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A Double-Side CMOS-CNT Biosensor Array
With Padless Structure for Simple Bare-Die
Measurements in a Medical Environment
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Abstract—This paper presents a double-side CMOS-carbon
nanotube (CNT) sensor array for simple bare-die measurements
in a medical environment based on a 0.35 standard CMOS
process. This scheme allows robust measurements due to its
inherent back-side rectifying diodes with a high latch-up resis-
tance. In particular, instead of using pads, only two contact metal
structures: a wide ring structure around the sensor area on the
front side and a plate structure at the backside are used for both
power and single I/O line. The back-side rectification is made
possible by creating VDD and VSS through the back-side and
front-side, respectively. The single I/O line is conditioned such that
it doubles as either the power source or the ground, depending on
whether the chip is face down or face up. A modified universal
asynchronous receiver/transmitter (UART) serial communication
scheme with pulse based I/O signal transmission is developed to
reduce the power degradation during the signaling intervals. In
addition, communication errors and I/O power dissipation for the
receiver path are minimized by using level sensitive switch control
and double sampling difference amplifier. In order to implement
these special functions, a controller chip with a special I/O pro-
tocol is designed. Using this controller chip, issuing commands
and receiving data can both be performed on a single line and
the results are flexibly measured through either the backside or
the front side of the chip contacts. As a result, a stable operation
of under 150 mW maximum power at 2 MHz data rate can be
achieved. The double-side chips with 32 32 and 64 64 sensor
arrays occupy areas of and ,
respectively.
Index Terms—Backside rectification, bare-die measurement,

biosensor array, CMOS, carbon nanotube (CNT), controller,
double-side, flippable chip position, level sensitive switch con-
trol, medical, pulse communication, universal asynchronous
receiver/transmitter (UART).
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I. INTRODUCTION

C MOS sensors using nanomaterials on the surface as elec-
trical signal generators are very effective for early detec-

tion and adequate treatment of diseases. Among the nanoma-
terials, carbon nanotube (CNT) is an ideal biosensor material
because it has the smallest diameter ( 1 nm) directly compa-
rable to the size of biomolecules. One-dimensional (1-D) struc-
ture of carbon nanotubes (CNTs) allows signals to be propa-
gated in a confined 1-D space, making them extremely sensitive
to electrical and chemical changes in their immediate environ-
ments [1], [2]. A drawback of sensors using a single CNT is
that its electrical properties are hard to control. For example,
the energy gap of a nanotube is dependent on the tube diam-
eter and the chiral vector, which implies very high variability
of electrical properties. Recently, a new CNT-based electrical
DNA biosensor system was reported, which consists of gold
(Au) nanoparticle-decorated CNT network on top of concen-
tric Au electrodes [3], [4]. Fig. 1 shows the biosensor’s sensing
mechanism. CarbonNanotubeNetwork Field-Effect Transistors
(CNNFETs) were made by using the CNT network deposited on
the concentric electrodes and in-between, to form an electrical
channel of circular shape between the island electrode and the
common enclosing one. The Au nanoparticle on the CNT net-
work can be used as a substrate or a linker for biomolecular
sensor application by attaching probe molecules with thiol func-
tional group. In particular, the agglomeration process during Au
deposition also provides better adhesion between the CNT net-
work and the chip substrate and prevents the delamination of
CNTs during soaking and/or storage in solution.
To form highly uniform and large-area CNT networks, a

wafer dip-coating method, which is based on fluid-dynamic
phenomena such as capillary condensation and surface tension
is used [5]. However, to prevent electrical shorts between
bonding pads, very complicated area-selective CNT coating
processes are required [6], [7]. It is reported that if the ordi-
nary CMOS photo and etch processes are used to remove the
CNTs around the pad area, the complex surface structure of
nanomaterials makes the removal of photoresist residues in the
sensor area very difficult even through an extensive cleaning
processes. This unwanted contamination due to the photo and
etch process reduces the sensitivity of nanomaterial sensors
significantly [8]. Furthermore, chip packaging process, such as
wire bonding, chip passivation against reactions to the wire,

1932-4545 © 2015 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.

