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Abstract

pH sensors are monitoring devices with wide applications in biology, chemistry, medicine, and agriculture. To enhance their
sensitivity and long-term stability, efficient study of such devices becomes imperative but is impossible without the aid of
accurate analytical models. A new analytical model for the pH sensing characteristics of AIGaN/GaN-based high-electron-
mobility transistors (HEMTs) is presented herein, as well as theoretical predictions and optimization of the charge sensitivity
for ungated AlIGaN/GaN HEMT-based pH sensors. The change in the drain current with the changing surface potential due
to a variation in the pH of the electrolyte is calculated for devices with different Al mole fractions, AlIGaN thicknesses, gate
length spacings, and passivation layers. The numerical values for the drain current, threshold voltage, and surface potential
obtained by using this new model show good agreement with available experimental results. It is demonstrated that the
sensitivity of GaN HEMT-based pH sensors at lower pH values can be improved by applying a SiN, passivation layer to the
HEMT. The calculated average root-mean-square error of our model is 0.018, being an order of magnitude lower than other
models reported in literature.
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1 Introduction region in an ISFET is prone to charging effects, a reference

electrode must be used to bias the gate area to above the

The normal range of pH variation for human blood is
7.35-7.45. Any deviation in the pH value of a biomolecule
may indicate a disease, possibly with severe effects [1]. pH
measurement is also vital in many other fields including bio-
medicine, food and nutrition, ecological studies, chemistry,
and oceanography. Electrochemical (EC) liquid sensors thus
find application in numerous biomedical practices [2]. The
absence of a gate electrode makes ion-sensitive field-effect
transistor (ISFET)-based sensors an important type of EC
sensor for measuring pH [3, 4]. However, since the gate
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threshold voltage and thus allow a drain current flow. High-
electron-mobility transistors (HEMTs), on the other hand,
do not need a gate voltage to turn on.

A suitable choice of sensing material is as important as
the device selection. During the last three decades, substan-
tial efforts have been made towards the development of novel
semiconductor materials exhibiting physical and mechani-
cal properties that can overcome the fundamental limits of
silicon-based conventional electronics, which are mature
and less expensive. Among these materials, wide-bandgap
(WBG) semiconductors such as silicon carbide (SiC) [5, 6],
diamond [7-9], and gallium nitride (GaN) have been shown
to possess superior properties [10]. SiC and GaN are the
most well-known WBG devices, offering attractive features
that make them suitable for operation in high-temperature
conditions, such as a wide bandgap (3 eV), high drift satura-
tion velocity, high thermal conductivity, low intrinsic car-
rier concentration, and large critical electric field. Both GaN
and SiC belong to the same family of WBG semiconductors
and share similar, attractive properties. SiC has attracted
great attention for use in high-temperature applications [11].
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However, most work reported in this field has been realized
with either large areas or low device density integration. The
direct temperature dependence of the carrier concentration,
due to the bulk nature of the active region in SiC devices, is
a known shortcoming of SiC [12]. Moreover, at higher tem-
peratures, the junction leakage of SiC devices is degraded
due to crystal dislocations. GaN offers a considerable per-
formance improvement over SiC with respect to the response
speed, operating temperature limits, and reverse recovery
characteristics [12]. At low breakdown voltages, GaN
devices offer lower channel resistance than SiC devices.
Owing to its comparatively better physical and chemical
stability, GaN is also an ideal material for the development
of explicit chemical sensor and biosensor systems [13]. A
detailed review on significant research work in the field of
sensor technology based on GaN heterostructures can be
found in our recent work [14].

AlGaN/GaN HEMTs have become popular for use in
high-frequency radiofrequency (RF) power amplifier and
power switching applications as well [15]. Their high sheet
carrier concentration derives from the polarization-induced
two-dimensional electron gas (2DEG) produced at the
AlGaN-GaN interface. The density of the 2DEG is balanced
by the surface charge state. The sheet charge density in the
2DEG channel is thus very sensitive to the charge on the
AlGaN surface. The strong chemical stability and the WBG
of group III N materials ensure that such AIGaN/GaN het-
erostructures can operate as chemical sensors in harsh acidic
or alkaline environments and at very high temperatures. In
particular, these chemical sensors can be incorporated into
biosystems because of their biological compatibility and
nontoxicity. This has provided the foundation for new acute
medical care systems in recent years [16, 17].

