode system,
and an integrated thermal control system make our biochip
suitable for high multiplex biomolecular assay development.
Example applications are in molecular testing, specifically
infectious disease, agriculture, biology, water quality, and food
testing.

We first discuss in Section II, the system-level architec-
ture of the implemented system and how the IC specifica-
tions are derived. In Section III, we describe in detail the
IC and electrode implementation, followed by measurement
results in Section IV. A conclusion is provided at the end
of Section V.

II. ARCHITECTURE AND SPECIFICATIONS
A. Electrode—Electrolyte Transducers

We need to carefully consider the electrostatic nature of
electrolyte—electrolyte interfaces to optimize an electrochemi-
cal biosensor. In Fig. 1(a), we depict the charge distribution,
potential, and circuit model of a half-cell. While the elec-
trolyte bulk and electrode can both be modeled as conductors,
the electrode—electrolyte interface model includes two capaci-
tors. As depicted, Cp is an ideal lumped capacitor and it repre-
sents the inner layer with immobilized interface ionic charge,
and Cp and Rp model the lossy, distributed, and non-linear
diffusion capacitance. Typically for unmodified electrode sur-
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faces, Cy > Cp. Cp can vary between 10 and 100 uF/cm?
for typical biological conditions with ionic strength varying
between 10 and 100 mM. For biosensing, we attach probes to
the electrode surface [see Fig. 1(b)], which results in a certain
distance (typically <5 nm for biological buffers) between
the electrode surface and the captured analyte. Therefore,
analyte capturing only perturbs the charge distribution of the
diffusion layer. Such perturbations are always relatively small
(transduction gain between 10~2 and 10~*) and hence difficult
to measure, given the sensor additive noise and electrode
interface drifts and instability [19].

B. Redox-Based Voltammetry

One solution to the above impediment is to include electro-
chemical reporters to boost the transduction gain and create
a stronger analyte-specific electronic signal. One category of
reporters is redox molecular labels. These labels participate
in an n electron exchange reaction, i.e., (O + ne~ < R)
[12], [20], [21], when placed in close proximity to the elec-
trode. If we consider N, as the total number of redox labels,
then the concentration of oxidized labels, N,, is computed
from the Nernst equation [13] as

exp( (V — Vox))
l+exp( (V — Vox))

where V is the electrode—electrolyte interface potential, Vo
is the standard potential of redox reaction, R is the molar
gas constant, F' is the faraday constant, and 7T is the absolute
temperature.

Now, in order to detect the labels, we sweep V (perform
voltammetry [13]) to create a redox current, I, which can be
derived from (1) as

N, = (1

dN, dN, dV
I, = ne =ne (2)
dt dv dt’

As depicted in Fig. 1(c), I, can be modeled as R,, a nonlin-
ear (voltage-dependent) resistance that appears only when the
labeled analytes are captured by the probes. It is important
to recognize that in voltammetry, we not only create the
informative [, but also create a non-informative (background)
displacement current, /. By assuming that Rp is negligible
and the surface is purely capacitive, we can approximate
I by

CuCp dV
I~ =D 2r 3
b Ch ¥ Cp dr )

By combining (2) and (3), we can now calculate the intrinsic
signal to background of the voltammetry method, which is

I dN, /| CgCp
— A~ ne . 4)
Ip dV/Cy+ Cp

C. Voltammetry Setup

It is common to adopt potentiostat circuits [22], [23] to gen-
erate the required dV /dt of voltammetry, as shown in Fig. 2.
In this setup, the electrode where I, is created is referred to as
working (WE), while two other electrodes, the reference (RE)
and counter (CE), establish the sweeping potential.
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Fig. 2. Circuit model for three-electrode voltammetry system used for general
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TABLE I
BIOCHIP SPECIFICATIONS

Parameter Value Justification
Biosensor pixel | 100pum Minimum pitch for high volume
dimensions x100pum surface functionalization
Number of 1000 Multiplexing (< 250 analytes and
pixels redundancy of 4)

