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Abstract: The sensing mechanism of InAlN/GaN high electron mobility transistors (HEMTs) is in-
vestigated systematically by numerical simulation and theoretical analysis. In detail, the influence of
additional surface charge on device performance and the dependence of surface sensing properties
on InAlN barrier thickness are studied. The results indicate that the saturation output drain current
Idsat and two-dimensional electron gas (2DEG) concentration increase with the increase of positive
surface charge density, which decrease with the increase of negative surface charge. The influence of
negative surface charge on device performance is more remarkable than that of positive surface charge.
Additionally, the modulation ability of surface charge on device performance increases with the decrease
ofInAlN barrier thickness. The modulation of surface charge on device performance and the influence of
barrier thickness on surface sensing sensitivity are mainly attributed to the variation of the energy band
structure, surface potential and 2DEG concentration in the HEMT heterostructure. This work provides
important support for structural optimization design of GaN-based HEMT sensors.

Keywords: surface charge; InAlN/GaN; HEMT; surface sensitivity

1. Introduction

Due to the superior properties such as wide bandgap, high breakdown electric field,
high saturation drift velocity and high thermal conductivity, GaN-based high electron
mobility transistors (HEMTs) exhibit important applications in the fields of high tempera-
ture, high frequency and high power devices [1–4]. Meanwhile, two dimensional electron
gas (2DEG) with a sheet concentration of as much as 1013 cm−2 is formed because of
the polarization discontinuity at AlGaN (or InAlN) /GaN heterointerface. The 2DEG
density strongly depends on surface states of GaN-based heterostructure. Any changes
of surface state will result in changes of energy band structure and surface potential of
the heterostructure. Moreover, 2DEG responds quite sensitively to any changes of the
free surface charge situation. To a first approximation, for each positive or negative ion
adsorbed at the free surface, accordingly, one electron is gained or lost in the 2DEG. Since
the mobilities of adsorbed ions at the free surface and electrons in the 2DEG differ by
many orders of magnitude, changes in the surface charge will be visible as changes in
the 2DEG conductivity, however, they will be amplified by the mobility ratio. This is the
basic mechanism which makes GaN-based HEMT attractive for sensor applications [5–7].
Recently, there are tremendous reports about AlGaN/GaN HEMT sensors for detecting
gas, liquid, chemical and biomaterial, which can be used in the fields of environmental
monitoring, food safety analysis and biomedicine [8–12]. In the past few years, researchers
mainly focused on surface modification of AlGaN/GaN HEMTs for the detection of various
target substances. For different targets to be tested, the best obtained result is different. For
example, the highest sensing sensitivities for a pH sensor [13] and a Hg2+ ion sensor [14]
are 167.71 mV/pH and 0.3 µA/ppb, respectively. Besides, there are a few studies about

Crystals 2022, 12, 401. https://doi.org/10.3390/cryst12030401 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst12030401
https://doi.org/10.3390/cryst12030401
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://doi.org/10.3390/cryst12030401
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12030401?type=check_update&version=1


Crystals 2022, 12, 401 2 of 8

the methods to improve the sensing performance by optimizing HEMT device structure
such as gateless structure [15,16], gate-recessed structure [17,18] and extended-gate struc-
ture [19,20]. For gateless HEMT, the sensing distance between the surface sensing area
and the 2DEG channel is scaled compared to the conventional GaN-based HEMT, which
makes sensing sensitivity enhanced. Due to the progress of controlling ability from the
gate-recessed region, the sensing performance of the gate-recessed HEMT sensors obviously
enhanced compared with the planar gate HEMT. For extended-gate HEMT, by extending
the gate area and separating the sensing area from the channel of the HEMT, the device has
a larger sensing area. Therefore, all of the sensing sensitivity, stability and detection limit of
the HEMT sensors are improved.

In fact, to further improve the sensing performance of GaN-based HEMTs effectively, it
is necessary to investigate the sensing mechanism comprehensively. Until now, there are few
reports about the sensing mechanism of GaN-based HEMT. Besides, owing to the relatively
mature epitaxial and manufacturing technology, the heterostructure mainly used for HEMT
sensors in the past few years is AlGaN/GaN. Compared with conventional AlGaN/GaN
heterostructure, the lattice-matched In0.17Al0.83N/GaN heterostructure, has higher carrier
concentration and better 2DEG confinement [21,22]. In fact, lattice-matched In0.17Al0.83N/GaN
heterostructure is more suitable for HEMT sensors. However, there are only a few reports
about InAlN/GaN HEMT sensors [23,24]. In this work, the modulation law of surface charge
on the device performance and the effect of InAlN barrier layer thickness on the sensing
performance of InAlN/GaN HEMT are studied systematically, which is considered to provide
a broad-version route map for designing InAlN based HEMT sensors.

