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Au Nanoparticles/HfOo/Fully Depleted
Silicon-on-Insulator MOSFET Enabled
Rapid Detection of Zeptomole COVID-19
Gene With Electrostatic Enrichment Process
Haihua Wang™, Jian Liu*, Jiahao Wei*, Kai Xiao, Yingxin Chen*, Yu-Long Jiang™', Member, IEEE,
and Jing Wan™', Senior Member, IEEE

Abstract—In this work, a novel sensing structure
based on Au nanoparticles/HfO/fully depleted silicon-on-
insulator (AuNPs/HfOo/FDSOI) MOSFET is fabricated. Using
such a planar double gate MOSFET, the electrostatic enrich-
ment (ESE) process is proposed for the ultrasensitive and
rapid detection of the coronavirus disease 2019 (COVID-19)
ORF1ab gene. The back-gate (BG) bias can induce the
required electric field that enables the ESE process in the
testing liquid analyte with indirect contact with the top-
Si layer. It is revealed that the ESE process can rapidly
and effectively accumulate ORFiab genes close to the
HfO, surface, which can significantly change the MOS-
FET threshold voltage (V;,)- The proposed MOSFET suc-
cessfully demonstrates the detection of zeptomole (zM)
COVID-19 ORF1ab gene with an ultralow detection limit
down to 67 zM (~0.04 copy/u.L) for a test time of less than
15 min even in a high ionic-strength solution. Besides,
the quantitative dependence of W, variation on COVID-19
ORF1ab gene concentration from 200 zM to 100 femto-
mole is also revealed, which is further confirmed by TCAD
simulation.

Index Terms— AuNPs/HfO,/FDSOI MOSFET, biosensor,
COVID-19 ORF1ab gene, electrostatic enrichment (ESE).
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I. INTRODUCTION

ORONAVIRUS disease 2019 (COVID-19) has become

a global pandemic disaster caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) containing
ORFlab, S, E, M, and N genes [1]. To effectively prevent
the widespread of COVID-19, the ultrasensitive and rapid
detection of SARS-CoV-2 is urgently required. The existing
gold standard is the real-time quantitative polymerase chain
reaction (RT-qPCR). This method is very sensitive with a
typical limit of detection (LOD) of ~0.5 copy/uL (~0.83
attomole (aM), 1 aM = 1 x 10~'® mol/L) [2], but it requires
nucleic acids extraction, amplification, and signal labeling,
making it expensive, non-portable, labor-intensive, and time-
consuming [3], [4].

With the popular electrolyte-gated semiconductor sensing
structure, the MOSFET-based biosensor (BioFET) is con-
sidered a superior platform to meet the COVID-19 screen-
ing requirements [5], whose regular configuration is shown
in Fig. 1(a). The BioFET can directly sense the inherent
charge of the analyte without additional sample amplification
or labeling procedures [6], and provides a possible solu-
tion to be integrated into a system-on-chip [7]. As shown
in Fig. I(b) and (c), the nucleic acids are actually polar
biopolymers with negatively charged phosphate skeletons in
a buffer solution. Thus, the electrolyte-gated BioFET with a
two-dimensional material such as graphene has demonstrated
the capability for ultrasensitive detection of the COVID-19
gene [8], [9].

However, the electrolyte-gated configuration requires the
gate electrode insertion into the testing liquid to apply the
gate bias [5]. Then, the electrochemical reactions between
the gate electrode and testing liquid may occur, causing
the possible contamination of the testing analyte [10], [11].
In addition, to retain the promising carrier mobility of the
graphene channel direct contact between the graphene chan-
nel and testing liquid is always adopted without insulator
layer insertion [12]. This is actually not expected since the
graphene channel may interact with testing liquid, resulting
in reliability issues [10], [13]. Meanwhile, gate leakage may
also occur.
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Fig. 1. (a) Schematic of the regular electrolyte-gated BioFET structure,
where the gate electrode modulates the semiconductor channel through
the electric double layer (EDL) formed at electrolyte/semiconductor
interface. Vg, Vp, and Vg are the applied bias of gate (G), drain (D),
and source (S), respectively. (b) DNA helix structure. (c) Four kinds
of deoxyribonucleotides: thymine (T), adenine (A), guanine (G), and
cytosine (C).

