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3D integrated monolayer graphene—Si CMOS RF gas sensor

platform

Seyedeh Maryam Mortazavi Zanjani', Milo Holt", Mir Mohammad Sadeghi?, Somayyeh Rahimi' and Deji Akinwande'

Integration of a complementary metal-oxide semiconductor (CMOS) and monolayer graphene is a significant step toward realizing
low-cost, low-power, heterogeneous nanoelectronic devices based on two-dimensional materials such as gas sensors capable of
enabling future mobile sensor networks for the Internet of Things (IoT). But CMOS and post-CMOS process parameters such as
temperature and material limits, and the low-power requirements of untethered sensors in general, pose considerable barriers to
heterogeneous integration. We demonstrate the first monolithically integrated CMOS-monolayer graphene gas sensor, with a
minimal number of post-CMOS processing steps, to realize a gas sensor platform that combines the superior gas sensitivity of
monolayer graphene with the low power consumption and cost advantages of a silicon CMOS platform. Mature 0.18 um CMOS
technology provides the driving circuit for directly integrated graphene chemiresistive junctions in a radio frequency (RF) circuit
platform. This work provides important advances in scalable and feasible RF gas sensors specifically, and toward monolithic

heterogeneous graphene-CMOS integration generally.
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INTRODUCTION

Gas sensors have traditionally been limited to hard-wired
applications within the automotive and industrial sectors,
monitoring the byproducts of combustion processes, and
industrial environmental gases.'™ In these cases, power and size
requirements are not critical, and such sensors tend to be large
and bulky. But with the rapid expansion and prevalence of newer
technologies like smart phones, cloud computing and the Internet
of Things (loT), mobile sensors are recognized as an essential
component in future ubiquitous sensor networks.*> The goals of
loT sensor networks require mobile and untethered sensors in
quantities that negate any realistic possibility of individual sensor
maintenance or battery replacement. The expectation is that the
sheer number of future sensor devices, the “things” of loT, will
preclude human maintenance of individual nodes within large
sensor networks. The implications for future device production are
then twofold: the sensors must operate at low-power, and the cost
of each device should be low enough that the expected orders of
magnitude increase in sensor nodes is feasible. Much of current
gas sensor research is therefore directed at the need for low-cost,
low-power portable gas sensors, as well as integration with the
technology platform best suited to meet that need: silicon
complementary metal-oxide semiconductor (CMOS).

Solid-state gas sensors cover a wide range of technologies, from
microelectromechanical thermal and mass sensors to optical and
chemiresistive sensors.>” Of these, one of the most common is the
chemisresistive sensor, whose relatively simple design and
operation make it a strong candidate for CMOS integration.”?
The constraints of CMOS are problematic, however, both in terms
of permissible materials and processing parameters. Maximum
CMOS processing and operating temperatures remain serious

barriers to several classic chemisresistive gas sensor topologies.?
These barriers have resulted in a branching of CMOS-gas-sensor
integration trends: monolithic; for integration that is compliant
with conventional CMOS fabrication rules on a single Si chip, and
hybrid; for solutions that require separate chips for the sensor and
back end interface circuit® Hybrid solutions require more
processing and assembly steps and result in larger, more costly
devices. Monolithic CMOS integration, by comparison, achieves
both size and cost control, but is significantly more restrictive in
terms of post-CMOS process and operating constraints, especially
temperature. In this context, 3D integration refers to active layer
stacking, wherein more than one layer of functional components
is stacked on one substrate for the purposes of reducing latency,
power, footprint and cost, and for adding functionality to the
initial substrate layer.”'® A range of methods of 3D stacking, from
monolithic stacking to die-bonding and wafer-bonding, centers
around the inherent thermal limits that the initial substrate
imposes on subsequent layer processing steps.”'® Thus, there is a
need for CMOS-integrable materials that can be integrated at back
end of line temperatures below 450 °C, and operate at tempera-
tures below the typical CMOS maximum of 125 °C.'""?
Monolayer graphene, the first among an expanding class of
two-dimensional (2D) materials, is one of the more promising
candidates for the future of gas sensing.”'*'” In particular its high
intrinsic carrier mobility, ultimate surface area to volume ratio, and
inherent low-noise electrical response,'®'” are all well-suited to
gas sensors, and the oft-mentioned drawback of graphene, its
zero band-gap,'® presents no fundamental barrier to graphene’s
effectiveness as a chemisresistive transducer. Graphene is
sensitive to several gases, particularly NO,, and in cases where
pristine graphene is relatively unreactive toward a particular gas
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species, the graphene surface can be functionalized to achieve
high levels of sensitivity.'” Such functionalization of graphene,
whether substitutional or surface molecular, provides both
sensitivity and selectivity enhancement, and a number of such
treatments now exist for graphene gas sensors.2’2*

