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Self Introduction

 BS in Math & Physics, University of Washington
 PhD in Applied Mathematics, University of Chicago
 Faculty at UCLA for 20 years, >90 publications, H-index 51
 Lead System Architect for Advanced DNA Sequencing at 

Thermo Fisher Scientific
 VP of Global Technology Assessment at Human Longevity
 Co-Founder and Chief Science Officer at Roswell 

Biotechnology
 >30 years experience in technology development with 

deep expertise in DNA sequencing

Dr. Barry Merriman
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Chips Enable Scalable Technologies
Most bio-analytical instruments are 

based on detection of light (photons)

The microscope was
introduced in the 1660s
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Chips Enable Scalable Technologies

The microscope was
introduced in the 1660s

Most bio-analytical instruments are 
based on detection of light (photons)

Semiconductor chips were 
introduced in the 1970s

Based on detection of 
current (electrons)  

Unlocking the power of microchips for biology will be transformative
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Classic Biosensors
Traditional biosensing techniques in the literature and commercialized…

Optical Electrochemical Magnetic
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Classic Biosensors
Traditional biosensing techniques in the literature and commercialized…

Optical Electrochemical Magnetic
But: Not single molecule, require labels, not real-time, and have the More-

than-Moore problem: on-chip versions have scaling challenges
How to enable single-molecule, real-time, label-free sensing, fully scaled?
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The Birth of Molecular Electronics
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The First Molecular Circuit

Prof. Mark Reed
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The First Wave: A Molecule in a Circuit…

June 2000
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Molecular Electronics Biosensor
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Molecular Electronics Biosensor
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Molecular Electronics Biosensor

 Universal approach to single-molecule sensing
 All electronic measurement
 Fully scaled sensor
 Can be deployed on a CMOS chip

Direct electronic detection of molecular events –
Solving the “more-than-Moore” problem.
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Single-Molecule Biosensor Exemplar

Contact
Point

Molecular Wire

10-30 nm

Probe Molecule

Fully scaled biosensor with a synthesizable molecular wire.

Electrodes 
to readout IC

Electrodes 
to readout IC
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“Bridge” Molecules

DNA Bridge Peptide Bridge

• Fully synthesizable
• 10-50 nm long
• >50 GΩ
• 20 pA DR

Fully synthesizable wires with conjugation sites for electrodes and probe molecule

• Fully synthesizable
• 10-50 nm long
• >25 GΩ
• 20 pA DR

Selective metal binding on the ends of the bridge
with internal conjugation site for probes
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Loading the Bridge Molecules
Diffusion is slow… 

Would take >24 hours to bridge!
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Loading the Bridge Molecules

Dielectrophoretic (DEP) force actively loads the bridge molecules into sensor sites

Electrical Force to actively attract the 
bridge molecules to the sensor sites

 10 seconds
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Outline
 Introduction
 Readout IC
 Sensor Fabrication
 Measurement Results
 Conclusion
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Architecture

Like an image sensor, rolling shutter with readout at 1000 frames/sec
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Pixel
4 subarrays each with 4,096 
pixels (64×64)
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Pixel

Low-leakage switches ensure <100fA leakage on high impedance node



12.6: A CMOS Molecular Electronics Chip for Single-Molecule Biosensing© 2022 IEEE 
International Solid-State Circuits Conference 21 of 52

Pixel
Single-ended amplifier: 
AV=70dB, 
UGBW=7MHz,
ID=1µA

Low complexity amplifier given limited area (400µm2)
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Pixel – Reset

Amplifier offset 
and 1/f noise 
sampled onto CAZ

Sensor biased with VDS=0.5V

16.625µs/row
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Pixel – Integration

Multiple gain modes:
• CF = 200fF (150pA DR)
• CF = 400fF (300pA DR)

984.375µs/row
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Pixel – Calibration
Column-level calibration 
current source injects 
200pA for gain calibration
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Column Driver
Conventional

Source Follower
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Column Driver
Conventional

Source Follower Split Buffer
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Column Driver

Current-mode split buffer improves linearity over a conventional source follower

Conventional
Source Follower Split Buffer
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ADC

Single slope ADC pitch matched to pixel for parallel readout

64kSps, 
8b/10b modes

20µm pitch

Ramp generator shared with 
each quadrant (8 total on chip)
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Serializer

Serialized outputs captured off-chip in an FPGA

ADC outputs 
serialized into 16 
lanes running at 
11Mbps
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Die Photo and Packaging

TSMC 0.18µm
Open top packaging for 
fluidic access
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Control Inputs

System VCC5

1.8V/3A LDO

1.8V/3A LDO

VDDD

5V/5A LDO

ADC Output

VDD

Bias Currents

Quad 16bit DACs

DACs

I2C EEPROM 
with Unique ID

I2C Temp 
Sensor

I2C IO Expander

SDA
SCL

7.5V Input 

DACs

ADC Ramp Ibias

Quad 16bit DACs

DACs
ADC_VCAL_TOP/BOT<3:0>

8

4

I2C Isolator

USB to I2C 
(Arduino or AARDVARK)