As stated above, pH measurement is a major considera-
tion in almost all fields involving chemicals. pH monitor-
ing is also required for seawater analysis, for soil analysis
to check its fertility, and in the food processing industry.
pH also plays a decisive role in targeted drug release from
nanoscale drug carriers. Based on these applications, pH
measurement has become an extremely important topic for
researchers working in diverse fields [18].

1.1 The sensing mechanism

An electrolyte solution with different pH values can be
considered to represent a type of intrinsic semiconductor
material because the mobile ions in solution are similar to
electron and hole charges in semiconductors. The pH sens-
ing mechanism is related to reactions between ions in the
electrolyte solution with different pH values and the posi-
tive surface charge induced by the polarization on the sur-
face of HEMTs. A probable mechanism for the adsorption
of positive and negative charges that change the potential
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at the AIGaN/Au and Au/electrolyte interfaces related to
the H concentration is explained by the site binding model
introduced by Yates et al. and Munch et al. [19, 20]. In this
model, hydroxyl groups at the surface act as amphoters.
They may be dependent on the H* concentration and the
equilibrium constants for the related reactions:

MOH < MO~ + H* (1

MOH + H* < MOH] 2)

Here, M is either Si or a metal in MOH. Because of the
formation of more protonized hydroxyls MOH}, the 2DEG
concentration increases to balance the positive charge
induced on the surface. Vice versa, negative charges at the
insulator surface decrease the H" concentration in solution.
A high sensitivity of GaN-based pH sensors to hydronium
ions was reported in Ref. [21]. The sensitivity S of such
sensors can be regarded as capturing the modification of
the surface potential y;, as a function of the concentration of
hydronium ions in the electrolyte.

In different electrochemical and non-electrochemical
methods used for measuring pH, AlGaN/GaN HEMTs have
shown great promise for achieving unprecedented speed and
sensitivity. Indeed, GaN-based pH sensors showed high sen-
sitivity of 57.3 mV/pH to hydronium ions [22, 23]. The sen-
sitivity of these sensors is related to the action between ions
in the electrolyte on the open region of the device and the
positive surface charge induced by polarization. This action
causes a change in the surface charge on the devices. Non-
modulation-doped GaN HEMTs have been investigated due
to their advantages such as a reduced gate leakage current,
lower Vii,oh.ofr Value, and lower noise due to the absence of
donors from the AlGaN layer [24, 25].

Stutzmann et al. [26] and Mehandru et al. [27] reported
preliminary results on the response of open-gate AlGaN/
GaN HEMTs to polar liquids. Kokowa et al. first experimen-
tally investigated the pH-sensing characteristics of unpassi-
vated u-AlGaN/GaN HEMT structures [28]. Later, Abidin
et al. [24] investigated the surface of the open gate of an
HEMT experimentally. An increase in the pH level leads
to a shift of the threshold voltage towards the positive side.

Sharma et al. verified the characteristics of a pH and
salinity sensor fabricated using gated AlGaN/GaN HEMT
structures in phosphate buffer saline (PBS) and aqueous salt
solutions [29]. In deionized (DI) water, the HEMT devices
displayed I,—V, characteristics similar to the output charac-
teristics of classical HEMT structures in air. A sensitivity
of 6.48 mA/mm-molar and a response time of 250-350 ms
at V4= +1 V were obtained using these GaN HEMT struc-
tures [29]. Cheng et al. demonstrated a pH sensor based on
a planar dual-gate AlIGaN/GaN HEMT cascode amplifier
that enhanced the pH sensitivity by about 45 times from
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45 mV/pH to 2.06 V/pH with linearity of 1.27% [30]. Xue
et al. illustrated how to adjust the threshold voltage V. of
an AlGaN/GaN HEMT-based pH sensor from —3.46 to
—1.15 V by applying photo-electrochemical (PEC) oxida-
tion on the GaN cap layer surface. They postulated that the
sensitivity of this reference electrode sensor could be consid-
erably improved by varying the Vi value so that Vlgmax
would approach the corresponding gate voltage when a drop-
let is placed on the sensing window plane. This approach
may be beneficial for scaling down and integration of future
AlGaN/GaN HEMT pH sensors [31].

Zhang et al. theoretically and experimentally investigated
the result of varying the gate geometry of a pH sensor on its
sensitivity. The series resistance (Rg) of the packaged sensor
was found to be an important feature limiting the current
sensitivity. They found an optimum for W/L = ppgg/Rs
[32].

