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ABSTRACT

Separative extended-gate AlGaAs/GaAs high electron mobility transistor (HEMT) biosensors based on the capacitance change strategy are
proposed and fabricated. The working mechanism underlying this strategy is clearly clarified via examining the capacitance evolution on
biorecognition and the capacitance matching issue between the HEMT and the sensing pad. The fabricated biosensors demonstrate a good
linear current/voltage response to a label-free prostate-specific antigen (PSA) target over a broad concentration range of 100 fg/ml to
10 ng/ml in both 0.1� and 1� phosphate buffered saline solutions. Specifically, the sensitivity variation approaches 8.7% dec�1 at the critical
concentration level of 2–8 ng/ml that enters the normal PSA region in the human body. The advantages of high sensitivity, low-cost, and
convenience of usage make the proposed HEMT biosensors potential candidates for prostate cancer diagnosis.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0001786

Bioelectronics, which provides a bridge between biology and
electronics, has gained leap-forward development during the past ten
years.1–3 Field effect transistors (FETs), one of the basic semiconductor
devices, have demonstrated a vast array of biosensing applications due
to their inherent amplification function, high degree of openness,
and integration compatibility with other electronic/optoelectronic sys-
tems.4–6 High electron mobility transistors (HEMTs) as special kinds
of FETs, featuring high transconductance and low noise, are regarded
as promising candidates for biosensors with high sensitivity and reli-
ability.7–9 However, in early reports, the gate electrode at the top of the
HEMTs was often chosen as the sensing element;7,10 therefore, the
HEMTs with relatively high manufacturing costs would inevitably
come into contact with various biological solutions and, thus, their
service life would be severely limited. Then, an extended-gate7/
floating-gate11 sensing pad was proposed to keep the HEMT devices
away from the biological solutions, but this scheme was not very effec-
tive. The separative extended-gate configuration is thought to be capa-
ble of solving the solution erosion issue during the biomodification
and biosensing processes because this design provides high

independence between the transistor and the sensing pad in terms of
fabrication/measurement conditions and substrates used. Although
the separative extended-gate configuration has been used in biosensors
based on MOSFETs,12 thin-film transistors,13 nanowire FETs,14,15 etc.,
it has been rarely reported in HEMT-based biosensors.16

To meet the demand of specific analyte detection, much effort
was made to develop bioelectronic devices with various working
mechanisms, including surface potential,17 electrochemical reaction
induced charge redistribution,18 or capacitance change19 due to biore-
cognition. Among them, the surface potential change was frequently
used, but the corresponding biosensors always suffered from low sen-
sitivity due to the charge screen effect, especially in high ion concentra-
tion solutions.20 The electrochemical reaction and capacitance change
strategy were also investigated, demonstrating well-performed sensi-
tivity and the low detection limit.21 But, nevertheless, the electrochemi-
cal reaction strategy involves relatively complex surface modification
with electrochemically active components,22 while the capacitance
change strategy does not use complex surface modification but refers
to the capacitance matching issue, which needs further investigation.
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Prostate cancer is an epithelial malignancy that occurs in the
prostate gland and ranks the sixth in the incidence of male malig-
nancy. Prostate-specific antigen (PSA), as the preferred biomarker for
the diagnosis of prostate cancer,23 is a protein secreted by prostate cells
and present in healthy people at a very low level. In this study, based
on the capacitance change strategy, we fabricated separative extended-
gate AlGaAs/GaAs HEMT biosensors with a sensing pad on cheap
glass to detect PSA. A good linear relation between the threshold volt-
age shift (sensitivity) and the logarithm of PSA antigen concentration
was achieved in both 0.1� and 1� phosphate buffered saline (PBS)
solutions. The maximum sensitivity is up to 55% for 10 ng/ml PSA in
0.1� PBS solution. The related sensing properties are well explained
in terms of the capacitance change due to biorecognition, as well as
the capacitance matching between the HEMT device and the sensing
pad with electrical double layer (EDL) capacitance.

High performance HEMT devices were fabricated on GaAs
substrates. As shown in Fig. 1(a), the AlGaAs/GaAs epitaxy–wafer,
consisting of a 2lm-GaAs Buffer layer, a 12 nm InGaAs channel layer,
a 28 nm AlGaAs barrier layer, and a 30nm GaAs cap layer, was pro-
duced using Molecular Beam Epitaxy (MBE). The electrical resistivity
of the HEMT was 388.3 X cm, and the sheet electron concentration
was 1.9� 1012 cm�3 with a mobility of 8.5� 103 cm2V�1s�1. The
preparation details are given in the supplementary material. The pre-
paring process of the separative sensing pad is schematically shown in
Fig. 1(b). First, 40 nm Ti and 60nm Au were deposited in sequence on
a glass substrate by electron beam evaporation, yielding a pair of gold
electrodes with an interval space of 1mm via a shadow mask. One of
them (with an area of 5� 7mm2) was selected as the biomodification
region, and the modification process is described in the supplementary
material. After finishing the modification, the sensing pad was

