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Introduction

While GaN-based devices have gained much attention for high power and high frequency
applications, they are also attractive as sensors given its high sensitivity due to its high
electron mobility. HEMT sensors have a fast response time and are currently the
cheapest technology available for sensing [1]. The main design difference between the
GaN-based HEMT technology for sensing applications versus its well-known high power
and high frequency applications is leaving the gate area un-metalized and "open" to allow
ions to interact with the surface. The sensing capability originates from measuring
changes in the drain current resulting from the charged ions interacting at the surface, or
open gate, of this device. Given GaN's inertness to etching, nontoxicity, and wide-band
gap, it is an ideal candidate for sensing in harsh environments; ranging from in vivo
applications to radiation-hard sensors.

The need for inexpensive and reliable diagnostic testing is apparent with approximately
160,000 cases of prostate cancer [2] and 180,000 cases of breast cancer each year in
the United States alone. Human exhaled breath condensate (EBC) has been shown to
be a reliable detector of human pH [3]—[8] where human pH is a strong indicator of
metabolic state and can indicate various forms of cancer [9]—[11], kidney injury [12], and
glucose issues such as diabetes [9]. The human pH can range from 5 to 8, where a typical
healthy human pH is between 7 and 8 [13]. Measuring pH can also be used to detect
various drugs and medications which is valuable in measuring medication tolerance and
reliability [1] . Accurate measurement of human pH through EBC can effectively replace
uncomfortable, expensive, and time-consuming blood and urine tests.

The need for computational optimization emanates from lack of a general study of
AIGaN/GaN HEMT device limitations in experimental literature. Simulation facilitates
exploration of the device's full range and identifies device parameters that result in
maximal performance. Testing these aspects of the GaN-based HEMT chemical sensors
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through simulation reduces testing time and cost, furthering future development of
commercializing these devices in the biosensor market. This work builds upon a simple
fundamental model of biological and chemical sensing of GaN-based High Electron
Mobility Transistor (HEMT) and incorporates specific adsorption with the theory of an
electrical double layer (EDL).

Backqround 

1. Experimental Review
The interest in GaN-based devices evolved due to its unique ability to serve applications
of radiation hardness [14]. The investigation began with gas sensors where GaN and SiC
were known to be sensitive to a number of gases [14]. There was much activity in studying
GaN-based transistors for gas sensing [15]—[25] where its success lead to the idea of
sensing chemicals in electrolyte rather than gas [14]. Thus far, only 14 experimental
studies have been conducted of these pH sensing GaN-based HEMTs with little variation
of device and material parameters. These experiments are done case by case and
collectively provide very little comprehensive understanding for optimal device operating
conditions. Because this field is novel, there is much to investigate and comparatively
limited literature to review.

In 2003, Steinhoff et al. pioneered the application of GaN-based transistors for pH.
Sensing [23] as an alternative to Si-based ion-sensitive field effect transistors (ISFETs)
[24], [25] due to its oxide layer, Si02, producing a low sensor response and poor sensor
stability. Prior to Steinhoff et al., some work on III-nitride-based chemical sensors was
done however the ion sensitivity of GaN surfaces in aqueous solutions was not
systematically investigated [26], [27]. Steinhoff et al. studied the electrical response of
deposited and thermally grown oxide GaN surfaces to variations of hydrogen ion, H+,
concentrations in electrolyte solutions [23]. This study measured the chemical response
of the gate surface to changes in the electrolyte composition through adjusting a
commonly used Ag/AgCI reference electrode to compensate for the ion-induced changes
in the channel or drain current at a constant applied drain bias. Since this work there have
been proof of concept studies [1], [9], [28]—[39] with this device for pH sensing while only
testing a few parameters at a time and all with varied parameters (mobility, gate
dimensions, AIGaN thickness/molarity, varied GaN oxide, etc), making it nearly
impossible to observe trends for optimization.

Sensitivity is the standard metric to compare the response for these chemical sensors.
Steinhoff et al. was the first to report a linear behavior with pH for this device with
sensitivities (57.3 mV/pH for GaN:Si/GaN:Mg and 56.0 mV/pH for GaN/AIGaN/GaN
HEMT) close to the Nernstian response to H+ ions [23]. These sensitivities reported a
drain current decrease with increasing pH. The Nernst equation is the theoretical value
of the potential change with pH and is expressed in equation 1 [40] where k is Boltzmann's
constant, T is temperature, and q is electron charge.

tiJo = —2.3031rApH9
1



This equation may be regarded as a modified version of the Nernst equation relating
potential, yo, to a change in pH, ApH [40], where at room temperature, 25°C, the
equation is simplified to equation 2.

liJo = —0.05890pH = —58.9 ni 2

However, transistor output is not commonly a unit of potential, but rather one of current.
Sensor response is measured through a change in drain, or channel, current per change
in pH (mA-mm/pH). These current based sensitivity values vary experimentally as there
is no known theoretical value based on output current or even a correlation between
output current and the Nernst equation for these devices. It is an accepted notion that
improving the sensitivity is the main objective to increasing the accuracy and
effectiveness of the sensor.

