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ABSTRACT A 2-mercaptobutanedioic acid modified enhancement-mode AlGaN/GaN high-electron-
mobility transistor (HEMT) device with a 5-fold gate was proposed for Fe3+ specific detection. The
crystal quality and surface morphology of the epitaxial material were characterized by X-ray diffraction
and atomic force microscopy. The analysis of I-V characteristics and the current response of the device at
a constant drain bias of 7 V show that the current response variation increased with an increase in Fe3+
concentration. Additionally, the sensitivity of the 5-fold-gate HEMT sensor was calculated, which was
found to be greater. The current response results of the HEMT after adding multiple heavy metal ions
proved that the sensor specifically recognizes Fe3+. Therefore, the 2-mercaptobutanedioic acid modified
5-fold gate HEMT sensor has great potential in the real-time detection of trace Fe3+.

INDEX TERMS Enhancement-mode HEMT, sensor, surface modification, iron ion.

I. INTRODUCTION
With advancements in science and technology and the rapid
development of industrialization, increasing levels of human
activity, including mining, industry, agriculture, and met-
allurgy, have escalated the accumulation of heavy metal
ions in the human living environment [1], [2]. These addi-
tional heavy metal ions are collected continuously in the
air, water, and soil, as well as in plants and animals on the
earth’s surface [3]. Owing to the lack of natural degradabil-
ity of heavy metal elements, consumption of such polluted
plants, animals, and water would cause the transfer of heavy
metals to the human body and subsequent gradual accumula-
tion [4]. Although heavy metals, such as calcium and zinc, in
appropriate concentrations, play a crucial role in maintaining
normal physiological processes and healthy development in
the human body, excessive intake or accumulation of these
elements would cause irreversible damage to the human
body [5]. When the human body accumulates iron ions

(Fe3+) at levels deviating from the normal range, it can
lead to functional disorders and various diseases, such as
heart failure, hemosiderosis, and neurodegeneration [6], [7].
Currently, mature detection methods for Fe3+ require large
equipment and complex experimental procedures in a lab-
oratory environment, as well as specialized training for the
personnel [8], [9]. Therefore, the device that is sophisticated,
simple to operate, efficient, and highly sensitive for detecting
Fe3+ has become a focal point of attention.
In recent years, AlGaN/GaN materials have been widely

applied in optoelectronic detectors [10], chemical sensors,
and power electronics [11], [12], [13], [14], [15], [16] due to
their high-electron-mobility, high breakdown field strength,
and good resistance to high-temperature and corrosion [17],
[18], [19], [20]. Therefore, sensors based on AlGaN/GaN
high-electron-mobility transistors (HEMTs) have the poten-
tial for ion detection. Niu et al. considered the principle that
led ions to generate positive potential on the gold gate of the
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FIGURE 1. Structure of a high-electron-mobility transistor with (a) a
conventional and (b) a 5-fold gate (HT: high-temperature; LT:
low-temperature). Top-view optical micrographs of (c) a traditional and
(d) a folded gate.

pseudomorphic high-electron-mobility transistor (pHEMT)
sensor and increase the current between the source and
drain. Besides, they functionalized glutathione on the gold-
plated gate area of pHEMT, realizing the detection of trace
Pb2+ [21]. For zinc ion detection, L. Gu et al. developed a
Schiff base functionalized AlGaN/GaN HEMT sensor, pro-
ducing a fast response of less than 10 s over the range of 1
fM to 1 μM in zinc ion concentration [22].

Conventional HEMTs require a negative bias voltage
to be applied to their gate region for controlling the
two-dimensional electron gas (2DEG) concentration and
achieving device on/off switching [23], which places high
demands on the control circuit in practical applications. An
enhancement-mode AlGaN/GaN HEMT with a p-type GaN
cap layer is proposed. This type of device raises the thresh-
old voltage by depleting the 2DEG at the heterojunction
channel, enabling the sensor to be switched on/off with a
positive gate voltage [24].
In this work, enhancement-mode AlGaN/GaN HEMTs

with conventional and 5-fold gate structures were fabri-
cated to investigate their performance in Fe3+ detection.
2-mercaptobutanedioic acid was selected as the modifying
material to stabilize the detection of Fe3+ [25]. Experimental
results showed that, compared with the conventional struc-
ture, the 5-fold-gate sensor had higher sensitivity and
specificity for Fe3+ detection. This demonstrates its great
development prospects in the field of efficient and highly
sensitive detection equipment.