Operating 25.95°C Compatibility with DNA-based
temperature assays

Reaction 500l Conventional /n-vitro diagnostics
volume " workflow

Surface probe 10%-10%um= Optimal surface density for
density K analyte target accessibility
Electrode Amorphous Manufacturable, chemo-stable
material carbon (a-C) and bio-compatible

Electrode setup gc_)fllgcgt;(r)i?on High performance voltammetry
Voltage sweep +0.75V High performance voltammetry
range

Current B 4+ | Appropriate range for detecting
detection range 0-5pA — InA small I, in large I,

Detection .

Bandwidth 1-50Hz High performance voltammetry
CV Scan Rate 0.1 -1V/s High performance voltammetry
WE } " Varying surface capacitance (10-
capacitance 100pF - InF 100pF/cm?)

#for 1000um? working electrode area

In the ideal case, Rg — 0, making the error in applied
voltage across WE, AV, zero. With finite Rg, we have
AV = _ZwRs 1% 5)
Zw + Rs
where Zyw is the interface impedance of the WE.

It is evident from (5) that we can make AV — 0 by making
|Rs/Zw| — 0. In practice, this is achieved by making the
surface area of WE, Aw, much smaller than A, the area of
CE. Another advantage of the technique that we adopt here is
that the potentiostat performance becomes minimally sensitive
to WE and RE interface electrostatics and drifts.

It is important to mention that the design of current sensors
in the voltammetry system is challenging. The reason is the
necessity to detect a very small 7, (pA range) in the presence
of large background currents (nA range), specifically I, and /,,,
the offset currents of the detector.

D. System Specifications

In Table I, we list the key system level specifications
that we are setting for this biochip. Besides the electro-
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Fig. 3. (a) CMOS biochip module with fluidic cap. (b) Micrograph of the
CMOS biochip with the pixel array.

chemical specifications required for voltammetry, we have
set requirements that make the system compatible with DNA
testing [24]. It is important to emphasize that the detection
of up to 250 analytes enables new applications in MDx as it
satisfies the multiplexing requirements of complex infectious
disease, personalized medicine, and oncology tests [24]. Now,
considering a practical number of biosensor replicates per
analyte of 4, a ~1000-pixel biosensor array is required. A wide
temperature range of operation is needed for polymerase chain
reaction (PCR) amplification and melt curve analysis typically
used in DNA based testing. 50 L sample volume is typically
obtained from conventional sample extraction workflow used
in in vitro diagnostics (IVD). We intend to use a-C for
implementing the electrodes, which is not only manufac-
turable and chemo-stable but also bio-compatible. To build
a high-performance voltammetry assay, one requires a three-
electrode voltammetry system with on-chip WE, RE, and CE
[2]-[4], [12]. Furthermore, the WE has to be swept over
a wide voltage range of £0.75 V to accommodate a wide
variety of redox labels for cyclic voltammetry (CV) scans. The
detection circuitry should be capable of detecting a wide range
of currents with a noise limit <0.5 pA. Such a low noise limit
will enable CV scan rates of 0.1-1 V/s, where I, ~ 1-10 pA.
Higher scan rates do not improve the signal-to-background
performance since both I, and I, are linearly proportional to
the CV scan rate [13]. The detection bandwidth of 50 Hz is
chosen to capture all the non-linear components generated by
the 1-V/s CV scan.

III. SYSTEM IMPLEMENTATION
A. Biochip Module

In Fig. 3(a), we show the implemented biochip module that
consists of the biosensor IC assembled onto a PCB substrate
and encapsulated by a plastic flow through fluidic cap with
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Fig. 4. (a) Block diagram of in-pixel XA modulator. (b) High-level circuit
schematic.

an inlet and outlet. The fluidic cap is designed to create a
50 uL reaction chamber on top of the biosensor IC and handle
temperature up to 100 °C. The PCB substrate enables electrical
connectivity and permits rapid heating/cooling by creating a
low thermal resistivity contact from the substrate of the IC to
an external (instrument) heatsink.