ADC

R_ID
Quad 16bit DACs

Multi-channel 12bit 
housekeeping ADC

Various 
testpoints

I2C Mux

I2C Current 
Monitor for 
VDD/VDDD

SDA_DAC
SCL_DAC

 

 

VD

Active Bridging 
AC Input
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4

INA
G=10
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Instrument

FPGA  Interposer  
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Outline
 Introduction
 Readout IC
 Sensor Fabrication
 Measurement Results
 Conclusion
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Sensor Fabrication

The Challenge: How to get nanoelectrodes with ~10-30nm gaps on CMOS?

CMOS metals Al/Cu are 
not electrochemically 
compatible with H2O!

BEOL spacing rules 
insufficient for 
nanoelectrode gaps!
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E-Beam Lithography

Ruthenium nanoelectrodes 
written with e-beam lithography

Passivation covering electrodes 
to minimize capacitance

Slow, serial process – but good for exploring electrode size and shapes
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Photolithography

193nm lithography + gap narrowing to reduce from 150nm to 20nm

High volume, foundry-compatible, mass manufacturable process
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Outline
 Introduction
 Readout IC
 Sensor Fabrication
 Measurement Results
 Conclusion
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Measured Linearity

+1.5/-0.7 LSB differential non-linearity (DNL); ±2 LSB integrated non-linearity (INL)

Measured through the calibration port across the entire signal path and the ADC
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Measured Leakage and Noise

Low-noise, low-leakage pixel

Measured without a bridge molecule, minimal dependence on VDS

Measured input-referred noise is 39fArms (CF=200fF) and 76fArms (CF=400fF)
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Measured Bridge Insertion
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Measured Bridge Insertion

Atomic Force Microscopy (AFM) Scanning Electron Microscopy (SEM)
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Single-Molecule, Real-time, Binding Kinetics

ssDNA 
Oligo

Cognate 
Oligo

Duplex 
DNA

Experiment Setup
DNA Binding Sensor:
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Single-Molecule, Real-time, Binding Kinetics

Bound

Unbound //25 
ms

70 
ms

2. Machine Learning (HMM) 
Peak Segmentation

1. Raw Signal @ 1kSps
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DNA Binding Sensor:
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Single-Molecule, Real-time, Binding Kinetics

Bound

Unbound //25 
ms

70 
ms

2. Machine Learning (HMM) 
Peak Segmentation

1. Raw Signal @ 1kSps

Dwell Times (Bound) 
Full Distribution 
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3. Complete Distributions 
From Single-Molecule

DNA Binding Sensor:
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Single-Molecule, Real-time, Binding Kinetics

Bound

Unbound //25 
ms

70 
ms

2. Machine Learning (HMM) 
Peak Segmentation

1. Raw Signal @ 1kSps

Dwell Times (Bound) 
Full Distribution 

Wait Time (Unbound)
Full Distribution

Dwell Times: Avg 17 ms koff= 59 sec-1

Wait Times: Avg 43 ms @ 100nM  kon= 2.3×108 M-1sec-1

ssDNA 
Oligo

Cognate 
Oligo

Duplex 
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4. Classical Measures From Single-Molecule

Experiment Setup
3. Complete Distributions 
From Single-Molecule

DNA Binding Sensor:
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Sensor View of Target Concentration
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Sensor View of Target Concentration
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0 Mismatch-CCTCTGTGAAGGCCTGATCG
1 Mismatch-CCTCTCTGAAGGCCTGATCG
1 Mismatch-CCTCTGTGAACCCCTGATCG
1 Mismatch-CCAGAGTGAAGGCCTGATCG

Melting Curve and Mismatch Sensing

At an ensemble level, single-molecule sensor behaves like a classical biosensor
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Measured COVID-19 Aptamer Binding

1. Raw Signal @ 1kSpsExperiment Setup 2. Calibration Curves

Single-molecule detection of COVID-19 antigen using a DNA aptamer

Aptamer Binding Sensor:
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2-Base Sequencing Exemplar
Sequence: AAAAAAAAAA CCCCCCCCCCCCCCC

Experiment Setup

Polymerase Activity Sensor:
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2-Base Sequencing Exemplar
Sequence: AAAAAAAAAA CCCCCCCCCCCCCCC

95% accurate automated base discrimination

Experiment Setup

Polymerase Activity Sensor:
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Conclusion
 On 50th anniversary of the first microprocessor: A 

new era of integrated molecular electronics
 Demonstrated single-molecule sensing for
 DNA-DNA hybridization
 DNA aptamer – Target binding
 Enzyme activity

 Ushering in “The New Era of Digitizing Biology”
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