II. DEVICE FABRICATION AND EXPERIMENTAL DETAILS
Figure 1(a) schematizes an enhancement-mode AlGaN/GaN
HEMT with a traditional structure, with a rectangular gate
length and width of 50 μm and 200 μm, respectively. The
epitaxial structure deposited on a silicon substrate includes
a 1200-nm-thick GaN nucleation layer, a 1500-nm-thick
low-temperature GaN buffer layer, a 300-nm-thick undoped
high-temperature GaN channel layer, a 0.8-nm-thick AlN
spacer layer, a 13-nm-thick Al0.28Ga0.72N barrier layer, and
a 100-nm-thick p-type GaN cap layer.

FIGURE 2. (a) X-ray diffraction (0002) ω-2θ scan of epitaxial material.
(b) 5 μm × 5 μm atomic force micrograph of the p-type GaN layer.

After fabricating the epitaxial structure, inductively cou-
pled plasma was used for the surface treatment to isolate
each device and the source/drain regions. The metal stack
for ohmic contacts was formed by the electron beam evapo-
ration deposition of Cr/Al/Ti/Pt/Au (1.5/120/75/50/1500 nm)
according to the designed photomask pattern, followed by
high-temperature annealing for 30 s in a nitrogen gas flow,
resulting in a symmetric 200-μm-wide and 650-μm-spaced
source/drain electrode structure. The device was then passi-
vated with a 250-nm-thick Si3N4 layer, followed by etching
of the gate electrode area and electron beam evaporation
deposition of a 50-nm-thick Au layer onto it.
Figure 1(b) illustrates the structure of a 5-fold-gate HEMT

with an effective gate area of 72,500 μm2. Figure 1(c) and
(d) compare the top-view optical microscope images of the
traditional and 5-fold gate structures, respectively.
The fabricated devices were characterized by X-ray

diffraction (XRD) and atomic force microscopy (AFM). The
XRD (0002) ω-2θ scan pattern (Figure 2(a)) exhibited char-
acteristic peaks at 34.58◦, 34.98◦, and 36.12◦, corresponding
to the GaN, AlGaN, and AlN layers, respectively. Besides,
the peaks of LT GaN and HT GaN have shifted due to
changes in lattice constant caused by the stress modifica-
tion. The stoichiometric Al content in the AlGaN layer was
confirmed to be 0.28. Figure 2(b) shows an AFM image of
the p-type GaN surface, revealing a root-mean-square rough-
ness of 1.596 nm in a scan range of 5 μm × 5 μm. The
GaN surface also showed a step-like morphology, indicating
its integrity and stability; thus, it met the requirements of
morphology and composition for epitaxial growth.
After confirming the device composition, the surface

modification process was performed. A 5-g/L solution of
2-mercaptobutanoic acid was continuously dropped onto the
gate surface for 1 h, followed by 12-h static incubation at
room temperature. Due to the strong interaction between
the gold film on the gate surface and the thiol group of
2-mercaptobutanoic acid, Au–S coordination bonds were
formed, allowing the 2-mercaptobutanoic acid molecules to
easily self-assemble on the gold film and achieve surface
functionalization [26].