2. Device Structure and Theoretical Models

The InAlN/GaN HEMT device structure used in this study is shown in Figure 1. The
HEMT heterostructure on sapphire substrate consists of a 2-µm-thick GaN buffer layer
and a thin In0.17Al0.83N barrier layer. A SiN passivation layer was applied between the
gate sensing area and ohmic contacts (source and drain electrodes). To be close to the real
experiment, the n-type doping densities in both GaN buffer layer and InAlN barrier layer
used in this work were set to be 1 × 1016 cm−3, due to the fact that the unintentionally
doping InAlN/GaN heterostructures grown in the experiment exhibit n-type doping with
a concentration of 1 × 1016 cm−3. The distance between the source and drain electrodes is
3 µm. The length of the sensing area for gate region is 1.5 µm.
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Figure 1. Schematic diagram of the InAlN/GaN HEMT.

To obtain the Idsat, 2DEG concentration and the energy band profile of the HEMT
with varying surface charge, the Schrödinger equation, Poisson’s equation and the carrier
continuity equation are solved self-consistently [25,26]. The equations can be expressed as
follows, respectively.
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Schrödinger equation: [
}2

2m∗
d2

dz2 + V(z)
]

ψ(z) = Eψ(z) (1)

where h̄ is the Planck’s constant, m* is the effective mass of the electron, V(z) is the po-
tential energy of the electron, E is the energy of the electron and ψ is the wave function.
Poisson’s equation:

d
dz

(
ε

d
dz

)
φ(z) = −q

[
N+

d (z)− n(z)
]

(2)

where ε is the dielectric constant, φ(z) is the electrostatic potential, q is the charge, N+
d is the

dissociative sender concentration and n is the electron concentration. Since the contribution
of the acceptor charge as well as the holes on the total charge are very small, the acceptor
charge and holes are neglected in the calculation.

Carrier continuity equation:

∂n
∂t

=
1
q

divJn + Gn − Rn (3)

where Jn is the electron current density, Gn is the electron production rate and Rn is the
electron complex rate.

The self-consistent procedure is that the potential V is obtained using Poisson’s equa-
tion from an initial guess of the mobile charge concentration, and then inserted into the
Schrödinger equation, which is solved to obtain the energy levels and wavefunctions of the
systems. The new electron charge density is then calculated by applying Fermi statistics

n2D(z) =
m∗KBT

π}2 ∑
i
|ψi(z)|2 ln

[
1 + e(EF−Ei)/m∗KBT

]
(4)

where EF is Fermi level, Ei is energy of the ith quantized level, T is temperature and KB is
Boltzmann’s constant.

The calculated density is then plugged into Poisson’s equation and the iteration
repeated until convergence is achieved.

The polarization model, Shockley–Read-Hall recombination model and Albrecht
model incorporated for concentration dependent low field mobility were incorporated
in the simulations study through Silvaco TCAD [27]. We applied a fixed temperature of
300 K due to the neglecting self-heating effect when the device is operated at low biases.
The electron transport was also included based on a drift-diffusion model [28,29]. In the
simulation, we set the value of saturation velocity and the parameters of electron and
hole recombination lifetimes (taun0 and taup0) in SRH recombination model. Besides, we
adopted the parameters for GaN, InN, and AlN that Braga et al. [30] have reported such
as energy band structure, spontaneous polarization, mobilities and saturation velocities.
Linear interpolations are adopted to compute parameter values as a function of mole
fraction in InAlN.

To verify the validity of the simulation results in this work, we compare the simu-
lation results with previous experimental report. As shown in Figure 2, simulated DC
current of InAlN/GaN HEMT without additional surface charge is basically matched to
the experimental results of the same structure [31,32].
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Figure 2. Output characteristics of InAlN/GaN HEMT from simulation and experimental results.