1.2 The analytical model

Since the formation of the 2DEG determines the drain cur-
rent flowing in a HEMT device, an accurate physics-based
analytical expression for the 2DEG electron sheet concentra-
tion () is a prime necessity for developing a model for such
devices. The main complexity in analytical modeling of the
2DEG electron sheet concentration (#,) is its subtle variation
with the applied voltage.

Several theoretical-mathematical models for the drain
I-V characteristics of AlGaN/GaN HEMT devices have
been reported in literature [33—40], among which the model
described by Toufik et al. [34] is one of the most popular.
This is an empirical method that uses a large number of fit-
ting parameters that must be extracted from experimental
data. However, physics-based models are preferred for bet-
ter prediction of the statistical variations in the device [35].
They follow well-defined geometrical and temperature scal-
ing rules [36—39]. Khandelwal et al. [41] proposed a model
for n based on only the first quantum energy level E, of the
conduction band of GaN. That model does not account for
the electron concentration in the AlGaN layer and uses an
interpolation function for n,. Karumuri et al. [42] divided the
operating zone of the HEMT into three regions depending
on the relative position of the Fermi level Ep: region 1 for
Ep < E,, region 2 for Ey < Ep < E(, and region 3 for Ep> E..
In region 3, the Ey crosses the conduction-band minimum
of AlGaN at the interface. The electron concentration in the
AlGaN barrier layer (ng) thus also becomes important for
the accuracy of the 2DEG model. Both Karumuri et al. [43]
and Swamy et al. [43] developed models using simplified
Fermi-Dirac statistics. Swamy et al. [43] proposed a model
for ng that does not need an interpolation function and uses
only four fitting parameters. In contrast, the model developed
by Khandelwal et al. [41] uses two interpolation functions.

The accuracy level of the model proposed by Swamy et al.
[43] is comparable to that of Karumuri et al. [42].

Rabbaa et al. [44] applied a basic theoretical model to
calculate the 2DEG electron sheet concentration () and the
drain current in the HEMT as well as the surface potential
due to the pH of the electrolyte solution. However, their
model uses iterative techniques that are unsuitable for cir-
cuit simulations. Their method of calculating the saturation
velocity requires excessive computation, too. Their model
suffers from the additional limitation that the parameters
used must be fine-tuned by approximately 5% to obtain a
perfect match with experimental results.

To overcome the above-mentioned problems, we modi-
fied the model for ng proposed by Swamy et al. [43] for qua-
ternary alloy AllInGaN/GaN HEMTs and obtained a satis-
factory match of the results with experimental data [45]. In
the present work, we extend this modified model to make it
applicable for the investigation of pH sensing applications
using AlGaN/GaN HEMTs, making the following changes:

(i) The electron concentration ng in the AlGaN barrier
layer is also included in the unified model of Ref. [43].
Here, since we are analyzing a model for pH sensors
operating in the region with E, < E, and with a negli-
gible ng, we use the model only for ng but deliberately
neglect ny, resulting in a simplified model. Thus, our
parameters are chosen different from those in Swamy’s
model.

(ii) Iterative techniques are not used to calculate the surface
potential caused by the pH of the electrolyte solution.

(iii) The values of the parameters are not approximated
as done by Rabbaa et al. [44]. We use suitable fitting
parameters without approximation.

(iv) The model of the drain current is not divided into
regions, unlike that of Rabbaa et al. [44], thus simpli-
fying it further.

(v) The current model is implemented specifically for
AlGaN/GaN pH sensors.

The results calculated using the new model show good
agreement with experimental results reported in literature.
This paper is organized as follows: Sect. 2 discusses the device
structure. Sections 3.1, 3.2, and 3.3 present the basis for our
model for n and the charge-based current models. Section 3.4
introduces the model for the surface potential. Section 4 pre-
sents the results, while conclusions are drawn in Sect. 5.

2 The device structure
A cross-sectional view of the A1GaN/GaN HEMT device

structure is shown in Fig. 1. This structure consists of a
thick GaN buffer layer with a width of about 1-2 um and
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an AlGaN barrier layer with a typical thickness ranging
between 10 and 30 nm. The gate bias can be applied at the
open-gate area through a saturated calomel electrode (SCE),
which is the reference electrode having a well-defined stable
potential that is not affected by the concentration of hydro-
gen ions in the sample solution. To measure the pH value,
the device along with the SCE is placed into an electro-
chemical cell filled with electrolyte solution [28].