The Yates et al. site-binding model for the electrical double layer, which is discussed
further in this chapter, at the oxide/electrolyte interface is widely accepted in this field as
the basis for the chemical interactions at the open gate of the sensor [40], [41]. In the site
binding model, which is explained in more detail later in this chapter, there are a set
number of surface sites available for chemical interactions as the hydrogen ions within
the electrolyte react with the oxygen in the oxide. Ga0 is commonly presently as the
material native oxide of the open gate. These reactions have forward and reverse reaction
rates, the values of which are not understood as well as the value for the number of
surface sites available.

While there are a handful of groups who perform experimental work, only two other groups
have completed simulation work with one paper each. This study expands upon
simulation work from Bayer et al. [42] and presents a one-dimensional, more extensive
model. The time step response, or resolution, of drain current was investigated in the
sensor response [1], [9], [29], [35] which is crucial to understanding how the reaction rates
play a role in the device sensitivity. Throughout this simulation work, we will only be
addressing steady-state response. However, it is clear from the literature that transient
response will need to be studied with simulation work in the future once a steady state
simulation is successful.

2. Simulation Review
As stated previously, there has been only two other groups to publish work on simulating
the AIGaN/GaN HEMT in sensing pH. First, Bayer et al. executed a one-dimensional
simulation that linked change in adsorbed charge on the interface to a change in electron
density of the conducting channel, resulting in a change in the drain current [42]. In this
work transport of the ions in the electrolyte were not included however a simplified model
of the charge in the electrolyte was accounted for through Poisson-Boltzmann equation.
To execute one-dimensional effects, it was assumed charge distribution was laterally
homogenous. While this work was novel, it has limitations in its capability to be expanded
past one-dimension to fully represent the pH sensing mechanism of this device. This
group also incorporated a reference electrode in their work, noted as UG. Bayer et al.
simulation study tested values of material parameters such as number of available



surface sites, Ns, and dissociation chemical reaction rate constants, K1 and K2, to
increase sensitivity. They started with Ns as 8x1014 cm-2 to mimic A1203 as recent
experiments indicate the thermal oxide on top of the GaN, Gax0y, behaves similarly to
A1203 [23], [43]. This work also tested N-face polarity of the GaN material and the molar
fraction of the AIGaN layer predicting that the N-face polarity of the GaN material will
significantly improve the sensing features as well as a reduction in the Al content within
the AIGaN layer. Lastly, Bayer et al. ended the study with a brief deduction that the area
of the open gate exposed to the electrolyte should be as large as possible relative to the
total surface of the device to produce an effective sensor; yet they did not publish
evidence to support this reasonable claim. While the simulation study of Bayer et al.
excels in its results, the structure modeled did not include the electrical double layer.

The next and more recent simulation study was presented this past year, 2018, by Anvari
et al. [44]. Anvari et al. implemented a Triple Layer Model (TLM) developed by Sverjensky
et al.[45], [46] which integrates electrostatics of water dipole to the site-binding model
[40], [41]. This approach has answered questions of water dipole effect on the reaction
where the selectivity of the surface to pH is explained with the TLM equilibrium rates
which varied in previous experimental work [23], [47]. Further, Anvari et al. conclude the
GaN-based sensor is not as sensitive to ionic type and strength and needs to be coupled
with a membrane on its surface to add this functionality [48]. In this work, predictions
regarding the relationship between sensitivity and thickness of the surface oxide layer
were made where the thin layer of oxide at the surface accounts for the surface chemistry
and reaction. The thickness of the AIGaN layer was shown to have a large effect on the
2DEG charge, which is due to the polarization charge, where a decrease in the thickness
decreases the charge.

