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a b s t r a c t   

In this study, separative extended-gate AlGaAs/GaAs high electron mobility transistor (HEMT) biosensor is 
proposed for prostate-specific antigen (PSA) detection. Zinc oxide nanotetrapods (T-ZnO) with a four-leg 
structure is introduced onto the sensing pad to form a three-dimensional (3D) and concave detection front. 
Compared with common plane front, the elaborately-designed-3D and concave detection front can offer 
more biological modification sites and decrease the Debye volume, resultantly improving both the detection 
scope and sensitivity. Anti-PSA probes can be fixed at any sites of T-ZnO via a chemical bio-functionalization 
method, which facilitates better detection performance by comparison with a physical modification 
scheme. On the other hand, the T-ZnO nanostructures with the four-leg configuration are capable of re
leasing the stress and erosion effect of the solution on the plane Au film, contributing to a great im
provement in the reliability of the biosensors. The optimized biosensors with chemical bio-functionalized 
T-ZnO detection front demonstrate good linear current/voltage response to label-free PSA target in the 
concentration range from 5 fg/ml~5 ng/ml and a sensitivity variation ~ 1.3% dec−1. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Electronic biological detection can be integrated into current 
electronic manufacturing process and technology, and holds pro
spect for future miniaturized in-situ applications [1]. Among them, 
sensor based on field-effect transistor (FET) has been widely in
vestigated due to its potential for miniaturization, label-free and fast 
response time [2–4]. The ion-sensitive field effect transistor is the 
earliest solid-state devices for the sensing of ionic activities which 
can be traced back to 1970 [5,6]. However, the main drawback of the 

sensor is its long-term performance drift due to its instability in 
solution and the degradation of its gate insulators [7,8]. In recent 
years, scientists have come up with a new configuration called se
parative extended-gate field effect transistor (SEGFET) [9–12]. This 
configuration divides a biosensor into two core components, the FET 
and the sensing pad that are isolated from each other in space. The 
FET would provide high repeatability and stability since it is free 
from the chemical corrosion/damage of biological solution. In ad
dition, the two core components have great flexibility in their design 
and fabrication. For example, the sensing pad can be bio-functio
nalized and delicately designed to be plug-in-card type, a kind of 
portable configuration like USB (universal serial bus), according to 
the specific detection task [13,14]. 

However, although the SEGFET configuration can protect the FET 
from solution damage, the sensing pad is vulnerable to damage since it 
is directly facing the chemical/biological environment. This may lead 
to deterioration of the stability of the sensing pad and even of the 
biosensor, bringing about noise signals. In addition, further research is 
still needed to improve the detection performance. For example, the 
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sensitivity, a key parameter of FET biosensors, is heavily limited by 
screening of electric fields by mobile ions in biological solution  
[15–17]. Fortunately, there were reports that non-plane-structure 
sensing pad can help decrease the charge screening and improve the 
sensitivity. For example, Shoorideh and Chui conducted a series of 
simulations to demonstrate that the detection front with nanowires on 
it can be more sensitive than planar ones [18]. Gao et al. introduced a 
surface coating with an almost constant potential to reduce the 
screening effect and then largely improved the device sensitivity  
[19,20]. These researches provide a good idea for the sensing pad 
optimization to further improve the detection performance. 

In this work, SEGFET-configuration biosensors are fabricated to 
detect prostate-specific antigen (PSA) which is considered to be a 
marker of prostate cancer. High electron mobility transistor (HEMT) 
is chosen as the FET component due to a lot of advantages such as 
high transconductance, low noise [21,22], and so on. ZnO nanos
tructures have been increasingly used in biological nanotechnology 
due to their unique advantage such as high chemical stability, spe
cific surface area, biocompatibility, high electron communication 
feature and so on [23,24]. Among them, zinc oxide nanotetrapods (T- 
ZnO) possessing a special structure with four legs growing in dif
ferent directions and resembling closely tetrahedral electronic geo
metry, were advanced in electron transportation [25,26]. Based on 
this, T-ZnO is introduced on the sensing pad to form a three-di
mensional (3D)-structure detection front. Both physical and che
mical functionalization methods are used to fix the probe molecules 
(anti-PSA) onto T-ZnO. The detection performance and reliability of 
biosensors with or without T-ZnO are compared in detail. It is found 
that the additive of T-ZnO is in favor of improving both the sensi
tivity and the reliability of the biosensors. 