The IC [see Fig. 3(b)] includes a 32 x 32 array of biosensing
pixels, each with three-electrode (WE, RE, and CE) connected
to an embedded pixel voltammetry circuitry placed underneath
them. Each pixel is 100 gm x 100 gm in size and the overall
dimensions of the IC are 7 mm x 9 mm. The biochip is
manufactured using a 0.25 ym 1P4M (one poly layer plus
four interconnect metals) CMOS process.

B. Pixel Implementation

In each pixel, we implemented the first-order current sensing
2~ A modulator [25], [26] connector to the WE transductor
element, as shown in Fig. 4(a). The sensor input is the WE
current / (t) = I, + I, which is first fed into a high dc gain
integrator, the output of which is quantized by the ADC to
generate Dout. This output controls a DAC, which performs
the differentiation (A) operation.

The rationale behind using this sensor architecture was to
enable the integration of a high DR (DR > 90 dB) sensor into
a smaller pixel area when compared to other architectures,
such as SAR, dual slope integration, or direct integration
[3], [5]-[7]. Furthermore, the 1-bit digital output permits easy
array-wide digital read out (scanning). The downside of this
architecture is the need for high oversampling ratio (OSR) to
achieve the required DR and the potential for idle tones when
measuring low dc input currents. Due to our low detection
bandwidth of 50 Hz, the first-order X A modulator with a clock
frequency of 100 kHz suffices for our current detection range
requirement of 0.5 pA—1 nA.

The high-level schematic of the pixel implementation is
shown in Fig. 4(b). The integrator is implemented using a
capacitive transimpedance amplifier (CTIA) with a feedback
capacitor Cr. The CTIA also serves the purpose of setting the
WE voltage to Vi (¢) for voltammetry. The ADC is imple-
mented using a 1-bit clocked comparator, which compares the
output of CTIA to an externally adjustable dc voltage V¢ to
generate the 1-bit output Doyt with an oversampling clock
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Fig. 6. Circuit schematic of (a) 1-bit DAC and (b) its switching waveform.

CLKyxA. The DAC of this system is a switched-capacitor
(S-C) charge subtraction circuit, which adds or subtracts a
charge packet, A Q, from the charge stored in Cr, depending
on output Doyr.

We show the detailed circuit schematic of the voltam-
metry pixel in Figs. 5 and 6. The CTIA [see Fig. 5(a)]
uses a folded cascode gain-boosted OTA with a high open-
loop gain (A, > 94 dB) and wide gain bandwidth product
(GBW > 30 MHz). This topology and performance specifica-
tions were chosen to ensure functionality in the presence of
large and varying WE capacitance Cyy ~ CyCp/(Cx + Cp)
(typically 100 pF-1 nF), specifically, to adequately settle Vout
within a few microseconds during the X A operation of the
sensor. Also, high gain is essential to reduce any non-linear
Vout/A component at the input.

At the OTA input, we use large input transistor pairs
(W/L = 64/1.5 um) to diminish the input offset voltage,
V,, below 1 mV and minimize the 1/f noise as well. The
NMOS cascode stage is gain boosted [27] to overcome the
loading effect of the large input transistors and to match the
PMOS and NMOS load resistances to meet A, > 94 dB. It is
important to mention here that chopper circuits are commonly
used to reduce the input 1/f and attenuate the offset [28].
However, their adoption in small area footprint, single-ended
voltammetry sensors is not recommended due to the large
ripple currents involved, which require additional circuitry to
compensate. Due to large input electrode—electrolyte capaci-
tance (Cyw), the peak ripple current can be as high as 1 nA.
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100 um

Fig. 7. Pixel layout.