Both Bayer et al. and Anvari et al. lack a comparison to the reports of current-based
sensitivity, instead of the potential change with pH. The current-based sensitivity is
favorable to report as sensors can more readily report the output current measured. The
simulation work of both Bayer et al. and Anvari et al. were completed with finite-difference
methods in one-dimension. This approach has made it difficult to expand beyond one
dimension to examine geometry dependence of the HEMT sensor. Our past work present
two-dimensional finite-element models however both lack the inclusion of the electrical
double layer and complex electrochemical kinetics to accurately model the surface
reaction[49], [50]. The finite-element simulation method with the electrical double layer
we propose in this project can be expanded beyond one-dimension to further the
modeling development of the GaN-based HEMT chemical sensor.

To implement the electrical double layer (EDL) in with our past work, a brief review of
modeling the EDL with specific adsorption was necessary. Orazem's dissertation work
presented an EDL model of a semiconductor-electrolyte interface for a solar cell [51]—[54]
which was an extension of Grahame's model [55]. This work was computed with a finite-
difference model and focused on the semiconductor modeling for generation and
recombination of the solar cell. What is most interesting is how the EDL was modeled as
a space charge region, along with the semiconductor. This work also included charge-
transfer reactions to allow current to flow from the semiconductor to the solution, which is



not studied in this GaN-based sensor work. However, further simulations with the EDL
theory and a semiconductor response are nonexistent. Work found has been focused on
metal-electrolyte systems, and effectively modeling electrodes in electrolytes. Guldbrand
et al. presented a Monte Carlo study of the force between two charged surfaces [56].
Boda et al. present another Monte Carlo simulation study proving that the Gouy-Chapman
theory is not sufficient and the intermolecular potentials, especially for water, need to be
added in future models [57]. In another study, for the application of a biosensor measuring
protein, Henderson and Boda further support their previous work where it predicts the
Gouy-Chapman-Stern (GCS) model isn't enough to accurately model ion selectivity and
adsorption of ions [58]. Scaramuzza et al. studied electrode and electrolyte interfaces in
COMSOL, MATLAB, and HSPICE, yet all simulation models lacked specific adsorption
[59]. Work presented by Wu et al. computed numerical simulations to examine faradic
and charging current influence on impedance spectroscopy and the impedance response
of a rotating disk electrode, however, these models did not include specific adsorption as
well [60], [61].

Simulation Methodology: the Electrical Double Layer

The framework for the TCAD simulation is FLOODS [62] which is suited for III-V devices
[63], [64] and is capable of self-consistent, fully-coupled, simulation of reaction-dependent
physics occurring at the electrolyte/semiconductor interface. Poisson and continuity of
charge carriers are the device equations used to solve charge transport within the
electrolyte where ions solely encompass the charge carriers in the electrolyte. The system
modeled in FLOODS is shown in Figure 1. The region between the mercury surface and
the Inner Helmholtz Plane (IHP) will be defined as the Inner Helmholtz Region. The region
between the Inner Helmholtz Plane (IHP) and the Outer Helmholtz Plane (OHP), will be
called the Outer Helmholtz Region (OHR). Both the IHR and OHR are simulated as
insulators, where there is no charge in the Poisson equation.

IHP OHP

Mercury IHR OHR Electrolyte

< X >< 

3pm 24 2,4 3pm

0
 .
L

Figure 1. Diagram of the structure simulated in FLOODS to recreate Grahame's mercury drop experiment.

1.1 Electrolyte



The Poisson equation defined within the electrolyte is expressed in equation 3 with
permittivity, E, which is made up by the product of vacuum permittivity, 8.85x10-14 F/cm,
and the relative permittivity of electrolyte, 78. The elementary charge is expressed as q,
1.6x10-19 C, and the ion concentrations sodium and chloride are denoted as [Nal and [CI-
], respectively.

EVIP = q([Nal — [C11) 3

Equations 4 and 5 depict ion continuity equations which determine changes in the ion
concentration equations relative to time due to drift and diffusion, where the first term is
drift and the second term is diffusion.

a[Na+] 
= V(cw Na+ [NalVW + (DNa+V[Nal))

at
a [C1-]

= V(cw cr [Cl-WW + (Dci-V[C11))
at

4

5

In these equations PNa+ and pci_ are the mobilities and DNa+ and Da- are the diffusion
coefficients of the ions [Nal and [Cr] respectively. To calculate diffusivity from mobility,
Einstein's relation is applied.

1.2 Inner and Outer Helmholtz Regions
Given that charge is assumed not to be retained within the IHR and OHR, the
corresponding gradient squared electrostatic potential is equivalent to zero. The Laplace
equation for these material layers is expressed in equation 6.