Conducting channels form in the HEMTs due to the con-
ducting layer of free electrons at the heterointerface between
the doped wide-bandgap semiconductor (AlGaN) and the
undoped narrower-bandgap semiconductor (GaN). Electrons
from the edge region of the doped AlGaN are transferred
into the lower-bandgap GaN semiconductor and collect in
the quantum well that forms in the GaN at the junction of
the two materials. The electrons are confined in the quan-
tum well and are known as a 2DEG. The 2DEG is located
in the region of undoped GaN, where the carrier mobil-
ity is high due to the reduced scattering effect. The 2DEG
offers the advantage that there are no impurity atoms in the
undoped GaN quantum well. Changes in the heterojunction
space result in changes in the 2DEG concentration, thereby
affecting the source—drain current. Due to the high carrier
concentration, high electron mobility, and wide bandgap,
such HEMT devices are sensitive to noise and even small
variations in the current magnitudes.

3 A description of the model

It has been established that the formation of a 2DEG in the
heterostructure is the most important effect of the polariza-
tion property of nitride alloys. Literature presents many use-
ful predictions based on theoretical and experimental studies
of the polarization property of ternary AlGaN alloys. For the
AlGaN/GaN HEMT, the threshold voltage V,, is related to
the polarization as [44],

Fig.1 A cross-sectional view of the open-gate AlGaN/GaN HEMT
dipped in an electrolyte. The gate bias is applied through the gate
electrode to the electrolyte—AlGaN interface

@ Springer
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R @
where @, is the height of the Schottky barrier, AE, is the con-
duction-band discontinuity, g is the electron charge, n, is the
doping concentration, ¢ is the permittivity of the material,
d is the thickness of the AlGaN layer, 6, = Pgany — Paigan
where Pg,y is the polarization of GaN and P, g,y is the
polarization of AlGaN, given by the sum of the spontaneous
and piezoelectric polarizations:

Picay = Pyp(AlGaN) + P, (AlGaN) @)

3.1 The carrier density model

The sheet charge density ng of the 2DEG as a function of
position x in the channel can be obtained by solving the one-
dimensional Poisson equation and is given as [44]:

E
ns=qidi<vg_vth_vy_7}1>’ (5)
where d; is the total length of the AIGaN and GaN layer, V,
is the gate voltage, V, is the channel potential at a distance
v, and Ey is the Fermi level.

As mentioned above, the current model is used to analyze
an AlGaN/GaN heterostructure operating as a pH sensor in
the region E < E,, where the electron concentration in the
AlGaN layer ny is negligible. Hence, only ng is used in the
model while ny is neglected. n, can be expressed analytically
as a function of Vg thus [45]

2
Avgo 1 -Asy,

n. =
S (1+B)

| (6)
(1+B)1V,,

where Vgo = Vg — Vi, A=¢€lqd, B=AlgD, D is the density
of states, and y,, is a constant estimated from Shubnikov-De
Haas or cyclotron resonance experiments.

3.2 The charge-based drain current model

An analytical model for the current is formulated using the
definition of the drain current along the channel given by

5)- (D)

— ) -{(= =) 7
<dy> <q dy @
A+D 2 2

%WW)’ ®

where W is the width, u is the low-field mobility of the
device, ny is the sheet carrier density in the channel that
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contributes to current conduction at any given distance y, k
is the Boltzmann constant, and 7 is the ambient temperature.
Taking the limit of y from the source to drain and integrating
Eq. 7 yields the following expression for the drain current:

qHesW A+ D 2 (5 S\ kT
ID=z—g m(nf—n%)—kgy()(n;—ng +?(ns—nD) ,
©))

where n and ny, are the charge carrier concentration at the
source and the drain, respectively. u is the effective 2DEG
mobility, and L, is the gate length. ng here is calculated
using Eq. (6). The calculation of np, is explained in the next
section.

3.3 The saturation voltage

The saturation voltage is modeled using the approach given
in Ref. [46]:

vV,

s’ go
Via = . Heir Voo (10)
s 2L

where v, is the saturation velocity. The above Eq. (10), com-
monly used in many metal-oxide—semiconductor field-effect
transistor (MOSFET) models, is adopted here for the case of
HEMTS to obtain the effective mobility as [46]

Ho
1+a1VgO+a2V§O>(1+a3VdS) an

Meff: (

where a,, a,, and a5 are fitting parameters.

