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Concerns about indoor and outdoor air quality, industrial gas leaks, and
medical diagnostics are driving the demand for high-performance gas
sensors. Owing to their structural variety and large surface area, reducible
metal oxides hold great promise for constructing a gas-sensing system. While
many earlier reports have successfully obtained a sufficient response to
various types of target gases, the selective detection of target gases remains
challenging. In this work, a novel method, low-frequency noise (LFN)
spectroscopy is presented, to achieve selective detection using a single
FET-type gas sensor. The LFN of the sensor is accurately modeled by
considering the charge fluctuation in both the sensing material and the FET
channel. Exposure to different target gases produces distinct corner
frequencies of the power spectral density that can be used to achieve selective
detection. In addition, a 3D vertical-NAND flash array is used with the fast
Fourier transform method via in-memory-computing, significantly improving
the area and power efficiency rate. The proposed system provides a novel and
efficient method capable of selectively detecting a target gas using

industrialization and urbanization have led
to an increase in air pollution caused by the
combustion of fossil fuels and emissions
from a variety of sources, including auto-
mobiles, electricity generation, agricultural
waste incineration, and factories.>”7! In this
regard, it is vital to collect location- and
time-specific data on gas emissions so as to
monitor daily pollution levels.l®%! Reducible
metal oxide-based gas sensors are the most
viable choice for the actuation of a reliable
gas sensing system due to their large re-
sponse to various gases, simple fabrication
method, ease of operation, and low fab-
rication cost.[1%12] Accordingly, there have
been extensive studies to improve the sens-
ing capabilities of metal oxide-based gas
sensors. Because it is crucial to detect a
low concentration of gas stably in many
applications, studies to improve a limit-of-

in-memory-computed LFN spectroscopy and thus paving the way for the

further development in gas sensing systems.

1. Introduction

Recent years have witnessed a boost in gas sensor re-
search and development as there are increasing demands
for high-performance gas sensors in various fields.'*l Rapid

detection (LOD) of sensors to the target gas
have been intensively conducted in both
academia and industry.[?!

In sensor applications, the LOD is determined by the signal-
to-noise ratio (SNR) of the sensor. Therefore, most previous
studies focused on increasing the response (signal) and thus
the SNR and LOD, including the introduction of new sensing
materials!3®] or modification of the morphologies of the sens-
ing materials to the nanostructures.['*8] On the other hand, the
noise of the sensor is generally considered to be an unfavorable
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element that degrades the SNR. Therefore, it should be mini-
mized and ultimately eliminated.['?}] As a result, previous stud-
ies have concentrated on minimizing the noise or engineering
a trade-off relationship between the response and noise to im-
prove the SNR. However, recently, in contrast to conventional
approaches that consider noise a nuisance and attempt to min-
imize it, various applications have been proposed that utilize
the noise of electronic devices. In sensor applications, the noise
spectrum of the output sensing signal can be used as a unique
sensing feature to identify a target gas selectively, a technique
known as selective detection using low-frequency noise (LFN)
spectroscopy.[22¢] LFN spectroscopy makes use of changes in
the shape of the power spectral density (PSD) of the sensor be-
fore and after the gas reaction. Ruyantsev et al. reported that the
corner frequency (f.) at which the Lorentzian bulge occurs varies
depending on the type of gas.?*l Different f s depending on gas
species can be used as a parameter to achieve selective detection.
LFN spectroscopy has a significant advantage over other meth-
ods in that selective detection can be accomplished with a single
sensor, whereas other methods require a dense sensor array to
collect various sensing data.

Selective detection based on LFN spectroscopy was only re-
alized in two-terminal resistor-type gas sensors in previous
studies.[>*26] Although resistor-type gas sensors have the advan-
tages of a simple fabrication process and large response, they also
undergo device-to-device variations, making it difficult to ensure
the reliability of the sensing system.!1% In particular, the variabil-
ity of the resistor-type gas sensor is a substantial impediment
to realizing selective detection using LFN spectroscopy. In con-
trast, FET-type gas sensors with a horizontal floating-gate (FG)
have higher integration degrees and much better reliability.!2’-3]
Therefore, it is crucial to realize selectivity by utilizing LFN spec-
troscopy with a FET-type sensor. However, it is regarded that
the LFN characteristics of FET-type gas sensors are determined
by the FET transducer, not by the sensing materials,/?”-2% which
makes it difficult to utilize LEN spectroscopy for selective detec-
tion. However, these characteristics can vary depending on the
type or structure of the sensing material. Therefore, an accurate
noise model for a FET-type gas sensor considering the charge
fluctuations in both the sensing material and the FET transducer
should be provided.