EV2W = 0 6

It is important to note these regions exist only for the purpose of simulating this EDL effect
in Finite Element Modeling (FEM). In EDL theory, these regions do not exist since ions
can only exist at the planes (IHP and OHP) and the space in between the planes is atomic
spacing as an ion cannot physically fit in between the two planes of charge. Refer to
Figure 2 for a visual aid. To simulate this in FLOODS, a FEM tool, these regions had to
be created, however we made the grid spacing small enough so an ion could exist only
at the boundaries, and effectively ions simulated in these regions could exist only at the
IHP and OHP.
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Electrolyte

Figure 2. Three planes of charge comprise the Stern model: Inner Helmholtz Plane (IHP), Outer Helmholtz Plane (OHP), and

Diffuse Layer. The IHP is the plane of closest approach for small ions nearest to the electrode. The OHP is the second plane away
from the electrode where larger ions and solvated ions are shown. The IHP and OHP form the compact layer and behaves as the

Helmholtz Model. The Diffuse Layer is in between the compact model and the bulk electrolyte where the ions diffuse according

to the Gouy-Chapman model.

1.3 Specific Adsorption
In the Gouy-Chapman-Stern (GCS) theory, there is no specific adsorption, but nonspecific
adsorption. The chemical reaction described in this section is not included in FLOODS
simulations for the GCS model. This reaction is included only when specific adsorption is
explicitly stated. To replicate Grahame's experimental results, specific adsorption at the
IHP must be implemented. In this case, chloride ions (CI-) are adsorbed on the mercury
surface. Both the IHR and OHR are still treated as insulators but now there is transport
of chloride ions from the electrolyte through the OHR to adsorb on the IHP. Since the
OHR is treated as an insulator, it has no ion concentration defined within it. Therefore, we
must allow chloride ions to transport from the electrolyte into the OHR to be adsorbed on
the IHP. Grahame does not explicitly list the chemical reaction taking place in his work
[55] therefore we implemented only one simple chemical reaction where one chloride ion
bonds with mercury to form a neutral compound. Below is the reaction, followed by the
differential equation for the reaction where the reaction rates are simplified to a forward
reaction rate, Kf, and a reverse reaction rate, Kr.

[C1 - '= [C1-] + [Hgl 7

Kf[C1-][Hg+] - Kr[C1 - + at [C1 - = 0 8

The number of available surface sites, denoted here as Ns, is questioned among
researchers in this field since it is an important variable in the chemical reaction kinetics.
However, if we examine Grahame's work, in particular Grahame's figure 9 [65], where he
calculates components of charge within the EDL, we can use the value of adsorbed
charge to determine an appropriate value for Ns in FLOODS to replicate his work and for



a safe assumption in this variable moving forward. If we look at a maximum value of
adsorbed charge, at -0.1 E, it is roughly 28 pC/cm2. This value, multiplied by the
elementary charge, is approximately 1.8x1014 cm-2. From this, a safe assumption of Ns is
2x1014 cm-2 was used in these simulations.

There have been lingering questions of what detail is required in modeling the reaction
rates; constants versus exponential dependence on potential [44]. It is well accepted that
reactions are dependent on potential and this is expressed as the reaction rates being
exponentially dependent on potential [66], [67]. The work presented in this chapter
studied the effects of the equilibrium rate having an exponential dependence on potential
in steady-state. The exponential dependence was implemented on the forward reaction
rate and is expressed in equation 9. It is critical to note that the potential dependence on
IHP is with respect to the potential at the bulk of the electrolyte. In our FLOODS
simulations the potential in the bulk electrolyte was set to zero. Faraday's constant is
represented as F. Temperature is written as T and R is Boltzmann's constant. The
symmetry factor, (3, was assumed to be 0.5 and this approximation is well accepted for
this work [51], [67].

1—I3)F m
Kf = Kfc, * exp [( R.I. ] (-I-Bulk Electrolyte — WIHP) 9

The reaction rate was tuned until the charge and voltage behaviors matched Grahame's
results because we had no a priori estimates [55], [65]. In the optimization testing, the
reverse reaction rate was set to a constant value, 10-11, and the forward reaction rate was
incremented for each simulation loop. Each loop would apply the electrode bias, ranging
from OV to —0.5V, and would output the value of adsorbed charge. To obtain a potential
and charge distribution profile from Grahame's work [55], the goal of the optimization
curve was to have 1011cm-2adsorbed charge at the starting bias point, OV, and where the
last bias point, 0.474V, would result in adsorbed charge nearly the value of the total
surface sites available, Ns, which was 2x1014 cm-2 in this case. This optimization test
resulted in two different forward reaction rate constant values; here these values will be
denoted as a low equilibrium rate (for the low value of adsorbed charge) and a high
equilibrium rate (for a high value of adsorbed charge). These values were optimized in
the mercury drop environment with the electrolyte of 0.3M NaCI as this is the molarity
Grahame used for his work presented in his Figure 4 and Figure 9 [55].