In this work, we have integrated monolayer graphene sensor
with a back-end CMOS detection system to realize a RF-capable
gas sensor with low power and low temperature requirements
that incorporates the superior response time and sensitivity of
monolayer graphene into a monolithic CMOS package. To the best
of our knowledge, our work represents the first complete
monolithic integration of a monolayer graphene gas sensor and
CMOS. We consider this a platform technology because related 2D
materials (MoS,, black phosphorus, etc) can similarly be
integrated with CMOS using the same method. The built-in RF
capability affords a direct wireless connection with the transducer
and, as opposed to DC sensors, the RF circuit sensor is less
affected by flicker noise (1/f noise). Moreover, the measured
output of this sensor is frequency-modulated and is therefore less
susceptible to amplitude-affecting non-idealities of the sensing
path. To date, research on monolithic integration of CMOS and
graphene has been limited to multi-layer graphene junctions,>*2°
partly due to the coverage and quality limits of large area CVD
graphene at that time. In addition, the yield of the reported
approaches is expected to be considerably low for monolayer
graphene because of its much lower structural strength compared
to multilayer graphene. However, the sensitivity of graphene gas
sensors which depends on the modulation of the Fermi level due
to adsorption of gas molecules decreases with the increasing
thickness of graphene.?” A notable work by Huang et al. has
reported on integration of monolayer graphene with a CMOS
chip;?® Such devices are categorized as system in package (SiP) or
hybrid solutions due to the use of wire-bonding. Monolithic
integration with CMOS, by definition, requires low-parasitic, on-
chip interconnections to provide the associated advantages of
power consumption, latency, and compatibility to wafer-scale
fabrication.®%° Here, we present approaches for designing
integration-friendly CMOS devices, as well as for improving the
integration yield by reducing the post-processing steps to a
minimum number of optimized steps, which allows monolithic
integration of monolayer CVD graphene or like 2D materials to the
CMOS platform. With a graphene transducer fabricated atop the
CMOS chip, we achieve a 3D stacking of functionally discrete
layers on a single substrate, the main barrier of 3D integration
mitigated by the low-temperature post-CMOS processing steps of
graphene integration.

RESULTS AND DISCUSSION

The complete sensor structure consists of monolayer graphene
chemisresistive sensor junctions atop a CMOS readout circuit, the
graphene junctions connected to the CMOS circuit through chip
“vias” (Fig. 1a, b). The metal vias to the chip surface are bridged at
two locations by monolayer graphene, which forms the dual gas
sensing regions, termed graphene junctions. The physical loca-
tions of the graphene junctions are shown in Fig. 1a and are
illustrated schematically in Fig. 1b. The sensor structure of Fig. 1b
begins oscillating when DC power is provided to the inverters, and
operates at radio frequencies in the 400-700 MHz range. Gas
molecule interactions at the graphene sensor surface are read as a
delay-sensitive output frequency, as shown in Fig. 1c.

Fabrication of the 2.5 mm x 2.5 mm silicon-based CMOS readout
circuit was carried out by Taiwan Semiconductor Manufacturing
Company (TSMC) per our design specifications, using 0.18 um
CMOS technology. The readout circuit consists of a purely CMOS
five-stage ring oscillator with select junctions intentionally missing
from the layout (see Fig. 1b); these junctions are later contacted
and bridged by monolayer graphene during the post-CMOS
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process. The third stage of the ring oscillator is a Schmitt-trigger
inverter to increase the swing of internal nodes and reduce the
jitter of output frequency. A final circuit stage serves as a buffer
between the oscillator output and external readout equipment.
The response of the integrated circuit, in terms of ring oscillator
frequency fs, is modeled as follows:

1
- 2{NRON(C9 + Cd) + (RGR + ARGR)CQ}

where N is number of inverters, Ron is the output resistance of
each inverter, C; and C4 are gate and drain capacitances,
respectively, of each inverter. Rgp is the resistance of the graphene
and ARgr is the change in graphene resistance due to gas
exposure. fs increases (decreases) as ARgr decreases (increases),
while all other features of the equation remain constant. Intrinsic
graphene resistance is dependent on CVD synthesis, post-
synthesis transfer to CMOS and post-CMOS processing steps.
Initial Rgr is characterized after complete device fabrication.
Resistive changes in the graphene junctions due to space charge
perturbations by adsorbed gas species'® cause a change in
propagation delay of the ring oscillator, the consequence of which
is a change in the output frequency, as shown in Fig. 1c.

Sensor transfer function of the entire integrated device is
termed sensitivity, S%., and is a function of both the CMOS circuit
itself (Eq. 1) and the monolayer graphene deposited during the
post-CMOS process. The transfer function of the integrated sensor
is modeled as:

fs

m
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where gc is the concentration of exposed gas. Equation 2 couples
the mechanism of CMOS circuit frequency change (%) with that
of graphene transduction (%), It shows explicitly the role of

graphene resistance Rggr indgcthe relationship between CMOS
oscillator frequency and gas concentration.

To the best of our knowledge, this device represents the first
fully realized integration of monolayer graphene and CMOS in a
single monolithic device, both in terms of physical integration of
monolayer graphene and a CMOS circuit and in terms of resultant
sensor functionality. The device achieves full monolithic CMOS
integration (as opposed to, for example, a SiP pairing) and with
sensitivity in the 2 parts per million (ppm) range for NO, and the 4
ppm range for NHs, sensor response is on par with comparable
individual graphene gas sensors.?3%3'

)

CMOS-graphene gas detection

The mechanism of gas sensing in this device is a resistivity change
across the monolayer graphene junctions in the presence of either
electron-donating or hole-donating gas species. We employ
nitrogen dioxide (NO,) and ammonia (NH3) as test gases to verify
device function. Physisorption of gas molecules to graphene
results in a small charge transfer between the adsorbate (gas
molecules) and the monolayer graphene??* NH; and NO, are,
respectively, electron donor and electron acceptor polar mole-
cules. Resistance of as-fabricated hole-doped graphene increases
in the presence of NH; and decreases with NO, exposure.
Resistivity changes across the graphene junctions affect the
propagation delay through the ring oscillator circuit (Fig. 1b). An
increase in resistivity causes an increase in propagation delay and
a decrease in the output frequency, while a resistivity decrease
results in a decrease in delay and a corresponding frequency
increase. When concentration of gas molecules changes, the
corresponding change in resistance to reach the new equilibrium
state occurs over a time interval which is characterized by
response time and recovery time for increasing and decreasing
gas concentration, respectively. Several approaches have been
reported to enhance the transient response of graphene and
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Fig.1 Monolithic CMOS-Graphene Sensor Structure. a lllustration of CMOS readout circuit and graphene chemiresistive sensor junctions. Gas
molecules (NH3 shown) physisorbed to the monolayer graphene produce space charge perturbations which result in a change in propagation
delay in the ring oscillator circuit. This delay causes a frequency shift at the output node following the final buffer stage. b Schematic diagram
of the CMOS readout circuit. Monolayer graphene assembled at the surface completes the circuit at the junctions shown. Third stage of the
ring oscillator is a Schmitt trigger inverter, included to reduce the jitter of the output frequency by increasing the swing of internal nodes. ¢
Measured output (red curve, 491 MHz) demonstrates functionality of the integration of monolayer graphene and Si CMOS. Blue curve (685
MHz) demonstrates gas sensing functionality under full 100 ppm NO, concentration. Frequency shift in this case is a 40% increase over

baseline

carbon nanotube gas sensors to provide faster response and
recovery rates such as thermal annealing,'® UV light irradiation,*
ethanol treatment,®® and surface functionalization.>®*” The gas
molecules NH; and NO, are well-documented in the literature on
graphene gas sensors3**#3° While CVD graphene is highly
sensitive to NO,, it shows relatively low sensitivity to NH;. 33440
We therefore use NO,-doped graphene as our sensing element for
the NHj; tests to increase sensitivity to NH5.2° Separate from the
NO, gas sensing portion of the experiments, NO, is also employed
prior to the NH3 gas sensing, doping the monolayer graphene for
improved NH; response.