2 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS

Fig. 1. Sensing mechanism and structure of CNT coated biosensor array.

Fig. 2. Conceptual view of the 2-terminal padless sensor chip.

and microfluidic channels on the chip, etc., should be carefully
applied [9].
Double-side chips can be a solution for these problems since

it does not have pads on the surface and directly measurable
without packaging. A double-side chip using Through-Sil-
icon-Via process for RFID was reported, where a Silicon-on-In-
sulator wafer is used to remove the latch-up phenomenon [10].
However, for medical applications, which are mostly one-time
usages, more cost-effective solutions are desired.
Fig. 2 shows the conceptual view of a flipped padless sensor

chip. A flipped chip implies front-side of the chip face down on
an electrically connected conductor. A padless chip is a 2-ter-
minal device with double sided metal contacts. One terminal is
a front-side metal, which can be a wide ring structure around the
sensor area for sensor application, or a plate structure covering
the whole chip area, and the other terminal is a backside metal,
which is a plate structure formed by the backside metal coating
for both power and I/O line. In this chip, one of the power ter-
minals is the front-side metal, which acts as the ground, and the
source power is extracted at the other terminal from “high” state
of I/O line signals using the rectifier and the voltage regulator
from the backside.
Fig. 3 shows the overview of the sensor preparation and the

medical application procedure. A double-sided ID chip can be
used for a wide variety of applications to label, track, and au-
thenticate items in the clinical bioassays [11], [12]. By inte-
grating sensors in this ID chip, the application range can become
immense, replacing existing immunoassay devices.

After wafer-level CNT coating, antibodies are coated in a va-
riety of methods including dipping, pipetting, and spotting, etc.
Subsequently, the sensor chips are preserved in a storage so-
lution. For medical applications, these chips are soaked in the
medical extracts in a small container such as an e-tube and the
measurement is performed using a pen type reader by placing
the chips on an electrically contactable metal plate biased with
constant voltages. Although we use network type CNT sensors,
variability issues in the CNT sensors still remain from various
reasons, such as non-uniform CNT thickness, metallic CNTs,
CNT bundles, etc. To overcome these issues, we used array type
CNT sensor where the variability reduces as the size of array
increases by the ensemble average effect. For single element
immunoassay, we used 32 32 sensor array with antibodies
coated all over the chip area. About 50% of sensors (about 500
sensors) with reasonable resistance range are selected, and the
diagnosis is made by examining the resistance shift characteris-
tics through a statistical analysis. The larger 64 64 biosensor
chip is used for multiplexed testing with multiple spotted anti-
bodies. In this case, the resistance of CNTs in the spotted region
increases by liquid effect and this transient resistance change
can be measured to locate the valid sensor electrodes for mul-
tiple different antibodies [3]. For an actual hepatic cancer de-
tection using a 32 32 sensor array, the first and second color
maps show the distribution of CNT resistances after Alpha-feto-
protein antibody immobilization and the application of patient’s
serum, respectively. As shown in the statistical analysis plot of
Fig. 3, we realized a CNT-based immunosensor with reason-
able sensitivity for one patient’s serum sample. However, the
complex nature of biological samples involve many noise com-
ponents, such as the nonspecific binding, the effect of varying
viscosity, and temperature of the samples during sensing, etc. To
achieve more reliable diagnosis, the noise components should
be reduced by exploring robust immunoassay methods [13] and
sensitivity enhancement techniques for electrically measurable
biosensors [14].
To explain the efficiency, both in terms of its design sim-

plicity of implementation due to backside rectification and its
cost effectiveness due to bare-die measurements, the rest of the
paper is organized as follows. Section II describes the benefits of
utilizing the backside rectification scheme for the two terminal
interface. Section III describes how the sensors in the padless
sensor chip are accessed and Section IV discusses the circuitry
involved in single I/O line access. Section V demonstrates how
the chip can be measured for face up (non-flipped) condition as
compared to face down condition (flipped) which we describe
throughout the paper. This is followed by a conclusion in Sec-
tion VI.