Once the saturation voltage is calculated, the effec-
tive drain voltage V.4 can be obtained. V.4, is designed
to achieve a smooth transition between the applied
drain—source voltage V,, and the saturation voltage V,, [43]:

In

1+ exp(l — a%)]

Veff,D = Vsat 1 -

In(1 +e¢) ’ (12)

where a is the transition width parameter and V'y repre-
sents the effective drain—source voltage under the calculated
by subtracting the voltage drops due to the resistances at
the source and drain from the drain—source voltage. The
charge carrier concentration at the drain np, is calculated
using Eq. (6) by replacing V,, with V,q,= Vo, — Vegp. As
mentioned above, for pH sensing applications, only the sheet
charge carrier concentration n need be considered but not
ng. Hence, the values of the fitting parameters in our model
are different from those of Ref. [43]. This makes our model
simpler, too. The values of these parameters are taken as

presented in Table 1, calculated for three different devices

to compare the results presented herein with various experi-
mental data and thereby validate the model. All the param-
eters for device 1 are the same as in Ref. [43] except for the
transition width parameter a.

3.4 pHsensing

HEMTSs show significant sensitivity to relatively small
changes in the pH level of a liquid. When the surface of a
HEMT is exposed to an electrolyte solution with a specific
concentration, the change in the surface charge and potential
causes a change in the channel charge density, which further
modulates the drain current. This mechanism can be used to
build a sensor to measure the pH of the solution.

Therefore, the effect of the electrolyte solution on the
device manifests in the potential [47], as follows:

Yo = —10g5105[Vth(pH - PHch)’ (13)
where , N _ (K —pKa) CpCs
6t:€‘;y= Cqu(h’nzleo : ’CquM’
CpL = ;qunU’ pPHpyzc = l@' Here y is defined by the
h

Gouy—Chapman Stern model [47], Cg,, 1s the capacitance
of the Stern layer (Cgyr, =20 wF/cm?) [47], ny is the ionic
charge concentration in the electrolyte, V is the thermal
voltage, and N is the site binding charge, given in Table 2.

The surface potential yy, is subtracted from the threshold
voltage to obtain the effective threshold voltage V,,, repre-
sented as [44]

Ve = Vin — ¥o. (14)

This effective threshold V, replaces the threshold volt-
age V,, in all the calculations.

4 Results

To validate the model, the results are compared with the
experimental data for device 1 reported in Ref. [48]. Device
1 has a gate length of 1 pm and a gate width of 75 pm. The
Al mole fraction is 15% in the 25-nm AlGaN layer of device
1. Figure 2 depicts the drain current versus the gate voltage
to compare the values calculated using the presented model,
those calculated using the model introduced in Ref. [43], and
the experimental data from Ref. [48]. The results show that
all three sets of results match very well for V;=5V, even
though our model has fewer parameters than that described
in Ref. [43] and ny is excluded as well.

The surface potential is calculated for two surfaces of the
HEMT. The first is the bare AlGaN surface, while the sec-
ond one is an SiN,-covered AlGaN surface. An unintentional
thin oxide layer forms on the exposed AlGaN surface when
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Table 1 The parameter values used in the model for fitting and for various aspects of the device design

Parameter (units) Given in Ref. [43] for

The model parameters

device 1 - - -
Device 1 Device 2 Device 3

Depicted in [43] Figure 2 Figures 5 and 6 Figures 7 and 8
Al mole fraction in AlGaN (dimensionless) 0.15 0.15 0.23 0.25
AlGaN layer thickness (nm) 25 25 22 25
Gate length (pm) 1 1 10 40
Gate width (um) 75 75 500 490
Voir (V) -29 -29 —4.9 —6.1
Low-field mobility, y, (cm?/V-s) 600 600 950 1860
Fitting parameter, a; (1/V) 5.5%x1073 5.5%1073 10 60x107
Fitting parameter, a, (1/V?) 1.5%x1073 1.5%x1073 0.05 15x1073
Fitting parameter, a; (1/V) 2x1073 2% 1073 0.34 0.001
Source—gate region resistance, R, () 0.72 0.72 0.45 0.75
Drain—gate region resistance, Ry (€2) 0.72 0.72 0.45 0.75
Transition width parameter, @ (dimensionless) 0.01 0.32 0.82 1

Table2 The site-binding parameters of different passivation layers
[47]