Building an area- and energy-efficient system is critical when
attempting to apply LFN spectroscopy to detect a target gas
selectively. Due to the massive number of multiplication and
accumulation (MAC) operations required by the Fast Fourier
Transform (FFT) for PSD acquisition, energy consumption is
inevitably high when adopting the conventional von Neumann
computing architecture.?! Particularly, in the von Neumann
architecture, the physical and operational separation between the
memory and the processor units is the primary reason for the sig-
nificant latency and power consumption when performing MAC
operations. In recent years, in-memory computing (IMC) has
emerged as a new computing paradigm that reduces data move-
ment between the memory and processing units by adopting
massive parallelism. The MAC burden when computing the FFT
can also be effectively reduced by adopting IMC.[*?] Construct-
ing a gas sensing system using IMC-based LFN spectroscopy
is therefore appealing from an area and energy efficiency
standpoint.
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Following the above discussion, in this study, we propose
and experimentally demonstrate a novel gas sensing system,
IMC LFN spectroscopy, to realize selective detection among
various gases based on a FET-type gas sensor with horizontal
FG. Tungsten-oxide (WO;) is used as a sensing material and is
deposited between the control-gate (CG) and the FG. The LFN
characteristics of FET-type gas sensors with a WO, sensing layer
are systematically investigated, and an accurate noise model for
the FET-type gas sensor is proposed, including the effects of
charge fluctuation in the sensing area and FET transducer. In ad-
dition, the effects of external stimuli, including the temperature
and electrical bias, on the LFN characteristics are investigated to
confirm the validity of the proposed noise model, and the LEN
characteristics of FET-type gas sensors with different sensing
materials (indium-oxide (In,0,), indium-gallium-zinc-oxide
(IGZ0), and vanadium-oxide (V,0Os)) are systematically inves-
tigated and compared, thus expanding the knowledge of the
LFN behaviors of gas sensors. It is verified through density
functional theory (DFT) calculations that WO, is the most
suitable material for LFN spectroscopy in FET-type sensors.
Finally, we experimentally realize an in-memory-computed
FFT system for LFN spectroscopy using a 3D vertical-NAND
(V-NAND) flash array. The proposed LEN spectroscopy for
selective detection has merits in terms of reliability and energy
efficiency compared to previous studies that adopt nanostruc-
tured sensing materials®*! or a dense array of sensors, which
requires complicated data processing.?*] The results in this
study pave the way for the building of area- and energy-efficient
gas sensing systems for selective detection with excellent
reliability.

2. Results and Discussion

2.1. System Architecture

Figure 1 shows a schematic diagram of the proposed system for
in-memory-computed LFN spectroscopy to detect a target gas se-
lectively. When a reducible metal oxide interacts with the target
gas, the drain current (I) of the FET-type gas sensor is changed,
serving as a sensing signal. In general, fluctuation of the output
signal is considered to be a detrimental factor that degrades the
SNR. However, in this study, we propose a method to utilize these
current fluctuations as a unique sensing feature that can be used
for selective gas detection. The current fluctuations show differ-
ent behaviors depending on type of gas, and these can be ana-
lyzed by LEN spectroscopy. Thus, the output currents of the sen-
sor are fed into the 3D vertical-NAND (V-NAND) array that imple-
ments the Fast Fourier Transform (FFT) in an IMC manner. The
technologically mature 3D V-NAND flash array implements FFT
for LEN spectroscopy with excellent energy and area efficiency.
Note that the V-NAND flash memory in this work is industrially
fabricated with the help of SK Hynix.

2.2. Sensor Structure

The FET-type gas sensor with a horizontal FG is used as a sen-
sor platform, and a reducible metal oxide (WO,) is used as a
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Figure 1. Schematic diagram of the proposed gas sensing system for in-memory-computed LFN spectroscopy. The sensing process is as follows: 1) The
target gas is exposed to the FET-type gas sensor with a horizontal FG having reducible WO; as a sensing material. 2) The output signal of the sensor
(Ip) is fed into 3D V-NAND for computing the FFT. 3) The PSD of the output signal is obtained for selective detection using LFN spectroscopy. The PSD
of the output signal varies depending on the gas type, and the variation can be used as a unique sensing feature for selective detection.
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Figure 2. a) 3-D schematic bird’s-eye view of a FET-type gas sensor with a horizontal FG. b) Top scanning electron microscopy (SEM) image of the
fabricated sensor. c-1) Top SEM image and c-2) GIXRD of the WOj; thin film, respectively. d) Wide-scan XPS spectrum, high resolution XPS spectra of
e) O 1s and f) W, respectively.

sensing layer for selective gas detection. Figure 2a,b shows a 3D A 20 nm-thick n-type semiconducting WO, film is deposited
schematic bird’s eye view and top scanning electron microscope by the sputtering method at 20 °C. Figure 2¢(1,2) correspond-
(SEM) image of the FET-type gas sensor, respectively. The de-  ingly shows a top SEM image and the results of a grazing in-
tailed fabrication process of the sensor is described in Figure S1  cidence X-ray diffraction analysis (GIXRD) of WO, deposited be-
(Supporting Information). The FET transducer for the sensorhas  tween the CG and FG. These figures show that deposited film is
a channel width/length (W/L) of 2 pm/2 pm. amorphous. A wide-scan X-ray photoelectron spectroscopy (XPS)
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Figure 3. a) Transfer characteristics (I5-Vg) of a FET-type gas sensor with a WO3 sensing depending on the temperature (T). The I5-V¢ of the poly-Si
gate FET used as a sensor platform is indicated by the open symbols. b) S|5/Ip2 and c) f X S;p/Ip? as a function of f under different bias conditions.
Here, Vps is set to —0.1V and V¢ ranges from —0.5 to 0.5 V. d) I, variation over time in the bias condition where Lorentzian-like noise is observed
(Ip = 190 nA). The inset shows the corresponding I, amplitude distribution. e) Equivalent circuit diagram of the FET-type gas sensor. Cs, Cono, Coxr and
Cp denote the capacitances of the sensing layer, the O/N/O layer, the gate oxide, and the parasitic capacitance, respectively. Rs is the resistance of the
sensing material. f) S|p/Ip2 sampled at 10 Hz and (g,,,/Ip)? multiplied by a constant versus I, of the sensor. g) Bias scheme for the PIV measurement.
Ip-Veg and I5-Vis of the h-1) FET-type gas sensor and h-2) poly-Si gate FET with DC and PIV measurements at various t,,, values, respectively.

spectrum and high-resolution XPS spectra of O 1s and W 4f
are shown in Figure 2d-f, respectively. In a quantitative analysis
based on the area of the spectra, the W:O composition ratio is set
to 1:3. In the O 1s XPS spectrum, the binding energies (B.E.s)
of 530.26 and 532.01 eV correspond to W-O bonding and oxy-
gen vacancies. In the W XPS spectrum, the B.E.s of 34.27 and
36.45 eV correspond to W** 4f, , and W** 4f°/2, respectively.