II. BACKSIDE RECTIFICATION
Fig. 4(a) shows the backside rectification scheme using

p-substrate to Deep N-well (DNW) PN junction. Through the
PN junction, the backside signal voltage can be transferred to
the chip VDD node (DNW and N-well) in the voltage con-
dition, while in the voltage condition, the PN junction cuts
the connection. With the on-chip capacitance between VDD to
VSS (front side metal), the rectified voltage is stabilized to be
used as a DC power voltage, while the data signal, which can
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Fig. 3. Overview of sensor preparation and medical application procedures.

Fig. 4. Simplified structure of backside rectification and advantages over conventional front-side rectification. (a) Backside rectification structure using p-substrate
to deep N-well PN junction. (b) Latch-up immunity test result. (c), (d) Ground bouncing noise comparison.

be connected to front side through p-substrate, is used as I/O
signal without pad openings.

A. Latchup Immunity
Compared with a conventional PN junction structure, an ad-

vantage of this structure is the latch-up immunity. This is be-
cause the reverse p-n-p transistor structure has poor transistor
current gain due to the poor emitter efficiency and small emitter-
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Fig. 5. System block diagram of 2-terminal chip operation.

collector area ratio [15]. Fig. 4(b) shows the latch-up immunity
test results for the backside rectification indicating no latch-up
up to 20 V.

B. Ground Bouncing Noise
Another advantage of the backside structure is the small I/O

interface noises. As shown in Fig. 4(c), conventional structure
has ground bouncing problem because the substrate resistance
(Rs) is connected in the VSS node. For example, the ground
bouncing noise can be as high as 1 V when 20 Rs and an op-
erating current of 50 mA are assumed. For the backside system
[Fig. 4(d)], however, Rs is connected in the VDD node, and
with a voltage down converter from VDD to Vint, the Vint-VSS
power system is stable even under highly loaded conditions.

III. SYSTEM BLOCK DIAGRAM AND SENSOR OPERATION
PROCEDURE

Fig. 5 shows the system block diagram and sensor operation
flow of 2-terminal chip controller and 2-terminal sensor chips.
The 2-terminal controller receives the user command and trans-
mits the received data from the 2-terminal sensors to the ex-
ternal PC via USB/universal asynchronous receiver/transmitter
(UART) converter. The system clock running at multiples (x8
or x16) of baud rate frequency of UART communication is used
to generate the controller’s internal clock to capture the external
Tx signal. The internal clock is also used to generate the internal
signals for command decoding and pulsed I/O controls. In addi-
tion, the internal clock generates the baud rate, which is used for
the single line communication to the 2-terminal chips. For Rx
output, the received data from 2-terminal chip is logically pro-
cessed using the internal clock and start and stop bit for UART
communication are added to the 8 bit sensed data. For 2- ter-
minal chip operation, the input buffer receives the pulsed I/O
line signals and these pulse signals are recovered to the orig-
inal signal by a toggle flip flop and serially captured by the
internally generated constant frequency clock to interpret the
meaning of the signals. In the case of arrayed sensor or memory
operation, the mode selection of write and read should be per-
formed without external input line signal. For the write mode,
which is pre-selected at the chip initialized state, the captured
data at the input buffer are decoded in byte size, and delivered

to the memory cells of sensors for configuration of the measure-
ment units. A measurement unit consists of 16 sensor selection
switches and 8 voltage selection switches where the location in
the array is determined by the address counter which increments
at every byte input of serial data.
The read mode is selected when the decoded byte signal