Passivation layer € pK, pKy, N
SiN, 7.5 -2 6 3x 10 cm™2
Ga,0, 10.2 4.81 10.91 3% 10" cm™
0.7 < T L I ) T T
Our Model
0.6} ° Experimental [48] , ]
r--o--- Calculated [43] g

I, (A/mm)

3 2 -1

0
v, (V)

Fig.2 The drain current I versus the gate voltage V, for a drain
voltage of V=5V, enabling a comparison of the results calculated
herein with the experimental data in Ref. [48] for device 1 and the
theoretical results obtained using the model described in Ref. [43].
The inset shows the same data plotted on a logarithmic scale. Solid
dots represent the experimental data, while hollow symbols with dot-
ted lines show the data calculated using the model described in Ref.
[43], and continuous lines represent the calculations using the model
described herein
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it comes into contact with air [44]. This unintentional Ga,O,
layer changes the surface potential. This effect is calculated
by considering the parameters related to Ga,05 [44].

Figure 3 shows the variation of the surface potential with
the change in the pH value for Ga,0; and the SiN, layer on
the AlGaN surface of the HEMT. The results calculated for
Ga,0; and SiN, match with the experimental results given
by Rabbaa et al. [44] and Kokawa et al. [28], respectively.
The surface potential decreases linearly with the pH value
from 2 to 12.

A change in the surface potential causes a shift in the
threshold voltage, which affects the sensitivity of the device.
The device sensitivity is defined as

0.6 T T T T
SiNy Passivated layer
04} = Calculated

* Experimental [28]
GayO3 Passivated layer|

= Calculated 5
o Experimental [44]

S
()

Surface Potential (V)
[—J
(=}
7

-~
~k
~

02}

-~

-~
-~
0.4} S o ]
~ %
~ -~

065 4 p : 10 12

pH

Fig. 3 The variation of the surface potential with the pH value, illus-
trating the agreement of the calculations using the present model, for
SiN, and Ga,0O; passivation layers, with the experimental results pre-
sented in Ref. [28] and [44], respectively

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Journal of Computational Electronics

Vinptit = Vinp _ AV
pHI —pH2 — ApH’

sensitivity = (15)

Figure 4 shows the variation in the sensitivity of the
device with different passivation layers, viz. SiN, and
Ga,0;. The results of the present calculations show that, for
SiN, and Ga,0; layers, the maximum sensitivity is 0.062 V/
pH and 0.060 V/pH while the average sensitivity is 0.595 V/
pH and 0.058 V/pH, respectively. The sensitivity is approx-
imately equal to the Nernstian response, i.e., 0.59 V/pH.
Kokawa et al. [28] reported an experimental pH sensitivity
of 0.0567 V/pH with an SiN, layer. We also infer here that
the change in the threshold voltage of the device is higher
for pH< 7, i.e., for acidic solutions, while the sensitivity is
lower for basic solutions. We observe that the device with
an SiN, passivation layer is more sensitive than the device
with a Ga,O; layer for acidic solutions.

Figures 5 and 6 depict the /,—V,, characteristics of HEMT
device 2 when covered with electrolyte solution of different
pH values. Device 2 is an SiN,-layered HEMT with an Al
mole fraction of 23%, a 22-nm-thick AlGaN layer, a gate
length of 10 pm, and a gate width of 500 pm. Figure 5 com-
pares the results with the experimental results of Kokawa
et al. [28] and the theoretical results obtained using the I,
model proposed by Rabbaa et al. [44]. The values calcu-
lated herein at V4,=0.2 V for different pH values are in good
agreement with the experimental results of Kokawa et al.
[28]. It can be observed that the results of our model provide
a better match than those of Ref. [44] without requiring any
approximation in the parameters. The curves represent the
results calculated using our model, while the symbols in
the graph denote the experimental results of Kokawa et al.
The calculated results match well with the experimental data

0.09 T T T T T T

0.08
0.07 + 4
0.06

0.05

N

0.04

Sensitivity (V/pH)

0.03 + — SiNx 4

0.02

—v— Ga203 J

2 4 6 8 10 12
pH

0.01

Fig.4 The variation of the sensitivity with the pH value for devices
with SiN, and Ga,O; passivation layers. The sensitivity is nearly
equal to the Nernstian response of 0.59 V/pH

2-4 ) T L} Ll L]
2.0
1.6
<
g 12
H’ﬁ
08k For pH=4 i
Our Model
04} ~ — — Model Calculation [44] J
4 Experimental Data [28]
0'0 " 1 " 1 " 1 " 1 " 1 "
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