Layout optimization

Heterogeneous integration of monolayer graphene with CMOS
requires modification of standard CMOS foundry practices. An
iterative cycle of design, pattern generation, post-CMOS process,
and test provided insight into the most critical aspects of the
CMOS-graphene integration, the foremost among these being
layout design targeted at reducing CMOS surface topography
variations and minimizing post-CMOS process steps. Optimization
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of the post-CMOS graphene transfer process yielded marginal
improvements, while improvements in the layout design of the
CMOS provided the most substantial gains in yield.

Integrated graphene-CMOS benefits from minimal surface
topography and minimal surface roughness. The features of
CMOS most critical to post-CMOS heterogeneous integration are
those related to the topmost metal layer, which has a direct effect
on the surface topography of the passivation layer. Figure 2a
shows the effect of the topmost metal layer (M6 in this TSMC
technology) on the oxide-nitride passivation layers, with height
variation of 1.8 um in the region of the vias. Such variations can
result in rips or tears in the monolayer graphene, and should be
reduced or eliminated where possible.

The typical CMOS layout style is to use the topmost metal layer
for supply routings because of topmost metal layer’s lower sheet
resistance. Since supply routings at the M6 layer lead to CMOS
surface variation and interferes with heterogeneous integration,
the supply routings in this design were moved to the M5 metal
layer beneath M6. The advantage of M6 supply line conductivity
over M5 routing beneath is not as critical in our applications. Gains
achieved in surface topography reduction justify the removal of

npj 2D Materials and Applications (2017) 36

npj



npj

Graphene-Si CMOS RF gas sensor platform
SMM Zanjani et al.

(a)

0.6 um Nitride |

1.8 um ‘ \ /

[—

7.8 um
Planarized
Oxide

Howmone ”
|
|

-F
R

Substrate

(b)

By ¥ I
1.8 ym
0.6 pm Nitride |

1.15 uym Oxide

7.8 um
Planarized
Oxide

;ngI;\»r

<90°

M6 Bridge

—[-Bllu

Fig. 2 Layout Optimization Features. a Cross-sectional illustration of CMOS chip prior to layout design optimizations, showing effect of
topmost CMOS metal layer, M6, on surface topography of the silicon oxide and silicon nitride passivation layers. b After optimization, metal
bridge between metal vias provides planar surface for graphene transfer yield enhancement, and acute sidewall angles enabled moving

etching step to TSMC CMOS foundry stage

non-essential M6 routing to the M5 layer. M6 metal fills were
placed at the edges of the pad ring as far as possible from the
graphene junction locations. Alignment marks required for the
post-CMOS process steps were also placed in the topmost metal
layer away from graphene junction locations, which allows for
optimal alignment processes without creating unfavorable surface
topography near the graphene channels.

An additional layout implementation concerns an additive
feature. During the monolayer graphene transfer step, in the
regions between adjacent vias, the 1.8-um surface variation can
cause disruption in the graphene junction. Layout therefore
includes an M6 layer support bridge between each via pair. Figure
2b illustrates the planarization effect of the support bridges in the
regions of the graphene junctions; devices without these bridges
suffered more frequent failure due to tearing of the monolayer
graphene during the transfer step.

Notable previous efforts by groups working to integrate multi-
layer graphene and CMOS include post-CMOS etching of a
passivation layer to open via windows.?*2® Herein, that step is
moved to the CMOS foundry stage, resulting in fewer post-CMOS
steps for improved vyield and scalability. Sufficient contact
reliability between metal contact layers and graphene junction
required via sidewall angle of less than 90 degrees, as illustrated in
Fig. 2b. Angles of 90 degrees or more result in poor metal contact
reliability due to the predominantly anisotropic contact metal
deposition. Via sidewall angles were verified using optical confocal
laser microscopy (Supplementary Fig. S1). By allocating the metal
via etching step to the CMOS foundry stage, the post-CMOS
process is simplified and the via etch occurs within the more
standardized and mature foundry sequence.