2. Experiment section 

2.1. Fabrication of HEMT biosensor 

The structure of HEMT is shown in Fig. 1A. The AlGaAs/GaAs 
epitaxy-wafer, which consists of 2 µm-GaAs Buffer layer, 12 nm 

InGaAs channel layer, 28 nm AlGaAs barrier layer and 30 nm cap 
layer, was deposited by molecular beam epitaxy. In the procedure of 
HEMT preparation, inductively coupled plasma etching was firstly 
used to get graphical active layer. After that, in the step of preparing 
for the source and drain electrode, Ge/Au/Ni/Au metal stack was 
grown on EPI-wafer by electron beam evaporation (EBE), and then 
the samples were annealed in N2 atmosphere at 410 °C for 20 s to 
form ohmic contact. Ti/Au metal layer was deposited by magnetron 
sputtering as gate electrode. Afterward, plasma enhanced chemical 
vapor deposition was used to deposit SiO2 and SiN passivation layer 
to isolate the devices from air. Finally, the areas of electrodes were 
exposed by using reactive ion etching and buffered oxide etch so
lution. The electrical resistivity of the HEMT was 388.3 ohm/cm and 
the sheet electron concentration was 1.9 × 1012 cm−3 with a mobility 
of 8.5 × 103 cm2V−1s−1. After the HEMT was prepared, sensing pad 
was connected with it through a wire to form a HEMT biosensor. As 
shown in Fig. 1B, both the sensing pad and the reference electrode 
were immersed in 0.1 × phosphate buffer saline (0.1 × PBS) solution, 
and the gate voltage (Vgs) was applied through the reference elec
trode to test the transfer curve of the biosensor using different PSA 
antigen concentrations ([PSA]) under this configuration. 

2.2. Modification of sensing pad 

The SEGFET configuration provides great convenience to design 
and fabricate the sensing pad. In this study, three types of sensing 
pads (marked as I, II and III, as shown in Fig. 1C) were proposed, 
corresponding to different functionalizing strategies. Before bio- 
functionalizing, 40 nm Ti (@150 °C) and 60 nm Au (@room tem
perature, RT) were deposited in sequence by EBE on a SiO2/Si wafer 
as the conductive substrate. Then, anti-PSA was fixed on the Au 
surface to form pad I by conventional chemical modification 
method [27]. 

Different from the pad I, the pads ΙΙ and ΙΙΙ were firstly modified 
with T-ZnO onto the Au surface. Since ZnO has a relative high iso
electric point of 9.5, it is frequently used as the linker for the ad
sorption of biomolecules [26]. T-ZnO anhydrous ethanol suspension 

Fig. 1. The structure of HEMT (A) and the corresponding biosensor (B). (C) Three functionalizing strategies of the sensing pads.  
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(30 mg/ml) was spin-coated on the Au surface at 1200 rpm for 40 s, 
then thermally annealed at 90 °C for 90 s to remove the redundant 
ethanol. Finally, anti-PSA (50 μg/ml in 0.1 × PBS, at pH 7.2) was 
dropped directly onto the sensing pad modified with T-ZnO and kept 
at 4 °C overnight to immobilize the anti-PSA (pad II). 