1.4 Boundary Conditions
The electrostatic potential and solution variables are defined to specific values, using
Dirichlet boundary conditions, at two points of the structure simulated here: the electrode
(mercury) contact and the bulk of the electrolyte. The electrode contact has an applied
bias which is used to replicate Grahame's work. The electrolyte potential is fixed at the
bulk to zero to replicate Grahame's work [55].

IIJI x=0 = Vapplied bias

tijl x=L = O

10
11



The solution variables for ion concentrations are fixed to their bulk value at the boundary
of the electrolyte due to the thickness of the electrolyte is more than ten Debye lengths.
The bulk value of the concentrations is dependent on the molarity of the concentration
used for the simulation. For 0.3M, the bulk concentration for both Na and CI is 1.8x1020cm-
2. At 1M, the bulk concentration for both Na and CI is 6.02x102° cm-2.

[Nal I x=L = [NaLlki
[C111 x.L = [Cli;uld

12
13

2 Calculating Integral Capacitance in FLOODS
The results of FLOODS simulations will be examined as capacitance curves to easily
compare to Grahame's work. For large signal capacitance of the electrolyte, the total
excess charge in the electrolyte (Na-CI), 6, is integrated over the area of the electrolyte.
This is multiplied by the elementary charge, q, and then divided by the voltage difference
between the OHP, (1)0HP, and the bulk of the electrolyte (which is set to zero).

= aDiffuse*cl
CDiffuse

cDOHP —0
14

Since the Inner Helmholtz and the Outer Helmholtz regions (IHR and OHR) are treated
as insulators, the capacitance in both of these regions are computed as parallel-plate
capacitors, which is true to the Helmholtz theory. The thickness of each region was set to
2 A to mimic Grahame's structure [55]. The dielectric constant was set to 7 producing a
capacitance value of 31 pF/cm2.

€°€ = 31 clIFCIHP = COHR = d 2 15

To compute the total capacitance of the EDL model, the capacitances of the three regions
are in series and the classic formula of capacitors in series will be applied to this simulated
structure. The total capacitance is expressed in equation 16 where the region with the
smallest capacitance dominates the total capacitance.

1 1 1 1
1-  1-

Ctotal CIHR COHR CDiffuse
16

Results: Simulating EDL 
First the simple EDL theory of GCS model was simulated in FLOODS where no chemical
reaction was implemented. The total large signal, or integral, capacitance of this structure
is shown in 3 at varied electrolyte concentrations. Matching the theoretical GCS model,
results from FLOODS capture the minimum, or "dip", in the capacitance curves as
increasing magnitude with increasing electrolyte concentrations [66], [68]. To start simply
with the specific adsorption model, the equilibrium rates were set as constants. The
FLOODS script was optimized to retrieve a forward reaction rate to achieve an increase
in adsorbed sites with increase in bias, to replicate Grahame's work [55]. In this
optimization, the reverse reaction rate remained at a constant value. The most optimum
case observed was an adsorbed concentration increase by 4 times over a potential
change from 0 to -0.5V (the bias range used in Grahame's work [55]). However this



increase in adsorbed charge was not sufficient to achieve the potential drop Grahame
displayed, shown in Grahame's Figure 4 [55].
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mercury electrode produced from FLOODS simulation of Gouy-Chapman-Stern model.

Both low and high equilibrium constants were analyzed with the large signal, or integral,
and small signal, or differential, approach in FLOODS to obtain integral and differential
total capacitance curves to compare further to Grahame's work [55], [66]. This model was
also tested in various concentrations of the NaCI electrolyte to observe the capacitance
dependence on the electrolyte, since GCS does not have a reaction take place. These
results are shown in Figures 4 and 5.
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reaction rate.

Between the two cases of the low and high equilibrium rates is a shift in the minimum, or
"dip", of both the integral and differential capacitances. This minimum is defined as the
electrocapillary maximum [55], [66] and is a point of zero charge. In the case with the low
equilibrium rate, the minimum is at Ov, but this shifts towards a positive voltage when the
high forward reaction rate is applied. This result is agreeable with the notion that there is
more adsorbed charge on the surface and therefore the adsorbed charge causes a shift
in the potential needed to achieve an electrocapillary maximum, where the total charge
is equal to zero. What is also interesting to observe is that the slope of the minimum
decreases as the concentration of NaCI increases. It is interesting this behavior is
observed in this model with specific adsorption where the behavior is also observed in
the GCS model; suggesting it is independent of adsorption.