The OTA accommodates a wide input common mode range
of £0.75 V around Vpp/2 = 1.25 V. It is possible to set Vi to
one of the two externally generated voltages of V1 or Vo,
using the program signal (PROG). The feedback capacitor of
the OTA (implemented using MIM capacitors) can be changed
between 200 and 500 fF by using the GAIN mode switches.
This allows changing the feedback gain by changing Cr.

The 1-bit ADC [see Fig. 5(b)] is a Yukawa [29] clocked
comparator and compares Voyt with V¢ at the rising edge of
CLK s A, operating nominally at 100 kHz. The output of the
comparator is captured using an S-R latch and placed on the
column line Doyrl[i] through a tristate buffer that is controlled
by the ROW[ ] signal. For testability and characterization,
we placed an analog sampling circuit in every pixel to capture
the output of the OTA, Vour, and transfer it onto the analog
column line column Aoutl[i].

The 1-bit DAC is designed using the S-C circuit of Fig. 6.
Multiple clock phases, ¢1_4, are derived from CLK 5 A. During
the first phase, the charge corresponding to either Vp; — Vi
or Vpo — Vw (AV ~ £0.5 V) is stored onto Cpac, the charge
storage capacitor, depending on Doyt. During the second
phase, this stored charge is transferred onto Cr to perform
the charge subtraction (A operation). Cpac can be set to either
100 or 250 fF using the GAIN mode signal.

The maximum current that can be detected by pixel cir-
cuitry, Imax, 1S given by

Imax = AQ X fxa = Cpac X AV X fxa. (6)

For AV = 0.5 V and in nominal oversampling conditions

and low GAIN mode, I;hax becomes £12.5 nA. The offset

current, /,, varies from pixel to pixel as it is a function of Vg
in the form of

I, = Cpac X VoX fxa. (7

In Fig. 7, we show the pixel layout. One key challenge was
to integrate the entire pixel circuitry into the 100 #m x 100 gm
area. As evident, a large percentage of the area (~38%) is
occupied by the integrator (top right) with its large input pair
and the digital logic for generating all the switching signals
necessary for the 1-bit DAC (~32%) (bottom left).
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Fig. 8. Biochip IC. (a) Micrograph. (b) Architecture.

C. Array Level Architecture

The top-level chip architecture along with the chip
micrograph is shown in Fig. 8. The biochip array consists of
32 x 32 pixels, where 13 are temperature sensor pixels. These
pixels measure the temperature profile of the biochip at dif-
ferent coordinates and have the same circuitry as voltammetry
pixels. However, their input is connected to a reverse-biased
n-well/pgyp diode (covered with metal to protect from ambient
light) instead of a WE to measure the dark current, /4., of the
diodes, which is a good measurand for temperature [30], and
is given by

Lae(T) = Tpe~ (Fe/™<T) ®)

where I is a constant, E, is the bandgap activation energy, n
is a number between 1 and 2, k is Boltzmann’s constant, and
T'is the absolute temperature.

As shown in Fig. 8, each pixel can be individually addressed
using the row and column decoders and Dourtli, j] is read
sequentially and sent off-chip to an FPGA using a low-voltage
differential signaling (LVDS) scheme. For fsa = 100 kHz,
the pixels are read serially using 102.4-MHz clock to enable
synchronous readout of the entire array frame. The array
readout happens at much faster rate than the CV scan rate
(0.1-1 V/s). The oversampling clock CLK s A is buffered using
the clock buffers’ block and sent to the entire array. During
test and characterization, Vourl[i, j] is sent off-chip using the
analog scan chain, which includes analog column amplifier
circuitry.

The chip also includes a heater line, which is built using a
serpentine structure in the top metal layer spread throughout
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the entire array. The heater line has a total resistance of
2 Q and provides up to 5 W of power. The peak cur-
rent is ~2 A with the electro-migration mean time between
failures (MTBF) of 10 000 h, which is acceptable for this one-
time-use biochip. The combination of heater line and on-chip
temperature sensor permits closed-loop temperature control,
which is essential in molecular sensing applications.