2.3. LFN Characteristics of the FET-Type Gas Sensor with a WO,
Sensing Layer
Figure 3a shows the transfer characteristics (Ip- V) of the FET-

type gas sensor with a WO, sensing layer depending on the tem-
perature (T). The sensor shows typical p-type FET characteristics

Adv. Sci. 2023, 2205725

with a threshold voltage (V) of 0.28 V and a subthreshold swing
of 90 mV at 27 °C. Open symbols represent the I,-V.. curves
measured at 27 °C for the poly-Si gate FET used here as the sensor
platform. The V;, of the sensor with WO, is smaller than that of
the poly-Si gate FET due to the work function difference between
the poly-Si and WO;. The off-current increases with an increase
in T as the source/drain-to-substrate junction leakage current in-
creases. The slight decrease in the on-current with the increase
in Tis due to the increased carrier scattering in the FET channel.

Figure 3b shows the normalized drain current noise PSD
(Sip/Ip?) as a function of the frequency (f) under different bias
conditions. Vpg is set to —0.1 V, and V. ranges from —0.5 to
0.5 V. The PSDs are measured at T = 27 °C. In previous studies,
it was reported that the LEN characteristics of FET-type gas sen-
sors are determined by FET transducers.[’-2l When an n-type

2205725 (4 0f12) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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FET with a surface channel structure is adopted as a sensor plat-
form, the LEN characteristics of the sensor are determined by the
carrier number fluctuation (CNF) at the gate oxide-FET channel
interface.[?? On the other hand, the carrier mobility fluctuation
(CMF) in the Si bulk determines the LEN characteristics when a
p-type FET with a buried channel structure is adopted as a sensor
platform.[?728] Such features are explained by Hooge’s mobility
fluctuation (HMF) model.?’”**! In both cases, 1/f” noise with y ~
1 is dominant in the low-frequency domain. However, the FET-
type gas sensor with the WO, sensing layer shows a Lorentzian
curve with a distinct f, at f= 100 Hz, as shown in Figure 3c. Note
that if the sensor shows 1/f noise behavior, f x PSD should be
constant regardless of the change in f, as denoted by the dashed
line in Figure 3c.

In general, Lorentzian noise stems from random telegraph
noise (RTN) generated from the trapping/detrapping process of
the carriers in the FET channel to/from traps inside a gate ox-
ide. However, the Lorentzian noise behavior of the FET-type gas
sensor cannot be explained by RTN, and the reasons can be sum-
marized as follows: 1) The FET transducer has a p-type FET with
a buried channel structure whose conductive channel is formed
~20 nm away from the gate oxide (Figure S2a, Supporting In-
formation). The inset of Figure S2a (Supporting Information)
shows the schematics of the FET channel in the poly-Si gate FET.
Figure S2b (Supporting Information) shows the S;/I? of the
poly-Si gate FET as a function of funder various bias conditions.
Figure S2c (Supporting Information) shows the S,;,/I,% and con-
stant X (g,,/Ip)? versus I, of the poly-Si gate FET. The behavior
of S;p/Ip? deviates from that of (g, /I)* with respect to I, veri-
fying that the LFN characteristics of the poly-Si gate FET do not
stem from the CNF. Rather, the slope of S, /I, with respect to
I is -1, indicating that the 1/f noise originates from the CMF
in the silicon substrate.[’] Therefore, it is not plausible that the
trapping/detrapping process of carriers to/from oxide traps can
be the main factor that determines the overall LFN characteristics
of the sensor. 2) The trapping/detrapping processes of the carri-
ers to/from traps inside a gate oxide are strongly affected by the
gate bias; and accordingly, f, shows bias dependence.>**] How-
ever, the f. of the FET-type gas sensor does not change with an in-
creasein V¢ (Figure 3b,c). 3) If trapping/detrapping processes at
a certain defect dominate the LEN characteristics, trap occupancy
switching results in a discrete current fluctuation (two or multi-
level RTN).[3¢-38] However, a Gaussian distribution of the current
amplitude is observed in the sensor. Figure 3d shows the varia-
tion of I, over time in the bias condition where the Lorentzian-
like noise is observed. Here, I, does not show discrete current
fluctuations, as verified by the corresponding I;, amplitude distri-
bution (Inset of Figure 3d). In addition, I, shows a Gaussian dis-
tribution. Figure S3 (Supporting Information) shows the Gaus-
sian distribution of three different Is. Therefore, it can be con-
cluded that the Lorentzian-like noise of the sensor does not stem
from the trapping/detrapping process in the FET channel.