Different from the physical-adsorption method for the prepara
tion of pad II, a chemical functionalization process was adopted for 
pad III. The T-ZnO-modified substrate was treated with O2 plasma 
(100 W) for 10 min to form hydroxyl group, after that 2% (v/v) 3- 
aminopropyltriethoxysilane (APTES) anhydrous ethanol solution was 
dipped onto the T-ZnO, waiting for 40 min to make the amino groups 
adhere to the T-ZnO surface. According to references [28,29], APTES 
can be fixed on solid surface via hydrolysis-condensation reaction. A 
thermal treatment (120 °C, 1 h, air ambient) was performed next to 
wipe off the unconjugated APTES and redundant anhydrous ethanol. 
Then the pad was immersed into 2.5% (v/v) glutaraldehyde solution 
to fix aldehyde group on the T-ZnO surface. Finally, the pad added 
with anti-PSA was kept at 4 °C overnight to make the anti-PSA 
covalently linked to the T-ZnO surface. To avoid non-specific binding 
of the corresponding target PSA, one should block the glutar
aldehyde without anti-PSA, such as by bovine serum albumin 
(BSA) [14]. 

3. Results and discussion 

3.1. Sensing pad and biosensor stability 

In order to obtain a stable SEGFET biosensor, it is necessary to 
study the stability of two core components (HEMT and sensor pad). 
The transfer curve of the HEMT was measured repeatedly, and the 

measured curves were kept constant, indicating that the HEMT has 
sound electrical stability (Fig. S1). As another important component 
of SEGFET, sensing pad is the interaction zone for biological reaction, 
working in the solution environment for a long time. Therefore, its 
stability issue needs to be addressed firstly. 

Current-voltage (I-V) and capacitance-frequency (C-f) curves 
were repeatedly measured for the anti-PSA-modified sensing pads in 
pure 0.1 ×PBS (bare-Au sensing pad as a control shown in Fig. S2). 
The resistance and capacitance @ 1 Hz are derived from the mea
sured curves and their variation is used to evaluate the sensing pad 
stability. Figs. 2A and 2B demonstrate the relative resistance and 
capacitance changes, i.e., 

=R R R R R/ /0 0 0 (1)  

=C C C C C/ /0 0 0 (2) 

where R0 (C0) and R(C) is the resistance (capacitance) obtained at the 
first and fifth time, respectively. For each kind of sensing pad, 5 
identical samples were prepared and examined. It can be clearly 
seen that the ∆R/R0 of pad I is higher than that of pad II and III. The 
maximum ∆R/R0 of the pad I, II and III is 19.4%, 1.7% and 2.1%, re
spectively. Similarly, pad I shows larger ∆C/C0 (2.0–10.1%) compared 
with pads II and III (< 2%, shown in Fig. 2B). These results suggest 
that the sensing-pad stability can be evidently improved by the 
additive of T-ZnO. 

In addition, the performance repeatability of the whole biosensor 
(the HEMT and the sensing pads system) was also checked in pure 
0.1 ×PBS. Herein, the repeatability is evaluated by the threshold 
voltage (Vth) and relative current changes calculated from the 
transfer curves. As shown in Fig. 2C, the Vth change (∆Vth) of bio
sensor I is generally larger than those of the counterparts. In 

Fig. 2. The ∆R/R0 (A) and ∆C/C0 (B) of the pad I, II and III, where five samples are selected for each pad. ∆Vth (C) and ∆I/I0 (D) of the biosensors I, II and III.  
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particular, Among the 5 test samples, 80% of biosensors II or III have 
a ∆Vth smaller than 2 mV, while only 40% of biosensors I could have. 
The maximum ∆Vth of biosensors I is even up to 16.4 mV. The relative 
current changes (∆I/I0) of these biosensors are illustrated in Fig. 2D, 
where the ∆I/I0 variations are consistent with the ∆Vth. Specifically, 
all of the biosensor II and 80% of biosensor III have a relative current 
change of less than 2%. However, only 40% of biosensor I can achieve 
this level (the maximum ∆I/I0 is up to 9.1%). 