Besides, since the Si technology is so mature that the
electrolyte-gated Si BioFET is also studied [14]. However, the
state-of-the-art LOD of a planar Si BioFET for nucleic acids
detection is usually higher than femtomole (fM, 1 fM = 1 x
10~" mol/L) level [15], which is far from the requirement
of COVID-19 screening. As an alternative, Si MOSFET with
Si nanowire (SiNW) channel can offer ultrasensitive detection
of nucleic acids [16], while the controllable and repeatable
SiNW fabrication increases the process complexity. Moreover,
the electrolyte-gated configuration also suffers from the afore-
mentioned disadvantage.

To relieve or overcome these issues, in this work
a novel Au nanoparticles/HfO,/fully depleted silicon-on-
insulator (AuNPs/HfO,/FDSOI) MOSFET sensor is fabricated
as shown in Fig. 2(a), which is then used to detect the
COVID-19 ORFlab gene as shown in Fig. 2(b) and (c). The
thin top-Si layer allows inherently high sensitivity to the exter-
nal charge even with a planar channel. The fabrication process
of FDSOI MOSFET is very mature and highly compatible
with Si CMOS technology. The back-gate (BG) work mode
allows no gate electrode insertion in the testing liquid. The
HfO, dielectric layer deposited on the Si channel enables the
indirect contact between the Si channel and the testing liquid,
ensuring the integrity of the testing analyte. The inorganic
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Fig. 2. (a) Schematic of proposed BioFET structure and its fabrication
process flow. (b) SARS-CoV-2 virus structure and genome map with
the highlighted position of selected target ORF1ab gene. (c) Probe
DNA immobilization and hybridization with ORF1ab gene on AuUNP/HfO»
surface.

AuNP linker formed on the HfO, surface is very effective for
probe DNA immobilization.

The novel electrostatic enrichment (ESE) process is pro-
posed to be applied on such a planar AuNPs/HfO,/FDSOI
double gate MOSFET structure. Thus, even without the gate
electrode insertion in the testing liquid, the required electric
field for nucleic acids enrichment could still be induced in
the testing liquid by applying direct-current (dc) bias on BG,
which can rapidly accumulate the dispersed polar nucleic acids
in the testing liquid on HfO, sensing surface. It is demon-
strated that the proposed MOSFET sensor can achieve the
ultrasensitive and rapid detection of the COVID-19 ORFlab
gene even in a high ionic-strength solution.

Il. DEVICE FABRICATION AND CHARACTERIZATION
A. AuNPs/HfO-/FDSOI MOSFET Fabrication

The cross section diagram and fabrication process flow
of the AuNPs/HfO,/FDSOI MOSFET sensor are shown in
Fig. 2(a). The SOI wafer consists of a 75 nm top-Si layer,
500 nm buried oxide (BOX), and bottom-Si substrate. The top-
Si layer and substrate are both p-type Si with a concentration
of 1 x 10" cm™3. The active region is defined by optical
lithography and wet etching. The Ti (30 nm)/Au (50 nm)
stack deposited by electron-beam evaporation (EBE) is used
as the source/drain (S/D) metal contact, followed by the
rapid thermal annealing (RTA) at 350 °C for 5 min in N,
atmosphere. Then the whole device is covered by a 20 nm
HfO, layer deposited by atomic layer deposition. Next, the
EBE process with a base pressure below 9 x 1077 Torr is
used to deposit 2 nm Au film on the HfO, surface, followed
by RTA at 250 °C for 10 min in N, atmosphere to form the
AuNPs [AuNP (2 nm)] as the effective DNA linkers [17].
Thus, an as-prepared FDSOI MOSFET device is obtained.