In FET-type gas sensors, the sensing material deposited be-
tween the CG and FG can also be considered as a possible noise
source. Figure 3e shows an equivalent circuit diagram of a FET-
type gas sensor. Cg, Cono, Coxr and Cp, denote the capacitances of
the sensing layer, the O/N/O layer, the gate oxide, and the para-
sitic capacitance, respectively. Rq is the resistance of the sensing
material. If there are charge fluctuations in the sensing material
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between the CG and FG, the voltage coupled between the CG and
FG fluctuates, in turn causing I}, to fluctuate. There are two main
sources that can contribute to the charge fluctuation in the sens-
ing material: 1) Number fluctuation of the adsorbed gas and 2)
Charge fluctuation due to the carrier exchange between the sens-
ing material and the adsorbed gas.

1) First, we consider the number fluctuation of the adsorbed gas,
the behavior of which can be understood with an analogy of
the generation-recombination (G-R) noise.3**% The adsorp-
tion and desorption of gas on the sensing material are gov-
erned by the adsorption (r,4,) and the desorption time (7).
The PSD of the gate voltage due to the adsorption and des-
orption can be derived by following the procedure used for
the G-R noise.

4V2 AN? ¢
gsensmgl (f) = 1 (1)
Tges [l + (Zﬂ'fT) ]

1 1 1

T Tads Tdes

(2)

where V,, is the effective gate voltage due to a single adsorbed
molecule and AN, is the fluctuation of the number of ad-
sorbed molecules. In this case, the PSD shows a Lorentzian
curve with a f. of 1/z. However, considering that the adsorp-
tion/desorption process of gas molecules to/from the sensing
material is very slow, the PSD has a very low f.. It has been
reported that a typical value of f, is #1072 Hz.[**2¢ There-
fore, it is difficult to explain the LFN characteristics of these
types of sensors with the adsorption/desorption noise of gas
molecules.

2) Another factor to be considered is the charge fluctuation gen-
erated from the carrier exchange between the sensing mate-
rial and the adsorbed molecules. During the carrier exchange
process, a local diffusion current is formed. The correspond-
ing PSD can be modeled as shown below!*!]

AP _ KT, 3)

g.sensing2 RS

As shown in Figure 3e, a resistor-capacitor (RC) network com-
posed of a parallel combination of R and Cj exists in the sensing
material. The local current noise can be transferred to the voltage
noise by the transfer function of the RC network. The transfer
function is expressed as

—_
wn
-~

o T o @
1+ sRsCqq

where

Ceq=Cs+C,+ Cono (5)
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Thus, the voltage noise PSD (A Vésensmgz) is given by

— 4kTR
AVZsensin = IH(SHZAIZsensin = —S (6)
sz ) B 4 (22RCof )

Accordingly, AV?

g.sensing2

has the shape of a low-pass filter with
a corner frequency (f.,) of 1/RsC,,. Because Angsensingl (f) and
AngsenSingz (f) are uncorrelated, the total noise PSD in the sensing

material (AVZ(f)) is the superposition of AVZ,(f) and AV, (f),
which can be expressed as

AV; (f) = Ang,sensingl (.f) + Ang,sensingZ (,f) (7)

When AV2___(f)is reflected in the drain current fluctuation,
g,sensing

its amplitude is multiplied by g, 2. Accordingly, the drain current
spectral density generated from the sensing area (Sip senging) 18 €X-
pressed as

SlD,sensing = ganng (f) (8)

Figure 3f shows S, /I,% sampled at 10 Hz and (g, /I;;)* multi-
plied by the constant versus Iy, of the sensor. Here, S;,/I,% and
(g/1Ip)? show the same behavior with respect to Iy, verifying that
Equation 8 is well fitted to the noise of the sensor.

In summary, the total S;;, of the sensor is the result of the su-
perposition of the FET intrinsic 1/fnoise (Sip rer) and Sip senging?

SlD = SlD,sensing + SID,FET (9)

The reason why S, shows Lorentzian-like behavior in a mea-
sured frequency range is that the magnitude of Sy, (., is larger
than that of the FET intrinsic 1/f noise. Indeed the measured
Sip/Ip? is much larger than the S, ppr/Ip ppr” (see Figure 3b).
Figure S4 (Supporting Information) explains how S, is deter-
mined from the interplay between S and Sy, ger in the
frequency domain.

To verify the existence of the RC network in the sensing mate-
rial region, we take pulsed -V (PIV) measurements of the FET-
type gas sensor and compare these outcomes with those of a
poly-Si gate FET. It should be noted that the WGFMU module is
used for the PIV measurement. Figure 3g shows the bias scheme
used for the PIV measurement. Figure 3h-1 shows the I,-V of
the FET-type gas sensor with DC and pulsed [~V (PIV) measure-
ments at various values of t_,. The off-current of the FET-type gas
sensor as determined by the PIV measurement is much larger
than that by the DC measurement. This occurs due to the lower
limit of the WGFMU module in the current measurement (100
pA). With a decrease in ¢, the subthreshold swing (SS) increases
due to the RC delay caused by the RC network in the sensing area.
Such a delay in the I-Vg curves measured by PIV is in accor-
dance with the LFN measurement results. Contrary to the FET-
type gas sensor, the poly-Si gate FET does not show an increase
in SS, even ata t,, value of 107° s, as shown in Figure 3h-2. These
results confirm that the RC network of the FET-type gas sensor
stems from the sensing material.