corresponds to the read mode code. Because this read mode
code is commonly detected in the controller and the sensor chip,
both chips generate the same number of read clock signals to
communicate using 1-line handshaking operation. In addition,
if there are multiple sensor chips connected to the I/O line,
the read code contains sensor identification code as well to
specify a sensor to communicate with. The read clocks in the
2-terminal sensor chip are used to locate the measurement unit
serially and to operate the SAR (Successive Approximation
Register) type analog to digital converter. For pulsed output of
the sensor chip, the FIFO(First-In First-Out) memory which
receives the A/D converter results provides the data at the
proper timing window of tri-state I/O control and output buffer
drives the I/O line according to the FIFO memory output during
the switching window. The sense and I/O operations occur in
interleaved fashion to protect the sensed analog data from I/O
switching noise and to reduce the FIFO memory size. When
the predetermined cycles of sensor operation (64 cycles for
32 32 chip and 256 cycles for 64 64 chip) are completed,
the read mode is terminated and automatically converted to
default write mode to receive another command inputs.
Fig. 6 shows the padless sensor chip layout diagram of

64 64 sensor electrodes. The input and output circuits are
connected to the backside, and when read/write(R/W) signal
is detected after input decoding, this activates the internal
counter to provide serial addresses to the 256 measurement
unit decoder which selects the input and output data switches
of the measurement units according to the R/W signal states.
The internal voltage regulator at the bottom side of the chip
generates the regulated voltage for internal chip operation.
Fig. 7(a) shows the sensor electrode structure for the electrical

sensor array. The 16 electrodes in the arraywhich share the same
area of 1 operational amplifier and 16 programmable switches
are grouped to form a measurement unit where the array size of
measurement unit is determined by the layout size ratio between
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Fig. 6. Chip architecture and layout of 64 64 padless sensor chip.

Fig. 7. Sensor electrode structure and surrounding CNT resistance formation.
(a) Measurement unit structure. (b) Photographs of gold plated sensor
electrodes.

the sensor circuitry and the unit electrode. In this unit, when 1 of
16 electrodes is selected by a data input signal, the remaining 15
electrodes are automatically connected to VSS, forming a sur-
rounding CNT resistance sensor. Because only 1 electrode in a
measurement unit is connected to the operational amplifier for
a data input, to measure all the electrodes in the array, 16 read
operations with different data inputs are necessary. The size of
each sensor electrode is with 15 space between
electrodes where this electrode size is determined to achieve op-
timum sensor performance assuming the average CNT length of

Fig. 8. Photographs of sensor chips and controller chip. (a) Micrographs of the
32 32 sensor array chip, and 64 64 sensor array chip after gold plating.
(b) Micrographs of 32 32 chip without gold plating and the controller chip.

5 and 10% metallic CNT composition. Fig. 7(b) shows the
photographs of gold plated sensor electrodes. Since the front
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Fig. 9. Data write control circuit.

side metal around the chip and dummy electrodes around the
sensor area are at the same VSS potential as the unselected elec-
trodes, wafer-level CNT dip coating is possible because all the
CNT areas can have the same potential. This allows obviating
the cost incurred for selective CNT coating [6].
Fig. 8(a) shows the die micrographs of the 32 32 and

64 64 sensor array chips after gold plating process. There are
no pads on these chips and occupy areas of and

, respectively. Fig. 8(b) shows the same 32 32
chip without gold plating and the controller chip which is used
to operate the padless sensors. The controller chip occupies the
same area as the 32 32 sensor array chip.