B. BioFET Fabrication

The AuNPs/HfO,/FDSOI MOSFET is further modified for
detecting the COVID-19 ORFlab gene as highlighted in
Fig. 2(a). The AZ-5214 photoresist (PR) coating covers the
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device’s top surface except for the patterned channel area,
ensuring that the probe DNAs only bind to AuNPs in the chan-
nel area. After the fabrication of a polypropylene microcham-
ber, 1 4M thiol-terminated probe DNA pre-activated by tris
(2-carboxyethyl) phosphine is filled, and then the device is
placed at 4 °C for 20 h to allow the probe DNAs to bind
to AuNPs via Au-S bond as shown in Fig. 2(c). Then, the
chamber is cleaned to remove the non-bonding probe DNAs
and filled with pure 1 x phosphate-buffered saline (1 x PBS)
solution. Finally, the target ORFlab gene is injected into a
1 x PBS solution with the required concentration.

The 1 x PBS solution with a pH of 7.0-7.4 is prepared by
NaCl, KCl, Na,HPO4, KH,PO4, and deionized (DI) water.
All the probe DNAs and target genes are diluted to the
required concentration in 1 x PBS solution. As depicted in
Fig. 2(c), the probe DNA and the target ORF1ab gene are fully
complementary, and can rapidly hybridize to form the double
helix at room temperature. It is worth mentioning that the
probe DNA amount is much larger than the tested target gene
amount, which enables multiple tests using the same device
with the essential cleaning process between two tests. The
standard ORF1ab gene samples are synthesized with calibrated
concentrations.

C. Electrical Measurement

The drain current-time (I;—t) curves are monitored with BG
bias (Vi) of 50 V, drain bias (V) of 2.5 V, and source bias
(Vs) of 0 V, making the BioFET work in the strong inversion
status. The transfer characteristic curve (/;—Vyg) is measured
with Vyg swept from —5 to 50 V, V; of 2.5V, and V of 0 V.
The 1;-Vye curves may have different sequences at different
current levels due to the contact resistance variation between
S/D pads and test probes. The threshold voltage (V) extracted
in the subthreshold region is much less sensitive to this contact
resistance variation due to the intrinsic high channel resistance
of MOSFET itself in the subthreshold region. So, only Vi, is
extracted as an indicator in this work. The Vy;, is extracted at a
constant I; = 1 x 1078 A according to I;—Vy, curve to avoid
the possible influence of BG leakage of ~5 x 10710 A. All
the tests are performed at a fixed temperature of 25 °C with
constant natural light.

[1l. RESULTS AND DISCUSSION
A. Depletion Status of Top-Si Channel

Since the p-type top-Si layer is with a concentration of
1 x 10" cm™3, the Fermi potential (®f) of 0.287 V can
be obtained by Expression (1), where K is the Boltzmann’s
constant, T is the absolute temperature, ¢ is the elementary
charge, N, is the p-type doping concentration, and n; is the
intrinsic carrier concentration of Si, respectively,

KpT . N
(1) F = h’l —.

q n;

Then, for strong inversion, the maximum depletion layer
thickness (Dmax) can be calculated as 862 nm by Expression
(2), where ¢, is the relative dielectric constant of Si and &g
is the permittivity of vacuum. Hence, the 75 nm top-Si layer
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Fig. 3. (a) Optical microscopy image of top surface of
AuNPs/HfO>/FDSOI MOSFET device. (b) Scanning electron microscopy
image of AuNPs on HfO».
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Fig. 4. (a) lq—Vpg drift curves of the as-prepared FDSOI MOSFET without
and with electric stress application. (Inset: Iq—t curve with the electric
stress.) (b) I4—Vhg hysteresis curves of the as-prepared FDSOI MOSFET
device. (Inset: zoomed-in view image of the region highlighted by the
dotted box.)