3. Results and Discussion
3.1. Influence of Surface Charge on Device Performance of InAlN/GaN HEMTs

Figure 3 shows the output characteristics and carrier concentration distributions of
the InAlN/GaN HEMT with different surface charge density. As shown in Figure 3a,
the saturation drain current Idsat increases with the increase of positive surface charge
density and decreases with the increase of negative surface charge density. The influence
of negative surface charge on device performance is more significant than that of positive
charge. In fact, the effect of surface charge on the Idsat mainly resulted from the changes
of 2DEG concentration. The carrier concentration distributions of the HEMT under gate
region with different surface charge density are shown in Figure 3b. Corresponding to
the change of Idsat, the 2DEG concentration increases with the increase of positive surface
charge, which decreases with the increase of negative surface charge.
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The intrinsic physical reason for the changes of Idsat and 2DEG concentration with
surface charge can be mainly attributed to the effect of the energy band structure and
surface potential of the InAlN/GaN HEMT heterostructure. The conduction band diagram
of the HEMT under gate region with different surface charge density is shown in Figure 3a.
The corresponding surface potential representing energy difference between the conduction
band edge of surface and Fermi level EF is shown in Figure 3b. Considering the energy
band diagram of the HEMT as sketched in Figure 3, the sheet charge density NS can be
written as [33]

Ns = σpol,interface − [
εbarrier

dbarrier·q
(Φs + (EF − ∆Ec)] (5)

where dbarrier is the barrier thickness, q is the elementary charge, ΦS is the surface potential,
EF is the Fermi level at the interface relative to the bottom of the GaN conduction band and
∆EC is the conduction band offset between InAlN barrier layer and GaN buffer.
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As shown in Figure 4, the surface potential of InAlN/GaN HEMT heterostructure
under gate region increases slightly with positive surface charge. Correspondingly, the
depth of triangular quantum potential well at InAlN/GaN interface becomes deeper, which
enhanced the 2DEG confinement. So, the 2DEG concentration and Idsat increase with the
increase of positive surface charge density. As the negative surface charge density increases,
the surface potential decreases and the depth of the triangular potential well becomes
shallower, which weakens the confinement of the 2DEG at InAlN/GaN interface. So, the
2DEG concentration and Idsat will decrease. In fact, the simulated sensing rule in this work
is consistent with a previous experiment report that the output current of HEMT device
decreases gradually as the pH value increases [11]. For HEMT pH sensor, the drain current
decreased with increased pH value, because the adsorbed negative charges on HEMT
sensing area increases with pH value.
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3.2. The Effect of InAlN Barrier Thickness on the Sensing Performance of InAlN/GaN HEMT Device

To further study the surface sensing properties of HEMT, the effect of the InAlN
barrier thickness on the surface sensing performance of InAlN/GaN HEMT devices is
investigated by comparing the device performance before and after adding the same
density of surface charges (σS = –3 × 1013 cm−2). The InAlN barrier thicknesses ranged
from 5 to 25 nm. Figure 5 shows the output characteristics and 2DEG concentration
distributions of HEMT for varying InAlN thickness with and without additional surface
charge. As shown in Figure 5, with the increase of barrier layer thickness, the Idsat and
2DEG concentration increase when the additional surface charge is zero, which can be
deduced from the energy band diagram [34,35]. Correspondingly, the energy drop in the
barrier layer increases, leading to a deeper triangular quantum well at the hetero-interface.
In further, the confinement of the quantum well on 2DEG is enhanced. Consequently,
the 2DEG concentration and drain current also increase with the increase of barrier layer
thickness.

Crystals 2022, 12, x FOR PEER REVIEW 6 of 9 
 

 

 
Figure 5. (a) The output characteristics and (b) carrier concentration distributions of HEMT with 
surface charge on the structure at different InAlN barrier layer thicknesses. 

Additionally, from Figure 5 we can get the variation quantity of the saturation cur-
rent ΔIdsat and 2DEG concentration Δn before and after adding the same density surface 
charges for various InAlN thicknesses. The change rates of the ΔIdsat/Idsat and the Δn/n 
are shown in Figure 6. In contrast to the variation of the Idsat and 2DEG concentration, 
the ΔIdsat, ΔIdsat/Idsat, Δn and Δn/n decrease gradually with the increase of InAlN thickness 
for HEMT. The change rates of the ΔIdsat/Idsat are approximately in the range of 0.1–0.65. 