Vg (V)

Fig.5 The /~V, characteristics with V4;=0.2 V at pH 4 for device 2,
showing a comparison of the data calculated using our model or that
described in Ref. [44] with the experimental data in Ref. [28]. The
continuous lines represent the data calculated using our model, the
dashed line represents the theoretical calculations of Ref. [44], while
the solid triangles represent the experimental data from Ref. [28]

2.4 — T
2.0
1.6}
<
E 12}
=
(== J
0.8 For pH=10 4
Our Model !
0.4} e Experimental Data [28] -
0'0 N 1 " 1 " 1 " 1 " 1 "
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

Ve V)

Fig.6 The I;~V, characteristics with V4,=0.2 V at pH 10 for device
2, showing the comparison of the data calculated using our model
with the experimental data from Ref. [28]. The lines represent our
calculated values, while the solid dots denote the experimental data

for gate voltages above —1.5 V. The minor variations seen
below this voltage level may be due to undefined parameters
such as the source and drain resistances. Also, some of this
mismatch can be attributed to the Schottky barrier height at
the metal-AlGaN interface, which may differ depending on
the type and quality of the ohmic contact formed by vari-
ous processes [49]. The units of current in the plots of the
drain—current characteristics are different in Figs. 5 and 6 to
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enable a comparison of the results calculated herein with the
experimental data available in literature.

Figures 7 and 8 show the I,—V, characteristics of device
3, which is a bare AlGaN HEMT with an electrolyte solu-
tion at pH 1.7 or 11.9. The gate voltages are kept at 0 V
and —2 V for both curves. As discussed above, bare A1GaN
is covered with Ga,0; when exposed to air. The calcula-
tions therefore adopt the parameters for Ga,05. This HEMT
has a 25-nm-thick AlGaN layer with an Al content of 25%.
The gate width and gate length are fixed at 490 and 40 pm,
respectively. The good match with the experiment results of

l AtpH=1.7 ;
0.04 . o’
| Calculated Experimental [24 .
[ =<V =0V e V=0V o
[ g g e A
[ — =V=2V a4 V=2V -
0.03 £ £ - E
~ L ’/ A/
3 ’/; _ -~ -
"'%002: Seas
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Fig.7 The drain current /; and drain voltage V, characteristics of
HEMT device 3 at pH 1.7, showing a comparison of the data calcu-
lated using the current model versus the experimental data from Ref.
[24] at gate voltages of 0 V and =2 V

Abidin et al. [24] seen in Figs. 7 and 8 validates the model
presented herein. It is also observed that the surface potential
decreases with increasing pH value of the electrolyte. This
causes a decrease in the drain current of the device. The
slight mismatch observed at higher drain voltages between
our calculated results and the experimental data in Figs. 7
and 8 may be due to self-heating effects, which are not incor-
porated herein.

Figure 9 depicts the value of the effective threshold
voltage calculated using Eq. (14) for devices 2 and 3 with
electrolyte solutions of different pH values. The effective
threshold is calculated by subtracting the surface potential
y, (Eq. 13) from the threshold voltage (Eq. 3). As observed
in Fig. 3, the surface potential decreases with increasing pH
value, resulting in a shift of the effective threshold value
towards positive values.

The evaluation of the best-performing model relies on
measurement error analysis [50]. The root-mean-square
error (RMSE) is the most widely reported measurement
error analysis parameter, representing the sample standard
deviation of the calculated and experimental values. Due
to the squaring criterion in the RMSE, larger errors have a
greater impact on the MSE than do smaller errors. The mean
absolute error (MAE) is the most natural and unambigu-
ous measure of the average error magnitude, reporting the
closeness of the prediction to the subsequent results [51]. To
describe the average model performance error, we calculate
the RMSE, MAE, and normalized RMSE (NRMSE) and
summarize them in Tables 3, 4, and 5.
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Fig.8 The drain current /; and drain voltage V; characteristics of
HEMT device 3 at pH 11.9, showing a comparison of the data cal-
culated using the current model with the experimental data from Ref.
[24] at gate voltages of 0 V and —2 V
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Fig.9 The change in the effective threshold voltage of the AlGaN/
GaN HEMT with variation in the pH value, showing a comparison of
the data calculated using the present model for devices 2 and 3 versus
the experimental data from Ref. [28] and Ref. [24], respectively. The
straight and dashed lines show the calculated results, while the solid
symbols denote the experimental values
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The RMSE, NRMSE, and MAE values for the Id—Vg char-
acteristics of devices 1 and 2 at different pH levels are evalu-
ated and summarized in Tables 3 and 4, respectively, reveal-
ing that the RMSE of the model proposed herein is 0.053 at
pH 4. This is significantly better than result obtained using
the basic model by Rabbaa et al. [44] with an RMSE value
of 0.166 at the same pH level. Similarly, the NRMSE and
MAE values of our model verify the closeness of the values
calculated herein to the experimental results, as compared
with the results in Ref. [44]. The difference between the
results calculated using the model in Ref. [44] and the model
presented herein is given in Table 4.