is so thin that it will work in fully depleted mode when the
MOSFET is in on state. Actually, the ideal Vi, can be estimated
as only about 0.8 V, which indicates that across the HfO, layer
a strong electric field can be induced in the testing solution
by the BG bias of Vs = 50 V

2e,£02D
Dinax = [ £Erf0sE
qN 4

B. Morphology Characterization

As shown in Fig. 3(a), the length and width of the as-
prepared FDSOI MOSFET channel are respectively 4 and
20 um. Fig. 3(b) shows that the AuNPs are uniformly and
densely distributed on the HfO, layer so that there will be
enough probe DNAs that can bind to these AuNPs.

)

C. Drift and Hysteresis Characteristics

The drift and hysteresis characteristics of the as-prepared
FDSOI MOSFET are shown in Fig. 4. No obvious dependence
of 1; on time is observed as seen in Fig. 4(a), indicating a
negligible drift effect. As shown in Fig. 4(b), a very small
hysteresis of ~24 mV is observed. Both negligible drift and
hysteresis effects illustrate the excellent performance of the
as-prepared FDSOI MOSFET device.

D. ESE Effect for PBS Solution

The 1;—t curves for the BioFET chamber only filled with DI
water or 1 x PBS solution with different volumes are shown in
Fig. 5(a). With a constant V; of 2.5 V and V; of 0 V, at t =
0 s the Vi of 50 V is suddenly applied. As can be seen,
the I; for the DI water case shows negligible dependence
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surface and then weaken the electric field strength in the top-
Si channel, resulting in the reduction of inversion electrons.
Correspondingly, the I; decreases or the Vi, increases too.
We name such accumulation of anions on the HfO,sensing
surface as the ESE effect since no electrode is inserted into
PBS solution and the anions are only attracted by the electric
field induced by V;, without mobile charges exchange with
circuits outside of the solution.

Within the Debye length, due to the electric field-induced
binding effect, the mobile anion amount is greatly reduced
and its concentration is lower than that outside of the Debye
length, causing a natural anion diffusion progress. Fig. 5(a)
reveals that the diffusion progress is quick and finally it will
end when all anions in the solution accumulate there. Then, the
1; will keep constant. Compared to the 40 uL 1 x PBS case,
more anions are solved in the 80 4L 1 x PBS solution. This
will allow more anions to accumulate on the HfO, surface and
correspondingly result in a more obvious I; decrease, which is
clearly demonstrated by Fig. 5(a). This further indicates that
the I; variation depends on the anion dose/total amount in the
testing solution, which is very different from the ion-sensitive
field-effect transistor (ISFET). For the standard ISFET, the
output signal is highly related to the ion concentration in bulk
solution instead of the volume [7].

E. Zeptomole COVID-19 ORF1ab Gene Detection

As shown in Fig. 6, we successfully achieve the ultrasen-
sitive and rapid detection of the target COVID-19 gene using
the proposed BioFET. With negatively charged phosphate
skeletons, target genes in the bulk solution can be attracted
to the HfO, surface by the BG-induced electric field where
there are enough probe DNAs ready to hybridize with them.
Theoretically, even if the target gene is very trace, it may
also be detected based on this ESE process as long as its

PBS solution and 200 zM target gene. (b) Real-time Iq—t curve for 200 zM
target gene when Vhg = 50 V is applied. (c) Transient I;—t curve for
1 x PBS solution without target gene. (d) Dependence of A Vi, [A Vi, =
Vin(ORF1ab) — Vi (1 x PBS)] for 200 zM target gene on the elapsed
time after ESE process. (e) Interactions between the applied electric
field and the target genes. (f) Depletion effect of inversion electrons in
top-Si channel by target ORF1ab gene hybridization.