These optimizations result in simplification of the post-CMOS
integration processes and an advantageous planarization of the
CMOS chip surface. Together they include: removal of non-
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essential M6 routes to the M5 layer, placement of alignment marks
and M6 fills far from the graphene junction regions, inclusion of
M6 support bridge beneath graphene junctions between the
contact vias, and assignment of the contact via etch to the CMOS
foundry stage. A design perspective of the layout considerations
with accompanying chip die photographs is shown in Supple-
mentary Fig. S2.

Graphene junctions

Accurate assessment of the complete integration requires
validation not only of graphene continuity across graphene
junctions, but also of electrical connection of graphene to the
underlying CMOS transistors. Figure 3a shows optical microscope
images of the as-patterned CMOS chip surface. Figure 3b is an
SEM image of the the graphene junction, demonstrating the
continuity of monolayer graphene between the Ti/Au contacts;
the charging of the adjacent SisN, passivation layer brings the
graphene into stark contrast in the SEM image, whereas the
monolayer is invisible in the optical image of Fig. 3a. An SEM
image comparison with a failed graphene junction is provided in
Supplementary Fig. S3.

Further verification of graphene continuity and thickness
uniformity was carried out using Raman spectroscopy. The Raman
map of Fig. 3d shows the graphene 2D peak to G peak intensity
ratio (l,p/lg) for the area marked in Figure 3c. A Raman map of 2D
peak width is provided in Supplementary Fig. S4. These Raman
maps confirm that the junction region between the contacts is
bridged by a continuous layer of graphene. Further, the observed
symmetric 2D peak with average full width at half maximum of
~33.8cm™', an average lLp/lg of ~2.5, and negligible D peak
intensity are together indicative of high quality CVD-grown
monolayer graphene.*’™*> Raman maps of a graphene control
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Raman Map Region

Fig. 3 Monolayer Graphene Sensor Junctions. a Optical image of CMOS chip after post-CMOS process completion, showing graphene
junctions in the center and alignment markers toward the right side. Sixteen contact pads border the device area. b SEM image of graphene
junction, wherein graphene is visible due to contrast provided by charging of adjacent nitride layer. ¢ Magnified optical image of graphene
junction, showing Ti/Au metal contacting both M6 metal vias and each side of graphene junction. Monolayer graphene is completely
transparent in optical image. d Raman map of 2D/G peak intensity ratio (2.5 average value) for junction area outlined in ¢ demonstrates
monolayer graphene continuity between Ti/Au pads. The mapped area clearly shows the horizontal edges of graphene defined by oxygen
plasma etching, and the vertical boundaries at left and right where the edges of Ti/Au metal pads overlap the graphene junction

sample obtained from the same synthesis but transferred to a
SiO,/Si substrate provide more information about the D peak and
are presented in Supplementary Fig. S5. The control sample
underwent a similar transfer process and was deposited on a
meticulously cleaned Si substrate covered with thermally grown
SiO,, which generates minimal background signal and noise in the
Raman spectrum signal. The Raman spectrum map of the
graphene control sample shows the characteristic fingerprint of
high quality graphene, with D peak to G peak intensity ratio (/p//g)
of ~0.05.

Electrical connections to the underlying CMOS transistors made
during the post-CMOS process were verified by two test
structures, a CMOS-only readout circuit (designed into the chip
structure) and a CMOS-nickel junction circuit. The read-out circuit
in all cases was identical, and differed only as follows: The CMOS-
only circuit had M6 metal layer connections in place of the
graphene junctions, to verify proper operation of the CMOS circuit,
and the CMOS-nickel junction circuit substituted nickel for the
graphene junctions, to validate the recipe of post-CMOS process.
Measured output frequency of the completed circuit, as shown in
Fig. 1¢, is the most direct indicator of the connection between
monolayer graphene to the underlying CMOS. Resistance of each
graphene junction (Rgg in Eq. 1) was also measured by probing the
pads across that junction and characterized using an Agilent
semiconductor parameter analyzer.