ID,sensing

Adv. Sci. 2023, 2205725

www.advancedscience.com

Figure 4a shows a schematic illustration of the noise-
generation mechanism in the FET-type gas sensor, showing the
two independent noise sources of the FET channel and the sens-
ing material. In the FET channel, carrier mobility scattering is
the main noise source. In the sensing area, the shot noise caused
Dby the local carrier change between the sensing material and gas
molecules is amplified by the RC network of the sensing mate-
rial. Therefore, the LFN characteristics of the FET-type gas sen-
sor are determined by the interplay between two different noise-
generation mechanisms. For a sensor with WO, as the sensing
material, the magnitude of the noise generated at the sensing
material exceeds that in the FET channel. Therefore, the LFN of
the sensor is determined by the fluctuation generated from the
interaction between the gas molecules and WO, not by carrier
mobility scattering at the FET channel.

Here, it is important to reveal why the noise generated in the
WO, is greater than that in the FET channel, unlike indium oxide
(In,0,)!?] or IGZO*243] As previously reported, FET-type gas
sensors with In,0, and IGZO show 1/fnoise (Figure S5a (Sup-
porting Information) and Ref. [42]), and the LFNs of the sensors
are determined by the FET transducer (Figure S5b, Supporting
Information). Such differences stem from the magnitude of the
RC in the sensing material. In reducible metal oxide, depending
on the energy level of the oxygen vacancy, the resistance of the
reducible metal oxide can vary significantly.**] An oxygen
vacancy in metal oxides acts as an electron donor, thereby
increasing the conductivity of n-type metal oxides.[**] In order to
verify the properties of oxygen vacancy in WO,, a DFT analysis
is conducted. Figure 4b(1,2) shows the calculated band structure
and inverse participation ratio (IPR) of the electronic structure
of amorphous WO, and WO, , respectively. The corresponding
amorphous WO, is presented in Figure 4c. In both WO, and
WO, ,, the valence band maximum (VBM) and conduction band
minimum (CBM) have small dispersions. Furthermore, as can be
seen from the high IPR value, the states are localized. Even in the
presence of an oxygen vacancy, high IPR values can be found near
the CBM. It is verified that the oxygen vacancies in WO, serve
as a deep donor, which can be confirmed by the clustered IPR
denoted by the dashed circle in Figure 4b-2. The band structures
and IPR values of different amorphous structures and oxygen
vacancy positions are shown in Figure S6 (Supporting Informa-
tion). Regardless of the amorphous structure and oxygen vacancy
position, the oxygen vacancy in WO, acts as a deep donor. For
comparison, the band structures and IPR values of amorphous
In,O; are also calculated, as shown in Figure S7 (Supporting
Information). Contrary to WO,, the oxygen vacancy in In,O,
serves as a shallow trap, resulting in a small resistance value of
the film. Additionally, we investigate the LEN characteristics of
the FET-type gas sensor with a V,O; sensing layer. Given that the
V,0; has much greater resistance than WO,, the f. value of the
FET-type gas sensor is even <2 Hz, as shown in Figure S8a (Sup-
porting Information). Figure S8b,c (Supporting Information)
shows the S, and f X S, of the sensor with V,O; as a parameter
of T.

From these results, the optimal material condition suitable
for LFN spectroscopy can be provided. On the one hand, when
the resistance of the metal oxide is too small (as in In,0, and
IGZO) the LFN of the sensor is determined by the FET channel.
In this case, the LFN of the sensor is identical regardless of
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Figure 4. a) Schematic of the noise-generation mechanism in the FET-type gas sensor with a horizontal FG. In the sensing material, there are two noise
sources: 1) Noise generated from the adsorption-desorption (A-D) of gas molecules to and from the sensing material, and 2) RC amplified shot noise
generated from the carrier exchange between the adsorbed gas molecules and the sensing material. In the FET transducer, the carrier mobility fluctuation
in the FET channel generates 1/f noise. The calculated band structures and corresponding inverse participation ratio (IPR) of the electronic states of b-1)
amorphous WO; and b-2) amorphous WO, respectively, are shown. The Fermi level (Eg) is indicated by the dashed lines. c) Amorphous structure of
WO,.

the type of gas reaction, thereby making it impossible to use it is important to select a sensing material with a magnitude
LFN as a sensing feature for selective detection. On the other  of resistance that is neither too small nor large. From this
hand, when the resistance is too high (as in V,0q), the f. is  perspective, WO, with a deep level oxygen vacancy is the
too small, necessitating a lengthy time for signal acquisition = most suitable material for selective detection in FET-type gas
and preventing the rapid detection of the target gas. Therefore,  sensors.

Adv. Sci. 2023, 2205725 2205725 (7 of 12)  © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

51| SUOWILLIOD AR |eo! [dde 3 Ag peuLieno 12 SSP 1. VO 88N J0 Sa 1N 0} AXeiq172UIIUO AB]1M UO (SUONIPUGD-PUB-SUWLRYLICD" A8 1M ARe.q 1 U1 UO//:SAIL) SUOIIPUOD PUB SULR L 83 89S *[£202/T0/9T] Uo ARiq18u1iUO 4|1 *AISIRAIUN RUOEN IN0SS AQ S2/S02202 SAPR/Z00T OT/10p/L0Y" A3 1A ARG fBUI|UO//'ScY LI papeolumod ‘0 ‘7¥8E86TZ