charge dose (C/cm?) on the HfO, surface is large enough.
As seen in Fig. 6(a), compared to the I;—Vpg curve only with
the as-attached probe DNAs, the 1 x PBS solution results
in a slightly positive shift of Vi, which is defined as the
background signal since the target gene will be dispersed in
this 1 x PBS solution. When 200 zeptomole [zM, 1 zM =
1 x 1072! mol/L] target gene is injected, a more positive
Vi shift is revealed, which clearly distinguishes it from the
background signal. The real-time I;—¢ curve for the 200 zM
target gene shown in Fig. 6(b) presents a sharp decline and
a rapid saturation. The sharp decline is caused by composite
effects including the anions migration, the probe DNAs folding
down, the target genes enrichment, and the hybridization of
target genes with probe DNAs. After ~4 min, the system
reaches equilibrium status.

After the end of the I;,—t curve measurement, the BG is reset
to floating status and the ESE effect disappears. All the mobile
negative charges and polar molecules will naturally diffuse
away from the HfO, surface. The reorientation of DNAs bound
to AuNPs will also happen. Thus, the I,—t response can be
repeated as demonstrated by Fig. 6(c) when no target genes
are injected into the solution. However, when the testing liquid
contains target genes, after the ESE process the hybridized
double helices will be bound to AuNPs, which will finally
result in the effective Vi, reduction. The testing solution then
reaches a new equilibrium status and the Vy, also decreases to
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Fig. 7. (a) lg—Vbg curves for BioFETs incubated with different target
gene concentration. (Inset: I;—Vhg curves for BioFETs incubated with
10 fM target gene with and without ESE effect.) (b) AW [AVi =
Vin(oRrF1ab) — Vin(1 x PBS)] dependence on target gene concentration with
and without ESE effect. Five individual samples are tested for each
concentration. The dashed line is the fitting line between A Vi, and target
gene concentration. The dotted line is the background signal caused
by 1 x PBS. For results without ESE process, the BioFETs with different
concentrations of target genes are naturally incubated with a reaction
time of up to 3 h and Vg = 0 V before measuring /g—Vpg curves.

a stable value. Fig. 6(d) reveals that the time required for re-
building such an equilibrium status is no more than 10 min for
the 200 zM case. Thus, the total sensing time for the 200 zM
case could be estimated as no more than 15 min.

Fig. 6(e) clearly shows that with the ESE effect, the target
ORFlab genes in the bulk solution are accumulated on the
HfO, surface to hybridize with the probe DNAs. Fig. 6(f)
shows that the hybridized target ORFlab genes can reduce
the inversion electrons in the top-Si channel across the HfO,
layer, thereby re sulting in the Vy, increase.

F. Quantitative Analysis for COVID-19 Gene Detection

The BioFET further demonstrates the quantitative analysis
capability for COVID-19 ORFlab gene detection. As shown
in Fig. 7(a), as the target genes with increased concentration
are injected the positive Vy, shifts are consecutively observed.
Fig. 7(b) shows a good linear relationship (AVy, = 1.386 Ig

100 fM. According to the 3¢ rule [19], the LOD is actu-
ally down to 67 zM (~0.04 copy/uL). The performance
comparison between our BioFET and other related works
is summarized in Table I. It can be seen that our BioFET
for ORFlab gene detection shows a much lower LOD and
a shorter test time. The superior sensing performance of
our BioFET is attributed to the novel AuNPs/HfO,/FDSOI
MOSFET structure with the ESE process.

For results without the ESE process, the BioFETs with
different concentrations of target genes are naturally incubated
with a reaction time of up to 3 h and Vy; = 0 V before
measuring I;—Vye curves. As shown in the inset of Fig. 7(a),
without the ESE process, the I;—Vyg curves clearly demon-
strate that even for the 10 fM target gene case, the A Vy, still
cannot be clearly distinguished from the 1 x PBS background.
Actually, Fig. 7(b) reveals that without the ESE process, the
BioFET fails to detect the target gene from 1 aM to 100 fM
within a limited time, highlighting the significance of the ESE
process. Besides, since the A Vy, is only dependent on the total
amount of target ORFlab gene in the test solution based on
the working mechanism of our BioFET, the change of test
temperature lower than 37 °C will not cause an obvious impact
on Fig. 7(b) when the detection time in our experiment is long
enough to ensure all the target ORFlab genes to be able to
hybridize with probe DNAs.