Integrated device yield

Table 1 compares the post-CMOS process steps in this work with
the process steps of three devices fabricated by other research
groups.* 2% As evident from Table 1, the process outlined in this
work requires significantly fewer steps and represents an
important reduction in process complexity. In this work, when
combining process step reduction with optimized planarization
foundry steps, there is evidence of higher device yield compared
to previous iterations of our own device configurations.

Device yield for the full process flow is mainly determined by
yield of the post-CMOS graphene transfer and lift-off processes,
and the subsequent metallization connections between graphene
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and silicon CMOS. Successful device assembly is achieved when
the powered device begins oscillating, which indicates the
presence of continuous monolayer graphene bridging the
intended vias and establishing connections with the underlying
CMOS readout circuit. Quantification of yield was a matter of
comparing sensor functionality for the optimized post-CMOS
process (with bridges) with results for both the un-optimized
process (without bridges) and a conventional transfer to bare Si/
SiO, substrate. Fifty two percent of optimized post-CMOS devices
successfully produced measurable signals, compared with 33% for
the un-optimized devices and 75% for the devices on bare Si/
SiO.. Yield of the CMOS transfer was in both cases lower than that
of transfer to Si/SiO, substrate; however, measurement of
graphene continuity on Si/SiO, substrate serves primarily as a
control check in the overall graphene synthesis and transfer
process. The key comparison is between CMOS design iterations,
where planarization of the CMOS chip surface and post-CMOS
process step reduction show significant yield improvement over
the previous unoptimized version.

Graphene-CMOS sensor frequency response

The response of the graphene transducer to changes in gas
concentration is transmitted to the output by the ring oscillator
readout circuit as a frequency shift. The CMOS ring oscillator of
Fig. 1b begins to generate an oscillating output when power
supply is applied, the frequency directly proportional to input
supply voltage and inversely proportional to graphene resistance.
As gas molecules adsorb at the graphene surface, the transferred
charge results in a change in the resistivity of the monolayer
graphene which translates to a measurable change in frequency.
Figure 1c shows the time-domain frequency output for the
integrated graphene CMOS sensor. The red curve represents the
sensor baseline output without NO, gas flow; it verifies ring
oscillator functionality as well as successful integration of
monolayer graphene with the CMOS chip. The blue curve
indicates the frequency shift that occurs upon exposure to 100
ppm NO,, and demonstrates fundamental operation of the
integrated monolayer graphene CMOS gas sensor. The shift in
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Table 1.  Post-CMOS process steps comparison

Reference Discrete process steps

Number of steps Graphene layers

This work (a) Transfer monolayer graphene
(b) Pattern monolayer graphene

(c) Deposit Ti/Au contacts

24 (a) Transfer graphene

(b) Pattern graphene

(c) Deposit Cr/Au contacts

(d) Etch vias through passivation layer
(e) Deposit Ti contact

» (a) Transfer graphene

(b) Pattern graphene

(c) Deposit Ti/Pt contacts

(d) Etch vias through passivation layer
(e) Deposit via plug

26 (a) Etch vias through passivation layer

(b) Deposit via plug
(c) Transfer graphene
(d) Pattern graphene
(e) Deposit contacts

3 1

5 >10

5 >10

deposition

Improvements to post-CMOS process include reduction in number of processing steps and increased yield of monolayer graphene integration. Etching of
passivation layer was allocated to the CMOS foundry process ahead of all other post-CMOS steps, and metal deposition was reduced to a final Ti/Au contact

this case is an increase in frequency, from the red line base
frequency (N, gas flow only) to the blue line at 100 ppm NO,
concentration, due to resistance decrease across the graphene in
the presence of the electron-accepting NO, molecules (see Eq. 1).