 
Figure 6. The change rates of the saturation drain current and the 2DEG concentration of the 
HEMT with different InAlN barrier thicknesses. 

From the above results, it can be confirmed that the influence of surface charge on 
device performance increases with the decrease of the InAlN barrier thickness, which 
means that the modulation ability of surface charge on device performance will be in-
creased by decreasing the InAlN thickness. So, we can conclude that the surface sensing 
sensitivity can be enhanced by thinning the barrier layer thickness in a certain range, 
when GaN-based HEMT is used as sensor. 

The intrinsic physical mechanism for the above phenomenon and results is still re-
sulted from the changes of the energy band structure and surface potential of the In-
AlN/GaN HEMT heterostructure. Figure 7 shows the energy band diagram of the HEMT 
under the gate region with and without additional surface charge for various InAlN bar-
rier thicknesses. It can be seen from the diagram that with the increase of InAlN barrier 
thickness, the depth difference of the triangular potential well before and after addition-
al surface charge decreases due to the enlarged distance between the sensing area and 
the 2DEG channel. Therefore, the influence of the same density surface charge on the in-
terface potential well increases with the decrease of InAlN barrier thickness, which in 
turn affects the output characteristics and 2DEG concentration of the HEMT. So, the 
modulation ability of surface charge on device Idsat and the 2DEG concentration increase 

Figure 5. (a) The output characteristics and (b) carrier concentration distributions of HEMT with
surface charge on the structure at different InAlN barrier layer thicknesses.



Crystals 2022, 12, 401 6 of 8

Additionally, from Figure 5 we can get the variation quantity of the saturation current
∆Idsat and 2DEG concentration ∆n before and after adding the same density surface charges
for various InAlN thicknesses. The change rates of the ∆Idsat/Idsat and the ∆n/n are shown
in Figure 6. In contrast to the variation of the Idsat and 2DEG concentration, the ∆Idsat,
∆Idsat/Idsat, ∆n and ∆n/n decrease gradually with the increase of InAlN thickness for
HEMT. The change rates of the ∆Idsat/Idsat are approximately in the range of 0.1–0.65.
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From the above results, it can be confirmed that the influence of surface charge on
device performance increases with the decrease of the InAlN barrier thickness, which means
that the modulation ability of surface charge on device performance will be increased by
decreasing the InAlN thickness. So, we can conclude that the surface sensing sensitivity can
be enhanced by thinning the barrier layer thickness in a certain range, when GaN-based
HEMT is used as sensor.

The intrinsic physical mechanism for the above phenomenon and results is still re-
sulted from the changes of the energy band structure and surface potential of the In-
AlN/GaN HEMT heterostructure. Figure 7 shows the energy band diagram of the HEMT
under the gate region with and without additional surface charge for various InAlN bar-
rier thicknesses. It can be seen from the diagram that with the increase of InAlN barrier
thickness, the depth difference of the triangular potential well before and after additional
surface charge decreases due to the enlarged distance between the sensing area and the
2DEG channel. Therefore, the influence of the same density surface charge on the interface
potential well increases with the decrease of InAlN barrier thickness, which in turn affects
the output characteristics and 2DEG concentration of the HEMT. So, the modulation ability
of surface charge on device Idsat and the 2DEG concentration increase with the decrease of
InAlN thickness, which means that the sensing sensitivity of GaN-based HEMT sensor can
be improved by thinning the barrier layer.
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4. Conclusions

In this work, the sensing mechanism of InAlN/GaN HEMT and the dependence
of the sensing sensitivity on the InAlN barrier layer thickness were studied by solving
the Schrodinger equation, Poisson’s equation and the carrier continuity equation self-
consistently. The results exhibit that both the Idsat and 2DEG concentration increase with
the increase of positive surface charge, which decrease with the increasing negative charge.
The influence of negative surface charge on device performance is more significant than
that of positive surface charge. This can be attributed to the change of the energy band
structure and surface potential of HEMT with varying surface charge density. Moreover,
the Idsat and 2DEG concentration increase with the increase of InAlN barrier thickness,
while the modulation ability of surface charge on device performance will decrease due
to the enlarged distance between the sensing area and 2DEG channel. This means that
the sensing sensitivity will decrease. So, when GaN-based HEMT is used as surface ion
sensors, the barrier layer thickness should be as thin as possible.
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