3.2. Biosensor detection performance 

The ∆Vth and sensitivity (S)， 

= ×S I I/ 100%0 (3) 

where ∆I is the change between the Ids in different concentration of 
analyte and the I0 in pure PBS, are the common metrics for evalu
ating the sensor response to analyte [30], which can be extracted 
from the transfer curves presented in Fig. S3. As displayed in Fig. 3A, 
the ∆Vth fits linearly with the logarithm of the PSA concentrations 
([PSA]), yielding a r2 (r is the correlation factor) of 0.99, 0.98 and 0.95 
for the biosensor I, II and III, respectively. The averaged ∆Vth for a 10 
times concentration variation is about 1.02, 1.93 and 2.57 mV dec−1, 
corresponding to the biosensor I, II and III, respectively. Based on the 
abscissa range, the detection scope of the biosensor I is from 50 fg/ 
ml to 50 pg/ml, while that of the biosensor II and III is enlarged to 5 
fg/ml~500 pg/ml and 5 fg/ml~5 ng/ml, respectively. The extended 
detection scope is obtained with the introduction of T-ZnO nanos
tructures, probably due to the large specific surface area in favor of 
binding more anti-PSA. 

The linear dependence of S on the logarithm of [PSA] is presented 
in Fig. 3B, with a r2 of 0.70 (I), 0.90 (II) and 0.99 (III), respectively. The 
averaged ∆S for a 10 times PSA concentration variation and the S 
value at 50 pg/ml is 0.5% dec−1, 0.9% dec−1, 1.3% dec−1 and 3.6%, 5.7%, 
9.4% for the sensor I, II, III, respectively. It should be noted that, due 
to the poor stability of biosensor I, only one group of reliable data 
were obtained in our experimental. 

3.3. Discussion on the related mechanisms 

From the above results, it can be found that both the detection 
scope and sensitivity of biosensor III is the best, followed by bio
sensor II and I. And the device reliability are greatly improved by the 
application of T-ZnO on the sensing pads. It’s essential to make clear 
the underlying mechanisms. 

Fig. 4 displays scanning electron microscope (SEM) images of T- 
ZnO nanostructures, T-ZnO on the pad ΙΙ and III. The ZnO nanote
trapods have a four-legged structure, a special 3D morphology with 
high surface area in favor of accommodating more biological mar
kers to boost the detection sensitivity. After all, ZnO has a good 
biological compatibility [26,31]. After biological modification, how
ever, the legs of T-ZnO were observed to widen, as seen from the 
SEM images of pads ΙΙ and ΙΙΙ. To analyze the un-known covers, we 
select 5 typical positions to conduct elemental analysis. The atomic 
contents of carbon (C) and nitrogen (N) and the N/C atomic ratio are 
checked and listed in Table 1. The C content in the bare T-ZnO (po
sition a) and the T-ZnO leg tip of pad ΙΙ (position b) is lower than 

those of the other three sites, and the N content of these two sites is 
too low to be identified (beyond the detection limit). In contrast, 
intensive C and N signals are detected from the T-ZnO leg bottom of 
pad ΙΙ (position c), and the T-ZnO tip (position d)/bottom (position e) 
of pad ΙΙΙ. The C/N ratios of these three sites are very close to each 
other, implying the same biomolecule located at these positions. In 
another word, anti-PSA prefers to settle down on the bottom leg of 
T-ZnO when using the physical functionalization method (pad II), 
while both the top and bottom leg of T-ZnO can attract the anti-PSA 
when using the chemical functionalization scheme (pad III). Hence, 
it can be inferred that the amount of the biological-binding sites 
available is incremental in a sequence of pad I, II and III. Based on 
binding kinetics, increasing the concentration of binding sites will 
shift the equilibrium toward having more PSA bound over a given 
time period. Therefore, the biosensor III demonstrates the largest 
detection scope, biosensor II the middle, and biosensor I the 
smallest. 

With regard to the improvement in the detection sensitivity by 
introducing T-ZnO, it can be explained by the application of 3D de
tection front which had been reported to be able to decrease the 
charge screening by constraining the space in which double layers 
can form [15]. Because this space is filled with counter ions, the 
screening effect can be weakened by limiting its volume, which is 
equivalent to increasing the averaged Debye length [15,18]. To help 

Fig. 3. The ∆Vth value (A) and the S (B) for different [PSA] of the biosensor I, II and III 
in 0.1 × PBS. 

Table 1 
Comparison of atomic contents of C, N, and N/C at the 5-selected positions.       