Figure 4 shows the sensor transfer function (defined by Eq. 2) of
the integrated CMOS device when exposed to NO, and NH3 gases.
Normalized sensor transfer function is defined as frequency
change upon exposure to gas molecules normalized by initial
frequency before exposure. NO, was mixed with N, diluting gas
by precise MFC control to achieve NO, concentrations ranging
from 2 to 100 ppm. In separate tests, NHsz was mixed with N, for
4-80 ppm NHs concentrations. Figure 4a shows the measured
sensor transfer function with respect to increasing NO, concen-
trations at fixed 35-minute intervals. In this experiment, the
graphene sensor was exposed to each concentration of NO, for
15 min, followed by 20 min of N, purge. NO, exposure results in a
characteristically stronger frequency change than that of NHs, as
expected.?>3%3! The curves of Fig. 4c are the NH; response across
the same on-off time intervals and with respect to gas
concentration. Figure 4b, d are, respectively, 100 ppm NO, and
80 ppm NH3 sensor transfer function measured against a range of
supply voltage (1.2-1.8V), and show a predominantly linear
relationship. Each of Fig. 4a-d compares single-junction and dual-
junction devices, which illustrates the sensitivity enhancement
gains of the dual-junction device. The circuit diagram for a single-
junction device is provided in Supplementary Fig. S6, and further
comparisons of the single-junction and dual-junction transfer
functions are shown in Supplementary Fig. S7.

The results shown in Fig. 4a, c indicate that during the exposure
to NO, or NHj; the sensor’s response does not saturate by the end
of the exposure period, suggesting that the graphene sensor has
not reached an equilibrium state. The response time and recovery
rate of the graphene sensors presented here, whether integrated
on CMOS or supported by a SiO,/Si substrate, are consistent with
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the literature values reported for graphene/SiO/Si sensors,'®3'4

Minor differences are expected because of the variations in the
measurement approach, gas flow rates and other operational
characteristics of the gas chamber, and graphene samples. In all
cases, the direction of the frequency shift is in accordance with an
expected change in resistance across the as-fabricated p-doped
graphene sensor material. The slight hysteresis during the gas
shut-off intervals of Fig. 4a, c is due to desorption of gas analyte
when only N, gas is flowing.

Graphene on SiO, measurements

Sensitivity measurements were conducted on both the integrated
CMOS device and a separate graphene gas sensor on Si substrate
covered by thermally grown SiO,. The latter served the dual
purpose of characterizing sensitivity of the graphene itself and
assuring accurate comparison with existing non-CMOS structures.
The graphene/SiO, gas sensor response to NO, and NHj, in terms
of normalized change in conductance over intervals of increasing
gas concentration exhibits, respectively, increasing and decreasing
trends (Supplementary Fig. S8). The change of conductance
normalized by initial conductance is termed sensitivity and
constitutes an important figure of merit. Results for NO, and
NH; agree with existing literature. The detection limit for NO, and
NHs is 2 ppm, which corresponds to the minimum concentration
permitted by our experimental setup at the time. All tests were
carried out at atmospheric pressure and room temperature.

This work marks the first monolithic integration of monolayer
graphene and CMOS, with significant processing advances that aim
to narrow the gap between experimental research work and
commercially scalable CMOS integration. We also used this platform
to demonstrate the first graphene-CMOS gas sensor. The device
leverages the ultra-high sensitivity and low-noise features of
monolayer graphene and the low-power potential and scalability
of CMOS to achieve a graphene-CMOS RF gas sensor capable of
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Fig. 4 Gas Sensor Transfer Function. Normalized Afrequency = Afrequency/initial frequency. a NO, transfer function shows increasing
frequency with increasing gas concentration. Sensitivity of the dual-junction device is greater than the sensitivity of the single-junction
device. b Sensor transfer function for 100 ppm NO, with respect to supply voltage Vyq4. € NH3 transfer function shows decreasing frequency
with increasing gas concentration. d Sensor transfer function for 80 ppm NHs with respect to supply voltage V4q

addressing future needs of mobile and loT applications. The RF
operational radio frequency facilitates a direct wireless connection
with the transducer and benefits from low flicker noise of the RF
circuit sensor. The presented approaches for designing CMOS and
post-CMOS processing steps represent significant improvements
over prior attempts, both in terms of processing complexity and
resulting device yield, which enables the direct heterogeneous
integration of nascent monolayer graphene and mature 180-nm
CMOS in a highly flexible RF configuration. The processing
techniques applied here in the case of graphene are also potentially
applicable to an expanding class of 2D materials such as the
transition metal dichalcogenides, whose integration with CMOS will
demand similarly innovative process and layout control.