III. RESULTS AND DISCUSSION
The proposed enhancement-mode HEMT requires a certain
forward bias to be applied to the gate surface to activate the
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2DEG channel at the AlGaN/GaN heterojunction interface,
achieving carrier conduction. As a result, after adding dif-
ferent concentrations of heavy metal ions, the drain current
(Id) of the device can be detected by a probe station as a
function of the gate potential (Vg). The relationship between
the carrier density of the 2DEG channel (ns) and Vg can be
explained as follows [27], [28]:

ns = εn

qd

(
Vg − Vt − V(x)

)
(1)

where εn is the permittivity of the AlGaN barrier layer, q
is the electronic charge, d is the distance from the 2DEG
channel to the surface, and Vt and V(x) are, respectively, the
threshold voltage and the channel potential. The opening and
closing of the 2DEG channel are directly controlled by Vg
and are highly sensitive. The Id of the AlGaN/GaN HEMT
can be expressed as a function of Vg as follows [29]:

Id = εnμW

2dL

[
2
(
Vg − Vt

)
Vd − V2

d

]
(2)

where μ is the carrier mobility in the 2DEG, Vd is the drain
bias, and W and L are, respectively, the width and length
of the functionalized gate region. When Vd is constant, the
variation of the gate surface charge directly affects the Id.
The specific working process of the enhancement-mode

HEMT realized by the addition of a p-GaN cap layer can
be characterized by three stages. The built-in voltage of the
p-GaN capping layer and AlGaN barrier layer is recorded
as Vf. When the gate bias is initially applied at less than
the threshold voltage (0 V < Vg < Vt), the bottom of the
conduction band at the AlGaN/GaN position is higher than
the Fermi level. Thus, the 2DEG channel is not turned on,
and the device remains in the off state. As the gate volt-
age increases and is higher than the threshold voltage and
lower than the built-in voltage (Vt < Vg < Vf), the bottom of
the heterojunction conduction band is lower than the Fermi
level, the 2DEG channel is turned on, and the device is in
the on the state. At this stage, there are fewer carriers in
the channel, indicating that the drain current of the device is
smaller. When the gate bias voltage is gradually increased to
a voltage greater than the built-in voltage (Vg > Vf), under
the action of the gate electric field, a large number of holes
in the p-GaN capping layer accumulate in the 2DEG chan-
nel corresponding to the gate position. Additionally, a large
number of electrons are induced from the source to gather
there. These attracted electrons will drift under the applied
drain bias, resulting in a stronger source-drain current.
The I–V characteristics of AlGaN/GaN HEMT sensors

with different gate structures were measured by applying a
0–10 V drain bias to the sensors under different concentra-
tions of Fe3+. The measurements were carried out using a
probe station equipped with a Keithley SCS-4200 param-
eter analyzer. Figure 3(a) shows the I–V characteristics of
enhancement-mode HEMT devices with a conventional gate
structure. At a drain voltage less than 2 V, the current of
the device increased slowly, gradually increasing in different
magnitudes above 2 V and continuing to rise until reaching

FIGURE 3. I–V characteristics of the enhancement-mode HEMT sensor
with a (a) conventional gate and (b) 5-fold gate; current response of the
enhancement-mode HEMT sensor with a (c) conventional gate and
(d) 5-fold gate.

an applied bias voltage of 10 V. At 10 V, the minimum and
maximum drain currents of the enhancement-mode HEMT
devices with traditional gate structure were 0.047 mA and
1.29 mA, respectively, obtained by measuring with a blank
solution (0 mg/L) and 20 mg/L Fe3+ solution. The I–V
curves of the devices measured with Fe3+ concentrations
less than 5 mg/L were almost identical to those measured
with the blank solution, with very slightly elevated values.
The I–V curves of the enhancement-mode HEMT devices
measured with Fe3+ concentrations greater than or equal to
5 mg/L showed considerable differences in the increase of
the magnitude of drain current, as the current increased with
an increase in the ion concentration.
In this experiment, enhancement-modeHEMTdeviceswere