Sensing pad position C atoms 
percent (%) 

N atoms 
percent (%) 

N/C  

Bare T-ZnO a 6.99  ±  0.32 – – 
II b 10.25  ±  0.50 – – 

c 15.02  ±  0.69 3.53  ±  0.07 0.24  ±  0.02 
III d 19.06  ±  0.96 3.65  ±  0.32 0.20  ±  0.02 

e 14.16  ±  0.67 3.26  ±  0.29 0.23  ±  0.01    
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evaluate the screening effect of complex detection front, researchers 
introduced a concept of Debye volume which can be roughly defined 
as the volume of electrolyte within one Debye length away from the 
electrode [15,18]. Figs. 5A and 5B is a sketch of Debye volume of the 
two types of detection fronts in our work, i.e., plane Au and 3D- 
structure T-ZnO. Here, in order to intuitively understand the Debye 
volume on the T-ZnO’s concave corners, we simplify the T-ZnO’s 
concave corners into a cylindrical concave front. To compare the 
Debye volume of different detection fronts, it should determine the 
same surface area of the electrolyte directly contacting with them, 
herein i.e. S0 for the plane Au and S1 for the cylindrical concave front. 
Due to a smaller area of the upper surface (S2), the Debye volume 
belonging to the cylindrical concave front is smaller than that of a 
flat Au one. A smaller Debye volume implies a smaller amount of 
counter ions filling in it, and consequently weaker screening effect. 
This is also consistent with the simulation results of the potential 
distribution on the concave surface reported in previous literature  
[18], that is, the concave front has a smaller potential change com
pared with the plane and the convex ones and therefore has a larger 
equivalent Debye length. The electrolyte environment at the concave 
corner of the T-ZnO is comparable to that of the cylindrical concave 
front with a large curvature, and hence has a small Debye volume. 
Specially, each T-ZnO with a four-legs structure has several concave 

corners and provides abundant high-sensitivity detection fronts, 
hence is a promising modification material for the sensing pad. As 
shown in Fig. 3, both biosensors II and III (with T-ZnO) show clear 
improvement in S compared with biosensors I. For the physical 
modification scheme (biosensor II), the probes are prone to lying on 
the upturned concaves only. For the chemical bio-functionalization 
method (biosensors III), APTES and glutaraldehyde can help the 
probes to be also fixed on the lateral concaves even bottom ones. 
Thus, it’s reasonable that biosensors III have larger S than biosensors 
II. In a word, more biological signals can be detected by the transistor 
when the sensing pad is modified with T-ZnO nanostructures with 
many concave corners, consequently promoting the detection sen
sitivity. 

In order to further discover why biosensor III shows the optimal 
sensitivity, we should first clarify the working mechanism of our 
SEGFET biosensor. Its equivalent circuit is shown in Fig. 5C. When 
the gate bias (Vg) is applied by the reference electrode, the surface of 
pad will form an electrical double layer capacitance (Cs) which is in 
series with the HEMT device capacitance (Cd), thus, the potential 
drop across the transistor (Vd) can be expressed by [32]: 

=
+

×V
C

C C
Vd

s

d s
g (4)  

Fig. 4. The SEM images of T-ZnO (A), pads II (B) and III (C).  

Fig. 5. Schematic diagram of Debye volume belonging to the flat Au surface(A) and T-ZnO surface (B). Equivalent circuit of SEGFET biosensor (C). The rate of Cs change for different 
[PSA] of the pad II and III (D). 
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It can be seen from the formula that Vd will be affected by Cs. The 
relative capacitance changes ( C C/s s0, where ∆Cs refers to the dif
ference between the Cs at a certain [PSA] and in the pure 0.1 × PBS 
solution Cs0) of the pads II and III are shown in Fig. 5D, demon
strating a linear increase with [PSA] in logarithmic coordinates. The 
pad III has a relatively higher Cs change, up to 10.9% at 50 pg/ml PSA, 
while only 3.4% for the pad II. This implies a larger Vg response for 
biosensor III to the same [PSA] according to Eq. (1), consequently 
better sensitivity. And the capacitance variation difference between 
the two kind of biosensors may be attributed to the different geo
metric configuration of biomolecule distribution on the sensing pad. 
The charge density of many biomolecules (such as dsDNA), has been 
reported to be at least one order of magnitude higher than physio
logical salt concentration [33,34]. Consequently, it is suggested that 
the spatial distribution of anti-PSA and PSA can effectively affect the 
state of charge distribution around them and then the Cs value. As 
shown in Fig. 4, both the top and bottom leg of T-ZnO on the pad III 
can attract the anti-PSA, while only at the bottom leg on the pad II. 
This implies that both the amount and geometric distribution of 
biological charges are different between the two types of pads. More 
biological-binding sites and more abundant geometric distribution 
of them are available for the pad III, which makes it possess stronger 
capacitance regulation ability and then higher sensitivity compared 
with the pad II. 