During review, we became aware of work by another group
reporting monolithic graphene-CMQOS integration.*”

METHODS
Post-CMOS device fabrication

Post-CMOS processing steps, as outlined in Fig. 5, consist of PMMA
(polymethyl methacrilate) assisted monolayer graphene wet transfer,
followed by electron-beam lithography (EBL) and selective low-power
oxygen plasma reactive ion etch (RIE), and a final EBL and e-beam
evaporation sequence. High-quality monolayer graphene samples were
synthesized by chemical vapor deposition (CVD) on 500 nm evaporated
copper film, annealed in hydrogen at 1000 °C for 5 min and grown under
10 standard cubic centimeters per minute (sccm) methane flow at the
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same temperature for 5min.*® The CVD monolayer graphene was
transferred to the chip surface by conventional PMMA-supported wet
transfer using ammonia-persulfate copper etchant*' (Supplementary Fig.
S9). This process produces an inherently p-doped (hole-doped) graphene
monolayer.** The graphene junctions (4 um wide by 12 um long) were
patterned with EBL and etched using RIE. Connection between the
patterned graphene junction and the vias leading to the CMOS circuit was
established using Ti/Au (5nm/45nm) contacts patterned with EBL and
deposited using e-beam evaporation. Each contact covered one end of a
graphene junction and an adjacent M6 via, as shown in the final step of
Fig. 5. To decrease the chance of damaging the graphene, PMMA used in
the pattering of the Ti/Au contacts was deposited, in step 4, directly over
the PMMA remaining after step 3. The combined PMMA films were then
removed together.

Measurement setup

To facilitate handling and to protect the CMOS chip from electrostatic
discharge, the 2.5-mm square CMOS chip, upon delivery by TSMC, was
epoxy-bonded to a 2.5 cm square silicon substrate. The silicon substrate
was then cut to 0.7 cm x 0.7 cm and the CMOS chip atop the silicon was
placed in a plastic leaded chip carrier (PLCC). The probe pads of the
graphene-integrated gas sensor were wire bonded to the leads of the
PLCC using a West-Bond 7476D. The PLCC was then placed in an electrical
socket on a PCB, and the PCB placed within the test chamber. Connections
to power and measurement were channeled through an electrical
feedthrough vacuum port.

The sensor test chamber included separate pressurized cylinders of 100
ppm NO, and NHs (both in dry air), routed through separate dedicated
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Fig. 5 Post-CMOS processing overview. Post-CMOS process steps begin with transfer of monolayer graphene to chip surface in step 2,
followed by patterning of graphene junctions between the topmost CMOS metal vias in step 3, and finally the deposition of Ti/Au contact

metal overlapping both graphene and adjacent via holes in step 4

mass flow controllers (MFCs) to a sealed stainless steel gas chamber. An
additional MFC was dedicated to N, dilution gas control; all three MFCs
were calibrated for flow range of 2-100 sccm. Gas concentration of either
NO, or NH3 was controlled by introducing a precise diluting N, flow ahead
of a mixing stage in the gas manifold.

Within the stainless steel gas chamber, a sensor test stage held the PCB
sensor platform securely beneath the test gas inlet. After a minimum of
five complete cycle purges (evacuation to milli-Torr base pressure,
followed by introduction of N, to a pressure approximately 600 Torr), the
gas chamber was stabilized at approximately 560 Torr. Test gas (NO, or
NHs) was then flowed and sensor output was recorded.

Electrical supply and test equipment consisted of an Agilent E3631A
power supply, Agilent DSO90254A oscilloscope and Agilent N9030A PXA
signal analyzer. Both supply inputs and signal outputs were connected to
the PCB sensor platform with BNC coaxial bulkhead feedthrough. The
power supply delivered DC voltage to the PCB; the sensor device’s internal
CMOS ring oscillator requires a power supply voltage to begin and sustain
oscillation. Signal outputs to either the oscilloscope or signal analyzer were
likewise routed through the BNC feedthrough. A diagram of the
measurement setup is shown in Supplementary Fig. S10.

Data availability
All relevant data are available from the authors.
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