IV. CIRCUIT IMPLEMENTATION

An existing 1-wire communication protocol uses open drain
style data I/O with pull-up resistor and pulse-width-modulation
(PWM) style data recognition system [16]. However, to enable
stable sensing of multiple resistors in an array, a new pulse based
communication scheme has been developed. The main idea of
this scheme is reducing the power degradation during the data
signaling time. In the case of flipped orientation, data signaling
is initiated using “low” signals, and the power dissipation during
that time must be minimized because the sensor chip is sup-
plied by the rectified power of “high” signals. Fig. 9 shows
the data write control circuit, which covers the Tx path from
controller to sensors. The controller on the left and the padless
sensor chip on the right are connected through single I/O line.
For this communication system, the sensor chip power is sup-
plied by the rectified voltage of I/O line. The I/O voltage regu-
lator sets the I/O reference voltage level and short Vref limited
pulses are made at Tx transitions. These pulse signals are trans-
ferred through the single I/O line to the sensor chip. The input
buffer detects the presence of pulse by comparing the I/O level
with the internal reference voltage (VDD in this case) and gen-
erates a pulse, which is used for the toggle flip-flop to recover
the original Tx signals.
A concern of diode rectification and pulsed I/O scheme for

single line communication is the VDD droop by I/O signal cou-
pling. Fig. 10 shows the droop generation mechanism.When Tx

Fig. 10. VDD droop mechanism due to I/O signal coupling.

transition occurs, I/O pulse of limited size is generated and the
VDD drooping by I/O signal coupling is observed. To reduce the
VDD drooping, large reservoir capacitance of VDD is needed.
The size of VDD drooping is described in (1)

(1)

Where C1 is diode capacitance formed between the p-sub-
strate and Deep N-well region, and C2 is the reservoir MOS
capacitance made using very thin gate oxide layer. MOS capac-
itor is the VDD reservoir capacitance which is formed under the
routing area, and assumed to have 1/4 of the Deep N-well area.
Even though Deep Nwell area is larger than MOS capacitance
area, the DNW capacitance is less than 1/20 of MOS capaci-
tance. In this regard, C2 is about and the VDD drooping
from the equation is about and thus be managed
to be less than 1/5 of the VDD using the MOS capacitor.
Fig. 11 shows the data read control circuit which covers the

Rx path from sensor to controller. To be able to detect the sensed
data preserving the pulsed communication method, we devel-
oped a tri-state I/O control by detecting the I/O voltage level.
In the controller and sensor circuits, the constant pulse gener-
ator (CPG) circuit is commonly placed. When read command
is given by read clock (Rclk), the I/O line is pulled down like
a write cycle. However, when the I/O line reaches Vref level,
CPG circuit generates a pulse which makes the data line float
(by turning off the M2) and receives the data outputs from the
sensor chip. As shown in the timing diagram, the I/O voltage
level changes according to the data output of sensor chip (Data
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Fig. 11. Data read control circuit with level sensitive switch control.

“L” or Data “H” in the figure). The received data are sensed by
a double-sampling difference amplifier (sampled by SW1 and
SW2 signals) and latched when the CPG signal returns. The I/O
line voltage is regulated to the voltage IOref by M1, and the
external pull-down resistor R is used to calibrate the read data
level against the sensor system variation.
Read operation of 2-terminal sensor chip is closely related

to the controller operation for the tri-state I/O interface. Under
the data read mode, when input buffer detects the I/O signal
level (Vref) from the controller, the I/O switch turns on to send
the sensor data to the I/O line. Since the controller detects the
same I/O signal level (Vref) in the common I/O line connection,
the data read window is self-synchronized between controller
and sensor chip as long as the CPG pulse width of both chips
are controlled to be the same. This enables a very short data
recognition time, which leads to small power fluctuation and
high data rate communication.
Fig. 12 shows the timing diagram of main signals in the

UART communication using 1 line pulsed I/O scheme.

V. CIRCUIT FOR FLIPPABLE BARE-DIE PROBING

A special issue that arises for bare die probing is that the chip
could be either flipped or nonflipped depending onmeasurement
procedures. It is natural that reversed I/O biasing from controller
with exchanged sensor terminals gives identical sensor opera-
tion in the 2-terminal system.
Fig. 13(a) shows the control circuits with reversed I/O voltage

control. Compared with the controller part of the Fig. 11, this
circuit generates the reverse polarity I/O signals that have rising
pulses of the same size as the falling pulses of Fig. 11. From the
2-terminal device biasing theory, if we connect this I/O signal
to the VF terminal (instead of VB terminal) with VB terminal