D. Electrode Manufacturing

We chose a-C as the electrode material because a-C is
chemically and thermally stable over a wide range of operating
conditions [16]. In addition, we can covalently attach capturing
probes and molecular linkers to a-C, which is not possible for
precious metal (Au and Pt) electrodes [30], [31].

The electrode fabrication process is shown in Fig. 9. WE,
RE, and CE are all created over the exposed top metal layer
(M4) of the CMOS IC. To do this, the CMOS wafers are first
subject to sputtering and patterning of a-C along with the Ti
adhesion layer. The average thickness of the a-C/Ti layer is
116 &= 4 nm. To protect the exposed Ti edges from chemical
erosion, a protective layer of SiO; is deposited and patterned.
The thickness of SiO, is approximately 100 nm.

We implemented two different types of pixels (see Fig. 10)
to test different electrode areas and step coverages. Pixel
Type 1 has larger area WE and RE when compared with pixel
Type 2, while CE area is the same for the pixels.

In this system, the RE and CE of all the individual pixels
are tied together to create one global RE and CE for the
chip driven using an off-chip potentiostat. These electrodes
have much larger area than the working electrodes, which,
as discussed before, offer a more accurate voltammetry system.
The distributed RE and CE create a uniform electric field
across the entire array. The global RE and CE are driven using
an off-chip potentiostat.

2985

= )
)
<5 g
mm (3}
HEATER e
v
Q
1
Z o
(2]
] RE g e
Q 17} £=
N EE CE ,-,' m s
2 bl (=1 A '6'
BlocHP | 9 VDS z
MODULE
DIGITAL
& /FPGA
Aout o SPARTANG

J

Fig. 11.
setup.

Block diagram of the electronics board used in the measurement

E. Surface Bio-Functionalization

To bio-functionalize a-C surfaces, we first plasma treat it
to partially oxidize the exposed a-C material and produce
available carboxylate groups. For DNA probe immobi-
lization, N-hyroxysulfosuccinimide (10 mM) and 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (100 mM) were
combined with 5’-amino terminated oligonucleotide probe
(100 uM) and contacted with the array surface. After 60 min,
the surface is thoroughly washed to remove unbound reagents
and finally dried. Such a functionalization scheme provides a
stable covalent attachment of probes to the electrode surface.

IV. MEASUREMENT RESULTS
A. Measurement Setup

The measurement setup makes use of a reader electronics
board (see Fig. 11), which consists of a SPARTAN6 FPGA
core. The FPGA performs: 1) generation of all digital signals
required for biochip operation; 2) array level decimation
filtering of 1-bit pixel data using 1024 digital sinc? filters;
3) buffering of frames using an FIFO; 4) communication with
an external computer using a USB interface; and 5) con-
trol/reading of DAC/ADC channels.

The reader electronics board also includes a heater driver
to drive current into the on-chip heater. Combined with the
data from the on-chip temperature sensor, the board can per-
form closed-loop temperature control. The board also includes
potentiostat circuitry to perform three-electrode voltammetry
using the on-chip RE and CE.

B. Electrical Measurements

We first measured the electronic performance of the pixel
with 100-mM KCI electrolyte present under Vyy = 0 con-
ditions. This setup was selected to ensure that the effects
of Cw and the electrolyte resistance are captured in the
measurements.

Fig. 12 reports the histogram of the measured offset current
of 1011 pixels of a single chip. The standard deviation of I,
of 100-pA rms = 0.017nax, hence it does not affect the DR
and can be easily subtracted.