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

(a) 10° T r
Poly Si gate FET
107} I, =200 nA
ﬁ -8 b
I 10 ‘Ln .
RSN ~a Tincrease T T 10T Qs T .
o 10 %) increase ~eo_ 1If
B 10°F q500¢ Temp. LPTeY T oc —
175°C 10°® 150 °C —— 200 °C [ 27 °C 200 °C
o Tl oc —
10" F—— 200 °c S U f 175°C ——225°C 1072} 150 OC 225°C ]
225 9 N 175°C
10-12 L " PRl 10° L L M 1013 L L
10 100 1000 10000 10 100 1000 10000 10 100 1000 10000
Frequency (Hz) Frequency (Hz) Frequency (Hz)
(d) 10 T T Dry air @ <of B ] (f) E, oryair = 059 eV
NO, . 0.6} ¥ E
10°° 6.5} . v, :
— TeA 1
N N 6.0 o N 0.5 | E, yo. = 0.45 eV 1
E 10_10 E . ..r:‘ ; : ‘Nov
BS :55-5 ... - . ) E ? E, us =040 eV
~ (" . - . a4 A
0101 = 5.0 ‘e, . w 0 : 1 E, 0=035eV §
> c = Dry air ' I '
(%] 45 ry I I 1§ '
12 * No, ®.. 0.3 ' i : P
10 40} * CO . i i : :
v H,S ‘o i : i :
1013 L L L 3.5 v . v v L 0.2 - - - L
10 100 1000 10000 23 24 25 26 271 28 Air NO, CO H,S

Frequency (Hz)

11kg T (1/K)

Figure 5. a) Sp/Ip2 and b) f x Sip/Ip? of the FET-type gas sensor as a parameter of T. The PSDs are measured with Iy = 400 nA. ¢) S;p//p? of the
poly-Si gate FET versus f as a parameter of T. d) S, of the FET-type gas sensor under different ambient conditions with dry air as a reference, NO,,
H,S, and CO gases. e) Arrhenius plot (In(f.) versus 1/kgT) of the sensor under ambient dry air, NO,, H,S, and CO ambiences. d) E, of the dry air, NO,,
CO, H,S gases. The E,s are obtained at four different gas concentrations in each target gas. different E, values for different gases.

2.4. Selective Gas Detection via LFN Spectroscopy

At this stage, we investigate the effects of the gas reaction on the
LFN characteristics of the FET-type gas sensor. Because the LFN
characteristics of the FET-type gas sensor with WO, are deter-
mined by the sensing material, exposure to different target gases
would result in different LFN characteristics, which can be uti-
lized to determine the selectivity of the sensor. For metal oxide
sensing materials to react with the target gases, a T value that
exceeds 100 °C is generally required. Accordingly, the effects of
T on the LFN characteristics of the sensors are investigated. In
addition, an investigation of the effects of T can confirm the va-
lidity of the proposed noise model. Figure 5a shows the S, /I,% of
the FET-type gas sensor as a parameter of T. Note that the PSDs
are measured at an I, value of 400 nA. Here, S;/I,> multiplied
by the frequency (fx S;p/Ip?) versus the frequency is plotted in
Figure 5D, allowing the separation of the Lorentzian-like feature
from the 1/f background. The maximum value of f X S;,/I>
corresponding to the f; shifts to a higher frequency with increas-
ing T. The increase of the f, can be explained by the decrease of
Rg with increasing T. In semiconducting metal oxide, the resis-
tance is decreased with increasing T due to the increased carrier
concentration and decreased potential barrier height at the grain
boundaries. Figure 5c shows the S;/I? of the poly-Si gate FET
versus fas a parameter of T. In contrast to the FET-type gas sen-
sors, the poly-Si gate FET shows 1/fnoise behavior regardless of
how T changes. These results further demonstrate that the LFN
characteristics of the sensor are not determined by the FET trans-
ducer but by the sensing material.

Adv. Sci. 2023, 2205725

Figure 5d shows the S of the FET-type gas sensor under dif-
ferent ambient conditions, in this case dry air as a reference and,
500 ppb of NO,, 25 ppm of H, S, and 100 ppm of CO gases. The
PSDs are measured after the response is saturated at 200 °C. Fig-
ure S9a (Supporting Information) shows f X S, multiplied by a
constant to distinguish the f; clearly under different target gases.
After the sensor is exposed to different types of target gases, a
change in f; clearly observed can be used as a distinctive sensing
feature to realize selective detection. This occurs because the ex-
posure of WO, to different gases results in a change in the RC
network and, thus a change of f.. Figure S9b (Supporting Infor-
mation) shows Sy, csing Of the sensor versus the frequency as a
parameter of T under ambient H,S.

Because the characteristic time depends on T exponentially,
the noise activation energy (E,) can be extracted from the slope
of the Arrhenius plot (In(f.) vs 1/k, T) in Figure 5e. The character-
istic time of the charge fluctuation is affected by the gas sensing
kinetics, resulting in The E, value for each target gas is shown
in Figure 5f, computed by taking the slope of the plot between
f. versus 1//kyT. Note that the E,s are extracted at four differ-
ent gas concentrations for each target gas (NO,: 100, 200, 300,
and 400 ppb; H,S: 25, 50, 75, and 100 ppm; CO: 100, 200, 300,
and 400 ppm). Figure S10 (Supporting Information) shows the
Arrhenius plot (In(f.) vs 1/k; T) of the sensor under different con-
centrations of each target gas. Regardless of the change in the gas
concentration, the E, values of each of the target gases do not dif-
fer, demonstrating the validity of LEN spectroscopy for selective
detection. The E, values evaluated from the Arrhenius plot are
0.59, 0.45, 0.35, and 0.40 eV for the O,, NO,, CO, and H, S gases,
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respectively. It is important to note that the E, values are clearly
distinguishable such that the target gases can be completely sepa-
rated. A unique E, obtained from each target gas provides a phys-
ical basis for selective detection using LEN spectroscopy.