Fig. 12. Timing diagrams of UART communication using 1 line pulsed I/O
scheme.

of constant VCC potential (instead of pulsed I/O voltage), the
sensor operation is identical to the previous operation. Fig. 13(b)
is the circuit to realize both cases usingmode selection switches.
In this circuit, mode selection switches (mode1 for flipped, and
mode2 for non-flipped) are added and exclusively controlled
without data contention issues. I/O voltage levels are controlled
to IOref1 (mode1 I/O voltage) and IOref2 (mode2 I/O voltage)
by voltage regulators VG1 and VG2, respectively. As shown in
the connection diagram (Fig. 13(c)), for mode1 case, I/O line
is connected to the VB terminal with common VF terminal.
The VF level is ground, and I/O signal is represented by falling
pulses. While for mode2 case, I/O line is connected to the VF
terminal with common VB terminal. The VB level is VCC, and
I/O signal is represented by rising pulses.
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Fig. 13. Control circuits and connection diagrams of flippable bare-die probing method. (a) Control circuits with reversed I/O voltage control. (b) Control circuits
for flippable bare-die probing by mode selection. (c) Connection diagrams of flippable probing method for mode-1 and mode-2.

Fig. 14. System packaging and test board for measurement.

VI. MEASUREMENT RESULTS

For measurement of padless sensors, chip is thinned down
to 300 to reduce substrate resistance, and reliable backside
metallization is performed. Because the bare-die measurement
can be dependent on the contact resistances between metal plate
and chip as well as pen type reader and the chip, we made a tem-
porary package for stable measurement. Because there are only
2 terminals, we could use the existing LED lead frame for pack-
aging. Fig. 14 shows the temporary package and the test board
where 2 different test chips can be tested using 1 common con-
troller. For medical applications using these packaged samples,
a chip with known characteristics is used as a calibration refer-
ence and the other chip is used for actual measurement to reduce
the statistical average drift effect. The tested results can be sent
to the PC through a conventional USB/UART converter module
such that they can be analyzed using PC programs.
Fig. 15 shows the measurement results. For mode1 and

mode2 write operations, I/O pulse signals are generated right
after the UART Tx signal transitions. The insets show the swing
voltage is about 2.2 V at 4.0 V I/O voltage and the write pulse

width is about 0.1 . For mode1 and mode2 read operations,
I/O pulse signals show different depths depending on the “high”
and “low” data from the sensor chip and corresponding Rx
signals are generated. The insets show the “high” and “low”
level differences at signal latching time are about 0.7 V and the
read pulse width is about 0.2 . From these measurement
results, the estimated maximum data rate is 2 MHz with 0.3

I/O line restore time.
Fig. 16 shows the resistance color map of 32 32 sensor

chips.
To check the repeatability, we performed 4-times repeated

CNT resistance measurements. These resistance map can be
used for medical applications if we apply these tests in the dif-
ferent stages of sample preparation, and extract the statistical
meanings through an analysis software.
Table I summarizes the performance of double side

CMOS-CNT biosensor chip.

VII. CONCLUSION

We proposed a disposable biosensor chip to facilitate simple
and cost effective medical tests. This chip can take advantage
of backside rectifying diode with a high latch-up resistance and
low ground bounce noise. Using this technology, bare die mea-
surement without microfluidic channel is possible. Furthermore,
nano-material typically required for high sensitivity sensors is
coated in wafer-level instead of costly selective coating. The
measured results show higher data rate than current 1-wire com-
munication protocols and stable operation under high loaded
conditions. As a result, a stable operation under 150 mW max-
imum power at 2 MHz data rate can be achieved.
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Fig. 15. Measurement results for mode-1 and mode-2 chip operations.

Fig. 16. Resistance color map of 2 padless chips by 4-times repeated testing.

TABLE I
PERFORMANCE SUMMARY OF SENSOR CHIP
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