Fig. 13 shows the input-referred noise spectrum of the pixel
in 100-mM KCI solution at 0-V dc bias (Vy = 125 V
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and Vg = 1.25 V). The noise spectrum shown is the average
of all the pixels with the larger WE (1381 um?). As evident,
the dominant component is the 1/f noise, which originates
from the OTA noise and is amplified by the large Cy. It is a
key to recognize that the quantization noise is made negligible
by using a large OSR (OSR > 2000). The noise performance
is dominated by 1/f noise, which is significant between 0.1 and
10 Hz. Any increase in BW up to 50 Hz does not affect the
noise performance (<1% contribution). The integrated noise
is 280 fA rms, which considering Ipma.x = 12.5 nA results in
a detection DR of 93 dB.

We show the performance of the temperature sensor pix-
els measured in Fig. 14. At lower temperatures, the linear
variation of I, is observed. However, at higher temperatures,
the exponential effect of Iy, according to (8) becomes domi-
nant. The temperature sensor has the noise-limited resolution
of 0.75 °C between 40 and 70 °C in the linear offset lim-
ited region and <0.5 °C in the dark current limited region
beyond 70 °C.

Next, we subject the biochip to a CV sweep using the three-
electrode setup, and Vy is subject to a saw tooth waveform
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with the rate of 0.5 V/s. As evident in Fig. 15(a), I is 150 pA,
which can be easily accommodated within DDR of the pixel.
Cw is measured at 0-V bias and its histogram is reported
in Fig. 15(b). Type 1 pixels (a-C WE area of 1381 xm?) had
Cw = 167 = 10 pF (u = ¢), while Type 2 pixels (a-C WE
area of 348.5 um?) had Cy = 57.6 pF % 15.6 pF (u £ o).

C. Redox Label Measurements

We took advantage of a widely used redox mole-
cule (methylene blue (MB)) [20], [21] to characterize the gen-
eration of /,. MB is a widely used label for DNA biosensing
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TABLE 11
DNA SEQUENCES USED IN BIO-EXPERIMENTS

Sequence
Name Sequence
Probe 5’-NH)-(CH,)-GCAGTATCTTCTATTTCTCCACACTGC-MB-3’
Target 5’-GCAGTGTGGAGAAATAGAAGATACTGC-3’
Negative 5°-NH,-(CHa)s-
Control CGCGATAGAAGAACTGGCGCTCCGTGTGATCGCG-MB-3’

* MB: Methylene Blue
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Fig. 17. Biological experiments with DNA folded loop structure. (a) Sim-

ulation results for a folded loop structure. (b) Voltammetry plot at 35 °C.
(c) Redox current plots at different temperatures. (d) Peak current versus
temperature showing the hairpin probe and control pixels.

with Vox = 0.2 V. We first performed measurements with
varying concentration of MB (0-100 M) in the electrolyte
to study the response of the voltammetry pixel. Fig. 16(a)
reports the overall current measured, which clearly includes
the I, peak in addition to I,. Next, we extract these peaks
and generate the I, waveforms around Vi [see Fig. 16(b)],
which is a unique characteristic of MB. The linear slope of
the peak current versus concentration is shown in Fig. 16(c),
demonstrating ~4-pA/uM transduction gain based on the first-
order fit [Ix(pA) = 3.96 [C(uM)] + 0.4622, R? = 0.9995].
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Fig. 18. Biological experiments with DNA target hybridization along with
the negative control.
TABLE III
PERFORMANCE COMPARISON
JSSC JSSC 2008  JSSC 2014 .
Parameter 2004 [2] 3] I5] This work
Current- Current
Sensor to- DS;ISI(:— . Conveyer + | XA Current
Signal Chain | Frequency ADC P Dual Slope Detector
Converter ADC
Process
Technology 0.5 0.25 0.13 0.25
(pm)
Supply
Voltage (V) 5 2.5 1.2 2.5
Pixel Area | 160 000+ | 250,000 60,000 10,000
(pm’)
Electrode | punyay | TiAw | NiPd/Au Ti/C
Material
Number of 128 16 54 1024
Pixels
Inax (NA) 100 250 2.2,59,350 12.5
Sensitivity 8.6, 132,
(pA) 10 240 1050 0.28
Dynamic .
Range (dB) 80 60 48, 53,51 93
Readout
Speed (Hz) 7 2500 3400 50
Power (mW) - 10+ 0.042/pixel 0.25/pixel
Integrated
Heater and No No No Yes
Temperature
Sensor
Integrated
Potentiostat Yes Yes Yes No
* Estimated

D. Biological Measurements

To demonstrate the use of our CMOS biochip for biosens-
ing, we performed multiple DNA testing experiments, which
we discuss in this section.