Without fabricating an external RC network, the RC network in
the sensing material inherent to FET-type gas sensor whose char-
acteristics are sensitive to the change in gas ambient is used to
achieve selectivity of the sensor. Therefore, the proposed method
is more area- and cost-efficient than other methods that imple-
ment the RC network at the circuit level. Furthermore, consider-
ing that f, of PSD is affected by both Rg and C, LEN spectroscopy
has the advantages of selectively detecting a target gas in a mixed
gas condition.

2.5. In-Memory-Computed FFT for an Area- and Energy-Efficient
Gas Sensing System

In order to realize LEN spectroscopy for selective detection, the
Fourier Transform is required to calculate the PSD of the output
sensing signal. In general, the Fourier Transform requires a large
area and considerable energy for its computation, mainly due
to the large amount of MAC operations. The computation bur-
den generated by the separate computing and memory units can
be significantly reduced by using an IMC. Conventional Discrete
Fourier Transform (DFT) can easily be implemented in an IMC
operation due to its simple vector-matrix multiplication. How-
ever, high computational complexity of O(n - n) remains, increas-
ing the demand for an efficient FFT method with computational
complexity of O(n - log n). In this work, we adopt an in-memory-
computed FFT with 4-bit/cell 3D V-NAND to improve the com-
putational complexity, area, and energy efficiency factors.
The discrete Fourier Transform (DFT) is defined as follows:

N-1
X, = 2 x, - gl 2nkn/N (10)

n=0

Using Cooley and Tukey’s Fast Fourier Transform (FFT), the
DFT can be divided into two parts:(“°]

X,

1]
\M
X
S
x
o
z|3
3

N/2-1

N/2-1
_j 2kiam) _j 2km)
me'@ N +2x2m+1'3 N
m=0 m=0
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21rkm .
= Z e ' e -5
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The first and second parts of Equation 11 represent the even
part (x,,,) and odd part (x,,, ., ;) of the input vector, respectively. By
separating N size DFT into N/2 size of even part (X,,,,, r;,) and the
odd part (X, N/Z) we can calculate DFT with size N (O(N?)) from
two DFTs with size N/2 (O(N/22)). By dividing the N-size DFT
until the size of the part reaches a value of 1, O(N?) complexity
is reduced to O(NlogN). To calculate X, we have to get values of
X ,and X, v, which requires value of X, ,,, v, ... and soon.

even, N/
Recursive access of values of even part and odd partis required. A
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schematic description of recursive access of even and odd part at
N = 8is provided in Figure S11 (Supporting Information). Due to
this procedure, the entire calculation is composed of log , N cycles
where the input vector is rearranged and multiplied by different
FFT vectors in each cycle.

Before the calculation, the FFT vectors to be multiplied are
split into four parts: +Repr, —Repr, +1ppr, —Ippr. Absolute values
of the four split parts are converted into hexadecimal form, trans-
formed to conductance representing each hex value, and mapped
into NAND flash cells in the corresponding word-line (WL).[*’]
For each cycle, a read voltage (V,.,q) is applied to the WL repre-
senting the FFT vector of the cycle, whereas pass voltage V,,,
is applied to the other WLs. Because the conductance of NAND
flash is much higher in the saturation region than near the V,,
region, the conductance of NAND flash string can be dominated
by the cell of the selected WL by setting V,.,4 to be similar to V;,
and V. to be higher than V;,. This enables single-row selection
every cycle.

To perform the multiplication of the complex values in hard-
ware, the input vectors are divided into four parts as with the FFT
vectors: +Ry,ou —Rinpue +linpue a0d =1, During the calcula-
tion, the divided parts of the input vector and the FFT vector are
multiplied and transferred to the appropriate parts of input vec-
tor of the next cycle. For example, results from +R;,,,; X +Rpgpr,

~Ripput X —Rpprs =Lippue X +lppr, and Ilnput X —Ippr are summed
and passed to +R;,,,, of the next cycle.**] A schematic descrip-
tion of the complex number multiplication process is provided
in Figure S12 (Supporting Information).

Figure 6a shows a schematic diagram explaining the IMC op-
eration using 3D V-NAND. Each cycle of the IMC operation con-
sists of the following steps. 1) At the beginning of each cycle,
odd and even indices of the signal vector are separated and rear-
ranged. 2) After the rearrangement, the signal is divided into four
parts, +R, —R, +1, and —I, transformed to binary form and then
converted to the drain voltage pulses (V}), in each case. 3) The
resulting currents from the source line (SL) are accumulated. 4)
The accumulated currents are digitalized and transferred to the
appropriate parts of the new input vector of the following