G. Signal-to-Noise Ratio (SNR)

For a nucleic acid biosensor, the SNR is defined by the
A Vi, ratio between samples with an analyte and blank samples
without an analyte. An SNR of 3 is generally considered to
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be acceptable, which allows a confidence level of ~99.7% for
non-random noise. Fig. 8(a) gives the AV, values [AVy =
VinORF1ab) - Vih (ProbeDNA)] induced by 1 x PBS solution and
200 zM target ORF1ab gene solution, which respectively refers
to the noise level and the signal level. Obviously, it indicates
that our BioFET has an acceptable SNR.

H. Selectivity Characterization

To investigate the BioFET selectivity, various interferences
have been considered including microRNA (miRNA)-375,
miRNA-210, single base-mismatch ORFlab (smORFlab),
and double bases-mismatch ORFlab (dmORFlab). Fig. 8(b)
clearly indicates the high selectivity of our BioFET.

IV. TCAD SIMULATION

The hybridization of target ORFlab genes with probe
DNAs results in increased negative charges (AQorriab) ON
the HfO, top surface. The AQorriab can reduce the inversion
electrons in the top-Si channel, equivalently increasing the
hole concentration (N;) in a thin Si layer close to the HfO,
bottom surface, as shown by the p+-Si layer in Fig. 9(a). For
simplicity, the increased AQorriap can be simulated by the
increased N/, in the 5 nm p*-Si layer. Since the top-Si layer
thickness is only 75 nm and the MOSFET will work in fully
depleted mode, the N/ variation in the thin p+-Si layer will

ulated A V4, dependence on N/, (hole concentration in p*-Si layer).

significantly influence the average hole concentration in the
whole top-Si layer. Thus, the @ of the top-Si channel will
be correspondingly affected, resulting in the change of the flat
band voltage (Vi,) which further linearly contributes to the V.

As seen in Expression (1), @ is linearly dependent on log
(N4), which will correspondingly cause the linear dependence
of AVy on log (N,). Since N, is proportional to N’ in the
p+-Si layer, i.e., AQorFiab, it can be easily deduced that AV,
will show a linear dependence on log (AQogrFiab), i-€., the
logarithm of COVID-19 ORFlab gene concentration in the
testing liquid. Based on the simplified MOS capacitor shown
in Fig. 8(a), the dependence of AVy on N is simulated
by TCAD tools provided in Synopsys Sentaurus. Fig. 9(b)
clearly shows the semi-log linear relationship between A Vi
(AVih = Vi (N}) = [Vin (N} = 1 x 10" em™)] and N,
ranging from 1 x 10'® to 1 x 10" cm™. Such a TCAD
simulation result agrees well with the observed experimental
result shown in Fig. 7(b). Based on the FDSOI MOSFET
properties, it is easy to know that if the thickness of the top-Si
layer can be further reduced an improved detection sensitivity
will be correspondingly achieved.

V. CONCLUSION

In summary, the novel planar AuNPs/HfO,/FDSOI MOS-
FET sensor with the proposed ESE process is successfully
demonstrated for the ultrasensitive and rapid detection of
COVID-19 ORFlab gene, achieving a detection limit down
to 67 zM (~0.04 copy/uL) and a total sensing time no more
than 15 min. The additional dielectric layer deposited on the
top-Si channel and the BG bias-induced ESE effect together
make it possible to form the preferred indirect contact between
the testing analyte and the sensing channel without electrode
insertion in the testing liquid. This work provides a general,
simple, but very effective approach to realize the ultrasensitive
and rapid detection of genes based on the mature planar Si
MOSFET technologies.
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