connected to the HEMT device by a conductive fiber to form a separa-
tive extended-EDL-gate HEMT biosensor, as shown in Fig. 1(c).
When 12ll of PSA solution was added dropwise on the sensor, the
solution would bridge the gold electrode pair. Herein, it should be
noted that the probe cannot touch the solution, in order to avoid the
reaction between the solution and the probe when the gate bias is
applied. The device electrical properties were characterized using a
Keithley-4200 SCS semiconductor parameter analyzer at room tem-
perature in the dark. In this study, the electrical measurements were
carried out for probing PSA antigen in 0.1� and 1� PBS solutions.

Figure 2(a) shows the typical transfer curves of the separative
extended-gate HEMT biosensor probing PSA with different concen-
trations (in 0.1� PBS) at a fixed source-drain voltage of 0.1V. It can
be observed that the transfer curves demonstrate a successive and
positive shift as the PSA concentration ([PSA]) increases from 100 fg/ml
to 10 ng/ml. When the PSA concentration is lower than 100 fg/ml,
the transfer curve shift is negligible, indicating that the limit of detec-
tion (LOD) of our sensors is about �100 fg/ml. The threshold volt-
age (VTH) is estimated from the voltage intercept by extrapolating
the linear portion of the source-drain current (IDS) vs gate voltage
(VGS) curve to IDS ¼ 0, as illustrated in Fig. 2(a). The threshold volt-
age change (DVTH) relative to the pure PBS’s case is derived and
shown in Fig. 2(b) as a function of PSA concentration on a logarith-
mic scale. A good linearity can be clearly observed with an R2 value
(R is the correlation coefficient) of �0.99. The DVTH value of each
concentration was about 14.5mV dec�1. In addition, five biosensors
are summarized with relatively small error bars, indicating a repeat-
able sensor response. To prove that the VTH shift stems from the
reaction between PSA and anti-PSA, a sensing pad without anti-PSA
was also connected to the same HEMT device, and the results are
plotted in Fig. 2(b), where the corresponding DVTH is changed not
only weakly but also chaotically with the increase in [PSA]. In addi-
tion, to check the sensing specificity, the fabricated PSA biosensor is
also applied to detect other biomolecules. MiR-208a is selected as the
biological interference that can be used for the diagnosis of coronary
heart disease. As expected, a negligible response to miR-208a was
observed, as shown in Fig. 2(b). It should be noted that the high-cost

FIG. 1. Schematic diagram of the AlGaAs/GaAs HEMT structure (a), the modification
process of the sensing pad (b), and the separative extended-EDL-gate HEMT
biosensor (c).

FIG. 2. (a) The logarithmic IDS-VGS curves of the HEMT biosensor at different con-
centrations of PSA (left) and typical linear IDS-VGS curve for pure PBS (right). DVTH
(b) and sensitivity (c) at different concentrations of PSA in 0.1� PBS solution. (d)
The sensitivity in the concentration range of 2 ng/ml to 8 ng/ml in 0.1� PBS
solution.
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HEMT component is recyclable in our system although the sensing
pad is not. So, in the future, the separative sensing pad can be deli-
cately designed with a plug-in-card-type structure since it is capable
of functionalizing various receptor molecules according to different
bio-sensing tasks.

The sensitivity is one of the important parameters to evaluate the
biosensor performance. In some reports, the absolute change in current
(DI) measured from the device was defined as the metric, which may
lead to device-to-device variations.24,25 Thus, the sensitivity is preferred
to be defined as S¼ jDI/I0j�100% (where DI is the change in IDS and I0
is the initial current).26 The S values of our biosensor are derived based
on the transfer curves at a fixed VGS value of �0.14V at which the
FET-sensors are operated in the linear regime and the current change is
proportional to the gate voltage. As expected, a linear relation between
S and log([PSA]) is manifested in Fig. 2(c), presenting a good linearity
with R2¼ 0.95. The sensitivity for 10ng/ml PSA is �55%, higher than
the previously reported results (< 10%).27–29 Specifically, the sensitivity
variation is about 8.45% dec�1 as the PSA concentration changes ten-
fold within the range of 10ng/ml to 100 fg/ml. Therefore, our device
can distinguish target biomolecules with a small concentration change.

In general, the normal level of PSA in the human body is less
than 4ng/ml,26 and hence, it is highly desirable to achieve a biosensor
that can distinguish the PSA around this critical value. The separative
extended-gate HEMT biosensor was used to detect PSA from 2 to
8ng/ml in 0.1� PBS. As shown in Fig. 2(d), the S vs log([PSA]) plot
shows a good linearity with R2� 0.99. Similar to the above-mentioned
case (8.45% dec�1, from 10ng/ml to 100 fg/ml), the sensitivity varia-
tion is �8.7% dec�1 within the scope ranging from 2 to 8ng/ml,
indicating good discrimination in this critical range.