First, we took advantage of folded DNA loop structures
(hairpin probes) attached to the surface that can act as tem-
perature switches. The detailed DNA sequences used in the
measurements are provided in Table II. The probe has an MB
label at its end, which, at low temperature, remains through
DNA hybridization within the tunneling distance of the a-C
electrode surface and generates I,. At higher temperature,
the loop opens up, the MB moves outside the tunneling
distance, and the signal fades.
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In Fig. 17(a)-(d), we report both the simulation and mea-
surement results obtained from biochip for the heat switching
phenomenon. The pixels are subject to voltage sweep of
40.75 V at 0.5 V/s in a buffer containing 25-mM Tris-HCl
(pH 8 at 25 °C), 55-mM NaCl, and 3.5-mM MgCl,.
The temperature is swept between 35 and 80 °C. The voltam-
metry plot at 35 °C clearly shows the presence of I, due to
the folded loop structure [see Fig. 17(b)]. The observed I,
drops as temperature increases as expected [see Fig. 17(c)].
The peak of I, [see Fig. 17(d)] shows a characteristic drop
with temperature (also known as “melting” characteristic) and
reaches its 50% point close to 51 °C. This is in contrast to the
negative control pixel where no DNA probe is immobilized
where little or no changes in /, is measured. The variation
(~10%) observed across the measured N = 12 pixels which
we believe originates from the variation in electrode area and
in surface probe density. The control probe shows the drift
associated with the melt curve measurement, which was taken
over a 15-min period.

Next, we took advantage of the system to detect DNA
targets present in the electrolyte using a label-free detection
technique [20], [21]. In this case, experiments are done with
two different probe sequences: one acting as the positive and
one acting as the negative control at 35 °C hybridization
temperature. As shown in Fig. 18, when 100 nM of the target
is added to the reaction, I, drops as expected at the positive
control pixels since probe-target binding pushes MB label
away from the surface. This is in contrast with the negative
control pixels where no change is observed.

V. CONCLUSION

The advent of a fully integrated, manufacturable, low-cost,
and versatile electronic biosensor will be revolutionary in
MDx and related fields. In this article, we report a successful
design and implementation of a CMOS biochip that moves
toward this goal with performance approaching that of optical
biosensors. Compared with the previously reported electro-
chemical biosensors (see Table III), this biochip offers a higher
DR and sensitivity, while employing electrode transducer
structures and materials that are readily manufacturable and
provide the required surfaces for the bio-functionalization
processes.

There remain significant challenges that future work should
address. For example, the background in voltammetry is
still too high and with its inherently single-ended nature,
it is difficult to detect analytes with lower concentration
than what is reported. One technique to overcome this high
background is to use a differential system to cancel the
background current. However, this method will be limited
by the electrode capacitance variation. Another method is to
make use of correlated double sampling (CDS) techniques
with the background sample taken away from redox potential
(Vox) to measure [, and then to subtract it from another
sample taken at Vyx to measure I,. Another challenge is the
variation in surface probe density and electrode surface area,
which requires further improvements in the areas of surface
chemistry for functionalization of a-C electrodes and in surface
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fabrication techniques, which is well beyond the scope of this
article.

The most expensive aspect of commercialization of biochip
devices is the integration of the fluidics into the CMOS
biochips. The fluidic integration needs to be cost efficient and
standardized for mainstream use.
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