Figure 6b shows the Iy, -V, of a single cell composing the
3D V-NAND with 16 different programmed levels. The channel
conductance of the cell is modulated by a program operation via
Fowler-Nordheim (FN) tunneling. The 16 different states can be
successfully modulated in this way (inset of Figure 6b). Figure 6¢
shows the current fluctuation of 16 differently programmed flash
cells raised from the continuous read operation. During 5000
read operations, there is no overlap of the current between adja-
cent current levels (as determined by V,;) in the flash cell, indicat-
ing that the read variation in each state does not affect the perfor-
mance of the FFT. In order to verify the validity of the IMC FFT-
based 3D V-NAND, we compare the PSDs of the FET transducer
and the FET-type gas sensors as obtained from a 35670A (com-
mercially available equipment) and the proposed IMC-based FFT.
As shown in Figure 6d,e, the PSDs obtained from IMC-based
FFT show results identical to those from the 35670A device.
The process of realizing LEN spectroscopy through in-memory-
computing can be realized at a very fast speed. Because the cor-
ner frequency of the sensor under gas ambient conditions ranges
from 10 to 10* Hz, the maximum time required for the signal ac-
quisition is <1 s if the ten times of signal sampling is used. After
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Figure 6. a) Schematic diagram of the in-memory-computing system of FFT using 3D V-NAND. b) Ig, -Vyy, diagram of 16 differently programmed flash
cells. ¢) Current fluctuation versus the number of read operations of the 16 differently programmed flash cells. Comparison between the PSD obtained
from the 35670A device and IMC-based FFT in d) a FET transducer and e) a FET-type gas sensor under ambient NO,. In both cases, the PSD obtained
from the IMC-based FFT shows identical results compared to that from the 35670A device, guaranteeing the validity of the proposed system.
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the signal is fed into 3D NAND array for detection, the processing
time of FFT computation is very fast. According to our simula-
tion results, the data processing time and computation time take
~1 s which guarantees the real-time detection. The data process-
ing time may vary slightly by the performance of the computer,
but it will fall below 1 s on modern computers with GHz clock
frequency. The results demonstrate that the 3D V-NAND can be
successfully integrated into the gas sensing system for LFN spec-
troscopy to realize selective detection.

3. Conclusion

Here, we investigated the LFN characteristics of a FET-type gas
sensor with WO, as a sensing material (connected to the FET-
type sensor’s gate) and proposed the LFN spectroscopy to realize
selective detection. The local charge fluctuation in the sensing
material is amplified by a RC network, resulting in Lorentzian-
like behavior of the PSD. Fluctuations in the sensing material are
transmitted to drain current fluctuations and added to the drain
current noise stemming from the carrier mobility fluctuation in
the FET channel. Because the LFN characteristics of the FET-type
gas sensor with the WO; layer are determined by the sensing ma-
terial, exposure to different target gases results in distinct LFN
characteristics, which can be used to realize selective detection
between NO,, CO, and H,S. Furthermore, it is verified through
DFT calculations that WO, is an optimal material for LEN spec-
troscopy owing to the deep-level properties of the oxygen vacancy.
Finally, an in-memory-computed FFT system is proposed based
on 3D V-NAND for an area- and energy-efficient gas sensing sys-
tem. The results are of great significance in that an entire system
for selective detection using LEN spectroscopy is proposed, and a
systematic analysis validates the solid physical basis of each com-
ponent.

4. Experimental Section

Gas Sensing and Electrical Measurement: A semiconductor parameter
analyzer (B1500A) and a probe station with a test chamber, chuck, and gas
inlet and output were used to assess the sensing performance capabilities
of the sensors. The target gases were NO,, H,S, and CO, and the gas flow
was regulated by a mass flow controller (MFC). Note that an external hot
chuck raises the temperature required for the gas reaction. To adjust the
gas concentration, the target gas was mixed with dry air with a relative
humidity of 4% before being introduced into the test chamber.

The PSDs of the sensors were measured using a Keysight Semiconduc-
tor Device analyzer (B1500A), a Stanford Research Systems Low-Noise
Current Preamplifier (SR570), and a Keysight Dynamic Signal Analyzer
(35670A). The measurement procedure was as follows: The B1500A de-
vice provides the voltage delivered to the CG. The output current flows to
the SR570, which converts the current fluctuation into a voltage fluctua-
tion. The dynamic signal from the SR570 was converted to a PSD via the
35670A device. The noise floor of the current amplifier in low noise mode
was 4 x 10727 A2 Hz~! (SR570 Manufacturer specs), significantly lower
than the sensor noise. As a result, the PSDs measured in this work were
clearly unaffected by the noise floor of the measurement system. Another
factor to consider during the measurement was the spectral distortion of
the PSD of the devices caused by the limited bandwidth of the SR570 de-
vice. The rated bandwidths in low noise mode were 2, 20, and 200 kHz
with corresponding sensitivity levels of 100 nA, 1 pA, and 10 pA. Given the
low-frequency range in this experiment (f< 2 x 10* Hz), there would be
no spectral distortion.
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Computational Details:  All first-principles calculations were conducted
using the Vienna Ab initio Simulation Package (VASP).[*°! The Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional based on gener-
alized gradient approximation (GGA) was implemented.[’%5"] The cutoff
energy for the plane-wave basis set was set to 500 and 450 eV for the WO,
and In,O; systems, respectively. For molecular dynamics in the WO; sys-
tem, the soft projector-augmented wave pseudopotential was used, and
the cutoff was reduced to 350 eV. Amorphous structures were generated
with a conventional melt-quench process. The initial WO; amorphous cell
contains 32 WOj; units (128 atoms in total), and the initial In,O5 amor-
phous cell contains 27 In,O5 units (135 atoms in total). First, atoms were
put randomly into a cubic box with a density of 7.3 g cm™3. The melt-
quench process starts with the pre-melting of the atoms at 4000 K for 5 ps,
followed by 10 ps of melting at 2300 K for WO and 2800 K for In,O5. The
structures were then quenched to 500 K at a constant cooling rate of —
500 K ps~". The final structures were fully relaxed with the force criteria of
0.02 eV A=, To generate the structures with an oxygen vacancy, one oxygen
atom was removed from the relaxed pristine amorphous structure.
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