However these simulation results lack the accurate potential versus depth profile (to
match Grahame's work in his Figure 16 [55]). The negative applied bias region is due to
its absence of specific adsorption. The positive applied bias observes a "cross-oveC; as
applied positive bias increases, the potential at the IHP decreases (increasing in
magnitude however becoming more negative). This is due to a large amount of adsorbed
charge from the specific adsorption reaction. At a constant reaction rate, this potential
"cross-over'' is not observed which has prompted further exploration into reaction rates
with exponential dependences on potential.

Next, the reaction rates with exponential potential dependence were implemented. These
results are shown in 6 and 7. Near the electrocapillary maximum is a little hump. Grahame
observed these "humps" in his experiments (Grahame's Figure 4 [55]) and attributed this
behavior to electrostatic repulsion from ions within the double layer. This phenomenon is
implemented in FLOODS only in the diffuse part of the double layer; not within the IHR
and OHR. This explanation could partially account for the "humps" observed in FLOODS
results and therefore this methodology is more "realistic" however, Grahame does not
account for this electrostatic repulsion of ions in the EDL in his computations.
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Figure 7. Small signal, or differential, capacitance (A) and the adsorbed charge (B) with respect to applied bias for an equilibrium

rate with exponential dependence on potential.

The components of charge were also examined in this model and are presented in Figure
8. Everything matches Grahame's work, in Grahame's Figure 16 [55], except for the
charge of the chloride in the diffuse region of the EDL. In FLOODS a pile up of chloride
is observed at high applied bias which is to be expected as it is negatively charged and
would be attracted to the mercury surface for high positive potentials. In FLOODS, there
are two regions of excess charges, 0.10V to 0.18V and again from 1.25 to 1.5V. This is
credible given that at high bias the adsorbed charge is nearly maxed out at the number
of surface sites available, Ns, so the chloride is no longer used in the reaction and
accumulates. For the other range of smaller positive bias points, the chloride ions
accumulation could be a result of a limiting forward reaction rate; where the reaction rate
isn't large enough to allow for 100% adsorption at the surface, (where the rate isn't fast



enough to allow the reaction to fully adsorb) so the chloride has excess ions as a result.
However this profile of excess chloride in the diffuse part of the EDL differs from
Grahame's work [55] where excess chloride charge is constant at approximately 4
pC/cm2, even at a negative applied bias. This is speculated to be a result of existing
positive surface charge on the mercury electrode which attracts the chlorine to the
surface. Since each bias point of Grahame's work is a new mercury droplet, a new surface
is created at each bias point and with existing positive surface charge on the mercury
electrode.
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It is worth noting that the potential versus depth profile of this model was successfully
tuned to match Grahame's [55]. The potential profile achieved from these simulations in
FLOODS is shown in Figure 9. This cross-over behavior, where larger positive applied
biases had a more negative potential at the IHP, could only be achieved with equilibrium
rate exponential dependence on potential.



Mercury
Electrode

0.5 
1

0.3

0.1

c
a)
15 -0.5

-0.7

-0.9

0

IHP OHP

Diffuse

2 4 6

Bulk
Electrolyte

8

Distance in Angstroms
Figure 9. Potential in the EDL between the mercury electrode (left) and the end of the diffuse region of the EDL (right) for a 0.3M

NaCI solution at room temperature at various applied electrode biases. These values were calculated in FLOODS for the

equilibrium rate as an exponential dependence on potential.

These different scenarios of implementing the EDL should be compared to understand
what is needed to effectively model the EDL in FLOODS for this mercury drop experiment.
The difference between the integral and differential capacitance is minimal and therefore
using only one of the two for further studies is sufficient. Examining these integral and
differential capacitance graphs between the high and low equilibrium constants, as well
as the equilibrium rate with an exponential dependence on potential (to simulate Grahame
model), shows the same behavior as well as the same maximum and minimum
capacitance values. The difference between the reaction rates as a constant and the
equilibrium rates as an exponential dependence does show a difference in behavior near
the electrocapillary maximum, however the value of the capacitance does not show major
differences.