selected, and a certain forward bias voltage was applied to
the gate surface to facilitate the opening of the 2DEG channel
at the AlGaN/GaN heterojunction interface and achieve car-
rier conduction, such that changes in the drain current with
increasing drain voltage could be detected through a probe
station. This enabled the analysis of the I–V curve of the
device. Adding Fe3+ solution to the gate surface produces a
2-mercaptobutanoic acid molecular film, and Fe3+ combines
with its carboxyl group to form complexes, which increases
the surface potential, equivalent to applying a forward bias
voltage to the gate surface. However, when the added Fe3+
concentration was less than 0.5 mg/L, the potential raised on
the gate surface was not sufficient to meet the standard for
opening the 2DEG channel. After the addition of a concentra-
tion greater than 0.5 mg/L, the 2DEG channel is opened. As
the concentration of introduced Fe3+ gradually increased, the
gate potential gradually increased with the increase of the car-
rier density in the 2DEG channel, resulting in a considerable
increase in the detected drain current.
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Figure 3(b) shows the I–V characteristic curves of the
enhancement-mode HEMT device with 5-fold gates, demon-
strating a curve trend similar to that of the conventional gate
HEMT device. The current gradually increases above the 2
V bias voltage. Under a drain voltage of 10 V, the minimum
drain current of the device in this structure is 0.10 mA for
0.1 mg/L Fe3+, and the maximum current value is 2.18 mA
for 20 mg/L Fe3+, both of which are higher than that of the
HEMT device with a conventional gate at the corresponding
concentrations. The I–V curves with Fe3+ concentrations
higher than 0.1 mg/L show a different growth trend than
that of the blank solution. Therefore, during the process of
combining the Fe3+ solution with the 2-mercaptobutanoic
acid molecular film on the surface of the 5-fold-gate HEMT
device to form complexes, the increased gate potential satis-
fies the conduction conditions of the 2DEG channel, realizing
the detection of Fe3+. As the gate area increases, the effective
surface area of the enhancement-mode HEMT device that
can interact with the measured ions increases. This further
increases the gate potential, which is equivalent to applying
a gate bias voltage, reducing the required ion concentration
for opening the 2DEG channel. In addition, the electric field
near the channel can be continuously superimposed, which
enables to obtain a larger current response. This means that
the lower limit of the real-time measured ion concentration
is reduced.
The two types of fabricated enhancement-mode HEMTs

exhibited differentiated current responses to varying con-
centrations of Fe3+ under a constant Vd. Figure 3(c) shows
the Id response within 300 s of the device with the tradi-
tional gate structure to Fe3+ concentrations ranging from 0
to 20 mg/L at a Vd of 7 V. The minimum and maximum Id of
the sensor with a traditional gate structure were 0.031 mA (at
0 mg/L Fe3+) and 0.594 mA (at 20 mg/L Fe3+), respectively.
At each Fe3+ concentration, the current response remained
relatively stable during the test period (300 s). However,
it gradually increased along with the Fe3+ concentration;
this happened because the introduced Fe3+ formed com-
plexes with the 2-mercaptobutyric acid molecules on the
gate layer, changing the polarity of the HEMT surface and
increasing its positive charge. According to Equations (1)
and (2), an increase in surface potential leads to an increase
in the charge density of the 2DEG channel, enhancing the
Id detection. The current response within the Fe3+ concen-
tration range of 0–0.3 mg/L did not significantly increase,
possibly because the surface potential increase was not suf-
ficient to open the 2DEG channel. Figure 3(d) displays the
current response of the HEMT with a 5-fold gate at a Vd of
7 V, which showed a maximum Id of 0.903 mA (at 20 mg/L
Fe3+) and a minimum Id of 0.241 mA (at 0 mg/L Fe3+).
After adding 0.05 mg/L Fe3+, its current response was sig-
nificantly enhanced, indicating that a more effective gate
area exhibits stronger Id changes, which is applicable for
the detection of trace heavy metal ions.
Sensitivity is an important indicator of the HEMT

performance and can be represented by the slope of

FIGURE 4. Corresponding calibration curves of a (a) conventional gate and
(b) 5-fold-gate enhancement-mode HEMT sensor.

input–output characteristic curve of a sensor. Figure 4(a)
shows the calibration curve based on the current response
change (output) of the HEMT with a traditional structure
to the added Fe3+ concentration (input). Using the nearly
linear curve between 0.5 and 20 mg/L as the calculation
interval, the calculated sensitivity for Fe3+ detection was
21.14 μA/(mg/L). Regarding the sensor with the 5-fold gate
structure (Figure 4(b)), the linear interval of the calibration
curve was between 0.3 and 20 mg/L, and the calculated sen-
sitivity was 31.25 μA/(mg/L), much higher than that of the
device with the traditional gate, which can be explained by
a capacitance model of the HEMT. The Vg of the device can
be expressed as:

Vg = �Vs + �Vca (3)

where �Vs is the voltage change in the test solution and
�Vca is the voltage change in the p-type GaN cap layer and
AlGaN layer. When a test solution is dropped onto the gate,
the Vg on the sensor surface changes and the voltage drop
across the dielectric layer changes through the capacitance
effect. The change in Id reflects how that in Vca affects
the 2DEG concentration in the channel. Since the formed
capacitors are combined in series, the dielectric potential can
be expressed as follows [30]:

�Vca = Cs
Cca + Cs

× Vg (4)

where Cca and Cs are the capacitance across the epitax-
ial layer and the solution, respectively. Cca can be further
expanded as:

Cca = Ccap × CAlGaN
Ccap + CAlGaN

(5)

where Ccap and CAlGaN are the capacitance across the
p-type GaN cap layer and AlGaN barrier layer, respec-
tively. Since Cs is proportional to the contact area between
the test solution and the gate (C = εA/d), the amplitude
of Cs on the sensor gate depends on the sensing area.
According to Equation (4), sensors with larger gate contact
areas can achieve better detection performance. Therefore,
the proposed HEMT sensor with the 5-fold gate structure
has advantages in the specific detection of trace Fe3+ and
great potential in the detection of trace heavy metal ions in
the future.
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FIGURE 5. Relative current changes of the AlGaN/GaN
high-electron-mobility transistor with the 5-fold gate structure for
different concentrations of Fe3+, Cu2+, Pb2+, and Cd2+.

To study the specific detection of Fe3+ by the sensor
with the 5-fold gate structure, solutions containing Fe3+,
Cu2+, Pb2+, and Cd2+ at concentrations of 0.1, 5, and
20 mg/L were separately dropped onto the device. Stable
current responses were observed when continuously detect-
ing for 300 s under a Vd of 7 V. Based on them, the relative
current response changes for the four heavy metal ions at dif-
ferent concentrations were calculated (Figure 5). When the
ion concentration was 0.1 mg/L, Cu2+ (19.83 μA) and Pb2+
(30.37 μA) were the main interfering ions, and their response
changes were even higher than that for Fe3+ (8.15 μA). This
may be due to the incomplete opening of the 2DEG chan-
nel, and the results might have been affected by the gate
in contact with the added solution and some Si3N4 passiva-
tion regions. At the concentration of 5 mg/L, although Cu2+
(23.05 μA) and Pb2+ (34.48 μA) were still interfering ions,
the response for Fe3+ (63.49 μA) was significantly the high-
est. When the concentration was increased to 20 mg/L, the
change in the current response for Fe3+ (653.75 μA) was
much higher than those for the other ions, indicating that
the degree of binding between the modifier and these heavy
metal ions was low. This demonstrates that the proposed
sensor has significant specificity for Fe3+ and, thus, a great
potential for development in Fe3+ detection.

IV. CONCLUSION
In this study, a 5-fold-gate enhancement-mode AlGaN/GaN
HEMT with 2-mercaptobutanedioic acid functionalization
was successfully prepared and compared with one having
a traditional gate structure, for Fe3+ detection. The crystal
quality of the epitaxial growth material was characterized
using XRD and AFM techniques. Fe3+ was added drop-
wise to both sensors and the resulting sensitivity of the
one with the traditional structure and that with the 5-fold
gate was 21.14 μA/(mg/L) and 31.25 μA/(mg/L), respec-
tively. The current response to the plasma of Fe3+, Cu2+,
Pb2+, and Cd2+ was used to demonstrate the sensor speci-
ficity for Fe3+. The superiority of the 5-fold-gate sensor over
the one with the traditional gate structure was analyzed via
a capacitance model. The higher current response change
and sensitivity indicate that the 2-mercaptobutanedioic-acid-
modified 5-fold-gate sensor has great development prospects
for the real-time specific detection of trace Fe3+.
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