The above results demonstrate that the HEMT biosensor
reported here has a well-performed detection capability. The inherent
reason is closely related to the capacitance change. As shown in
Fig. 3(a), the mobile ions in the solution will migrate under the electric
field and form an EDL on each of the electrodes when the gate bias is
applied on the sensing pad. In this case, a solution EDL capacitance
(Cs) is formed in series with the HEMT device capacitance (Cd). Thus,
the potential drop across the transistor (Vd) can be expressed by30

Vd ¼
Cs

Cd þ Cs
Vg : (1)

It is inferred that Cs can effectively modulate Vd and conse-
quently IDS if Cd is larger than or comparable to Cs. The Cs value
(at 20Hz) is obtained to be near 1 lF in pure 0.1� PBS by directly
measuring the capacitance between the electrode pair, while Cd

between the gate and source/drain electrodes exceeds 100 lF at low
frequency when the HEMT is turned on (Fig. S1). Such a large Cd

value benefits from the design of a direct contact between the gate elec-
trode and AlGaAs barrier layers. In this case, Eq. (1) can be simplified
by Vd �Cs/Cd�Vg, meaning that the variations of Vd (IDS in turn) are
closely coupled with Cs in our HEMT biosensors. Figure 3(b) displays
the capacitance changes (DC/C0, where DC is the difference between
the EDL capacitance measured in PBS þ PSA solution and C0 the
capacitance in pure 0.1� PBS) as a function of [PSA]. DC/C0 demon-
strates a near-linear increase with [PSA], up to 9.54% for 10 ng/ml
PSA. This indicates that the binding of the antibody and antigen can
change Cs effectively. It has been reported that the charge density of
many biomolecules (such as dsDNA) is at least one order of magni-
tude higher than physiological salt concentrations.31,32 So it is believed
that the spatial distribution of anti-PSA and PSA can affect the ionic
strength in the local region of the EDL and then Cs to some extent.
Atomic force microscopy (AFM) images illustrate that the surface
morphology has been changed obviously after the binding of PSA
to anti-PSA [Figs. 3(c) and 3(d)]. In addition, the charged biomolecule
bending or movement under the electrical field in solution may also
contribute to the Cs change, which needs further investigation such as
simulation of molecular dynamics.28

Furthermore, considering the high sensitivity in 0.1� PBS, the
HEMT biosensors were also applied to probe the PSA antigen in
1� PBS, which is of practical significance since the ion concentration
of 1� PBS is much closer to human serum. In general, the detection of
biomolecules in 0.1� PBS was frequently investigated in the literature,
because high ion concentration solution has a serious charge screen
effect, which would limit the probing sensitivity. But, fortunately, our
HEMT biosensors still have a relatively acceptable detection capability
in the 1� PBS solution. As seen in Fig. 4(a), DVTH presents a good
linear relationship (R2 ¼ 0.99) as a function of the logarithm of PSA
concentration ranging from 100 fg/ml to 10ng/ml, with a sensitivity
variation of about 8.9mV dec�1. In addition, the linear fitting curve
has a logarithmic sensitivity as a function of [PSA], where R2 ¼ 0.98
[Fig. 4(b)]. Although these major sensing parameters in 1� PBS are
inferior to those in 0.1� PBS, the character parameters reported
here are comparable/superior to the previously reported results in
0.1� PBS,27–29 demonstrating a good potential application for direct
protein detection in physiological environments.

In conclusion, separative extended-gate AlGaAs/GaAs HEMT
biosensors based on the capacitance change strategy were designed
and fabricated to detect the PSA. Both the threshold voltage shift
and the sensitivity have good linear relationships with the logarithm
of PSA concentration ranging from 100 fg/ml to 10ng/ml in both
0.1� and 1� PBS solutions. The maximum sensitivity is up to 55%
and 35% for 10 ng/ml PSA in 0.1� and 1� PBS solutions, respectively.
Additionally, the sensors also demonstrate a good discrimination in a
narrow range (2–8ng/ml) around the normal level of PSA in the
human body. With the excellent electrical properties and the potential
for plug-in-card-type multifunctional sensing, the proposed biosensors
would be promising candidates for the development of portable
biosensors for public health applications.

FIG. 3. (a) Schematic illustration of EDL formation. (b) The Cs changes at different
concentrations of PSA in 0.1� PBS solution. AFM images of anti-PSA modified (c)
and PSA (100 pg/ml)/anti PSA (d) modified surfaces.
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See the supplementary material for the procedure of HEMT
preparation and biological modification, the capacitance of HEMT,
and the solution EDL capacitance of the separative sensing pad.
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