4.3.1 Comparison of Models
For the equilibrium rate, the significance of an exponential dependence on potential is
depicted in Figure 10 and 11. While Figure 4-10 is the integral capacitance and Figure 4-
11 is the differential capacitance, the same trend is observed. The exponential
dependence on potential combines the low constant reaction rate function with the high
constant reaction rate function and therefore producing a "hump". The behavior of the
exponential dependence on potential in the forward reaction rate with electrostatic
repulsion from ions in the diffuse region of the double layer defines the "humps" Grahame
observed in his experimental work shown in Grahame's figure 2 [65].
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4.3.2 Importance of the IHP and OHP
A concern in modeling is understanding the simplest model needed to produce accurate
results in order to save computation time. A quick simulation study was conducted to
understand the importance of the IHP and OHP regions. The forward reaction rate with
exponential dependence on potential was used in Figure 1 however the reaction was
modified to take place at the OHP; extending the IHP to the OHP and not modeling an
extra region such as OHR. This study produced the exact same capacitance results
revealing that, from a computation perspective of this simple case, the Outer Helmholtz
Region is not significant. However, if more work is to be done on investigation of the
electrolyte complexities, such as of size variation of molecules and competing reactions,
the OHP could add more significance to simulation results. However, the addition of the



OHP is believed to increase convergence at larger applied biases to avoid for an
unphysical buildup of charge at the interface. It also does not add a significant
computation time, therefore it should be added and kept in models for increased
accuracy.

Simulation Methodology: Open-Gated Hiqh Electron Mobility Transistor as pH 
sensor
Poisson and continuity of charge carriers are the device equations used to solve charge
transport within the semiconductor and electrolyte. Electrons and holes comprise the
charge carriers within the semiconductor materials whereas ions solely encompass the
charge carriers in the electrolyte. The device simulator solves for solution variables
originating from two partial differential equations: Poisson's equation for electrostatics
(17) and charge continuity (18). The electrostatic potential, T, is continuous throughout
the device structure. The total charge in a material is Gtotal, Ci refers to the concentration
of a charged species i, and NJ is the flux density of the species modeled with drift and
diffusion related expression corresponding to each material.

v2tp = atotal

ac•
= —VNi

at

17

18

1. Device Structure
Figure 12a illustrates a two-dimensional rendering of the structure tested through the
simulation framework. Figure 12b displays a cross-sectional view with labeled polarization
charges. The device structure is comprised of a 3 pm electrolyte, 2Å Outer Helmholtz
Region (OHR), 2Å Inner Helmholtz Region (IHR), a 15 nm AIGaN layer, 1.8 pm GaN
buffer layer, and a 1.3 pm substrate layer of AIN and SiC. All the layers are realistic
dimensions with the exception of the electrolyte layer being scaled large enough for
simulating transport characteristics.
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Figure 12. 2-D rendering of GaN-based HEMT structure simulated in FLOODS. (a) Two-dimensional design of the GaN-based

HEMT structure. The un-metalized gate area includes the electrolyte and double layer regions. (b) Vertical cross-section

displaying the thickness of each layer for the GaN-based HEMT.



2.2 Two-Dimensional Electron Gas
Ga-face polarization model was used in which the AIGaN undergoes tensile strain to
result in an induced piezoelectric positive polarization charge, 613012, at the AIGaN-GaN
interface [69], [70]. The bottom of the GaN buffer layer has a positive charge, Gpoll, with
a value of 2.2x1013cm-2. The spontaneous polarization charge cancels at the AIGaN-GaN
interface and the remaining the piezoelectric polarization of the AIGaN produces a net
positive charge, 6pol2, of 1.06x1013 cm-2. The net negative polarization charge, which is
the sum of the spontaneous and piezoelectric polarization charges, is implemented as
6pol3, valued at 3.26x1013 cm-2, located at the top of the AIGaN. These polarization charge
values used in the device structure for simulation testing were acquired from the
Ambacher group [69].

2.3 Electrolyte
The Poisson equation within the electrolyte is defined in equation 19 with permittivity, e,
(vacuum permittivity, 8.85x10-14 F/cm times relative permittivity of electrolyte, 78), the
elementary charge q, 1.6x10-19 C, and the ion concentrations sodium [Nal chloride [CI-
], hydrogen [H+], and arbitrary anion to react with hydrogen [Al.