In the literatures, FET-based biosensors generally adopted plane 
Au films as the detection front like strategy I in our work, but the 
stability issue was rarely focused on. As we know, the adhesion 
strength between Au and the frequently-used substrates is not 
satisfying, which would affect the conductivity and stability of Au 
films, and then the biosensor stability. In our experiment, we do 
observe that the Au film was peeled off from the SiO2/Si substrate 
when exposed to an ambient atmosphere with high temperature 
and humidity in the summer. Consequently, in solution environ
ment, most of bare Au pads (although with good appearance) 
present large resistance and capacitance variations during re
peating tests, and their corresponding biosensor-like device 
(without anti-PSA probes) also has fluctuant current and threshold 
voltage (Fig. S4). So, it’s logically believed that pads I-based bio
sensors are with stability issues (Fig. 2). But fortunately, by cov
ering T-ZnO nanostructures, both the sensing pads and biosensors 
demonstrate greatly-improved stability. And the detachment of Au 
films from the substrate never occurs again. It’s proposed that the 
T-ZnO on Au surface can serve as a ‘protective cover’, in analogy 
with armor blocks around the seawall [35]. The seawall is usually 
filled with irregular stones (i.e. armor blocks) which can effectively 
disperse the impact stress of the sea waves and then reduce the 
damage to the seawall (Fig. 6A). Similarly, T-ZnO can release the 
stress effect of water (moisture) on the Au film (Fig. 6B) and con
sequently improve the stability. In addition, the hydrophilicity of 

the bare and the T-ZnO-modified Au pads were also examined, with 
a contact angle of 75.67° and 69.97°, respectively (The contact 
angle was measured using dynamic contact angle meter (DCAT21, 
Data physics, Germany) with a DI water droplet, as shown in Fig. 
S5a). In fact, oxide materials including T-ZnO with hydrophilicity 
are prone to absorbing moisture in air, which helps to reduce the 
erosion of the Au film against water. Thus, the introduction of T- 
ZnO can effectively improve the stability of SEGFET, which is 
helpful to broaden the process window for the preparation of 
sensing pad and improve the yield rate of devices. 

4. Conclusions 

In this report, we constructed a series of SEGFET-configuration 
biosensors to systematically study the corresponding sensing per
formance and stability, in which the sensing pads were functiona
lized by three different strategies. With a common Au film as the 
sensing pad, the detection performance and stability of the bio
sensor is undesirable. Through modifying the Au film surface by T- 
ZnO to form a 3D and concave detection front, the detection scope, 
sensitivity and stability are greatly improved. Essentially, the reason 
for the larger detection scope is that 3D-structure T-ZnO can provide 
more biological modification sites. The improvement in sensitivity is 
contributed to the weaker Debye screening of the 3D and concave T- 
ZnO front. And the hydrophilic T-ZnO with a four-leg configuration 
can effectively release the stress and erosion effect of water 
(moisture) on the Au film, which helps to improve long-term air 
stability and test repeatability in bio-solution. In addition, the de
tection scope and sensitivity are further promoted by applying 
chemical modification method because it can provide more biolo
gical modification sites and greater capacitance regulation ability. It 
is believed that the optimized functionalizing strategy to construct 
detection front can become a versatile technology to achieve high- 
performance FET-based biosensors. 
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