Table 5 summarizes the error measurement for the -V
characteristics with respect to the experimental results
reported in Ref. [24]. The RMSE values presented in Table 5
show the variation due to squaring of larger and smaller
errors, while the MAE is constant at 0.001 for the different

Table 3 The RMSE values for v

our model calculations with g Error in /q
respect to the experimental data ) ~0.01
218(3;(:;2 ;hle 14~V characteristics _15 0.006
-1 —0.003
—0.5 —0.005
0 0
0.5 0.004
1 0.007
1.5 0.019
2 0.02
RMSE 0.0099
NRMSE 0.033
MAE 0.007

Table 5 The RMSE values for the 1~V characteristics of device 3
with solutions at different pH levels

Va (V) Error in 1, versus the experimental results in Ref. [24]
With solution pH 1.7 With solution pH 11.9
AtV,=0V AtV,=-2V AtV,=0V AtV,=-2V

1 0.001 0.00023 0.00011 0.0006

2 0.002 0.001 —0.0003 0.001

3 0.002 0.0005 —-0.0013 0.001

4 —-0.0015 —-0.0015 —0.0005 0.001

5 -0.0005 —-0.003 0.0006 0.0025

RMSE  0.0015 0.0015 0.0007 0.0013

NRMSE 0.061 0.072 0.035 0.095

MAE 0.001 0.001 0.001 0.001

datasets at different pH levels, thereby demonstrating the
reliability of the model presented herein.

5 Conclusions

A new analytical model for the /,—V, characteristics of an
AlGaN/GaN HEMT for pH sensing is proposed. The impact
of the pH of the electrolyte on the drain current, threshold
voltage, and surface potential is examined. The voltage in
the gate area is indirectly applied as a function of the ionic
concentration. The results demonstrate that, by applying
an SiN, passivation layer to the HEMT, the sensitivity at
lower pH values is improved. The current analytical results
show good agreement with experimental results available
in literature. The overall average RMSE value of our model
is 0.018 for the 1,-V, characteristics of different devices,
with and without the solution pH. This error range is within

Table 4 The RMSE values for the Iy — V, characteristics of device 2 with solutions at different pH levels

V, V) Difference in /; when calculated using the Error when using the current Error when using the model in Ref. [44] to
model in Ref. [44] versus the current model —model to calculate /; versus the calculate /; versus the experimental results in
experimental results in Ref. [28] Ref. [28]
With solution pH 4 With solution pH4  With solu-  With solution pH 4
tion pH 10
-3 -0.078 -0.072 0.065 -0.25
=25 —-0.063 —-0.067 0.097 -0.2
-2 -0.059 —-0.091 0.085 -0.15
-1.5 -0.086 -0.014 0.007 -0.1
-1 —0.084 0.034 —-0.049 -0.05
-0.5 - 0.003 —-0.056 -
0 - —0.028 —-0.008 -
RMSE - 0.053 0.061 0.166
NRMSE - 0.03 0.037 0.106
MAE - 0.044 0.052 0.15

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Journal of Computational Electronics

acceptable physical limits. Some limitations were identified
at higher drain voltages, where the calculated and experi-
mental values differ in the /;—V, characteristics. This can
be attributed to second-order effects such as short-channel
effects (SCE) and self-heating effects (SHE), which are not
included in the presented model. SCEs, SHEs, and illumina-
tion effects will be included in an extended version of this
model in the future.

In summary, the current model exhibits smaller errors and
is simpler and more reliable than other models available in
the literature. To the best of the authors’ knowledge, no such
I-V model has been specifically implemented for pH sens-
ing applications. In conclusion, the current model will have
significant applications for device optimization and stand-
ardization of prospective chemical and biosensors.
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