EV2W = q([Nal — [C1-] + [H+] — [Al) 19

lon continuity equations for the electrolyte are depicted in equations 20 through 23 which
determine changes in the ion concentration relative to time due to drift and diffusion where
the first term is drift and the second term is diffusion. Therefore PNa+ , PCI- , PH+, and pA-
are the mobilities and DNa+ , DCI- , DH+ , and DA_ are the diffusion coefficients of the ions
[Nal [Cll, [H+], and [Al respectively. To calculate diffusivity from mobility, Einstein's
relation is applied.

a[Na+] = v,(cw Na+ 
[NalVW + (DNa+V[Nal)) 20

at
O[ci-] =

V(cw cl- [Cl-WW + (Dci-V[C11)) 21
at

a[H+]
— V(cw H+ [H+WW + (DH+V[H+])) 22

at

a[
k-] 
= V(cw A- [PCWIP + (DA-V[PC])) 23

at

The electrolyte is NaCI with a concentration of 100 mM. HA characterizes an acid in the
electrolyte where H+ is a hydrogen cation and A- is a corresponding anion. In this
simulation testing, the hydrogen concentration ranges from 10-2 mM to 10-9 mM. The pH
is determined through the negative log of the hydrogen concentration. This simulation
ensured electroneutrality in the electrolyte by setting a condition where the concentration
of A- always equals H+. The flux of species due to convection is assumed to be negligible
and is not modeled in this simulation.

2.4 Semiconductor
The Poisson equation in the AIGaN, GaN, and substrate semiconductor layers of the
device are expressed in equation 24. The variables n and p are the electron and hole
carrier concentrations, and ND and NA are the donor and acceptor impurity
concentrations. The GaN layer was assigned a donor doping of 1016 cm-2 to model n-type



doping whereas smaller donor concentration values of 1012 cm-2 were assigned to model
unintentionally doped regions. No acceptor doping was simulated in this study.

EV2IF = q(n — p + ND — NA) 24

The continuity equations for electrons and holes in the semiconductor material are
dependent on Quasi-Fermi energy levels, (I)fn and (1)fp , as presented in equations 25 and
26. This computation captures drift-diffusion physics and is most compatible for simulating
heterostructure based devices. The Quasi-Fermi energy levels are continuous throughout
the semiconductor and are analogous to electrochemical potentials. The Maxwell-
Boltzmann distributions for electron and hole concentrations with respect to the Quasi-
Fermi levels and the conduction, Ec, and valence, Ev, energy bands are expressed in
equations 27 and 28. N, and Nv are the density of states for electron and holes
respectively, and Vt is the thermal voltage at room temperature (0.0259 eV).

an
—
at 
= —nqiinV2.1)fn
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-(Ec-ofn)
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p = Nve Nit

25

26

27

28

In this simulation, the electrostatic potential, Y, defines the vacuum energy level, which is
related to conduction band through electron affinity; E, = T - x. This method can be
correlated to multiple semiconductor materials with different energy band gaps to be given
a similar reference energy level. A low-field mobility model was used after the Farahmand
group [71]. Since this device is based on a wide-bandgap material, neither recombination
nor generation of charge carriers occurs in the simulation.

2.5 Oxide
Given that charge is assumed not to be retained within the oxide, the corresponding
electrostatic potential is equivalent to zero. The Poisson equation for these material layers
is depicted in 29.

EV21F = 0 29

2.6 Interface Regions
The polarization charges previously discussed are added to the Poisson equation at their
designated semiconductor interfaces. The interface of most interest is the interface of the
electrolyte/AIGaN which translates to the sensor mechanism of the device. The GaN-
based HEMT pH sensing capability originates from the hydrogen ions available at the un-
metalized gate surface altering conductive channel current. The site-binding model for
oxides [40], [41] was used to simulate the amphoteric nature of the electrolyte and
semiconductor interface and is shown in equations 30 and 31. S denotes an oxide
molecular site with OH, a bonded hydroxyl group, resulting in creating a positively
charged, SOH+2, and negatively charged, SO-, sites, respectively, from neutral
sites, SOH.



[S — OHfl # [S — OH] + [H+] 30

[S — OH] # [S — 0-] + [H+] 31

These chemical reactions are executed in FLOODS via rate equations 32, 33, and 34.
The differential equations for reactions 30 and 31 to be computed with adsorption, K1 and
K3, and dissociation, K2 and K4, rate constants are expressed in equations 32 and 33.
The reaction rate constants were tuned as fitting parameters to match the existing
literature and achieve a maximum concentration of positive surface sites at low pH and a
maximum concentration of negative surface sites at high pH. The boundary condition for
the number of available surface sites is expressed in equation 34. Ns is the number of
available sites at the surface, which was set to a maximum of 1x1015 cm-2. Bayer et al.
validate this assumption with work from Bergveld et al. [42], [43]. Therefore, all the
possible sites, being positive, negative, or neutrally charged, must be equal to the number
of available bonding sites, Ns.

K1 [S — 0-][H+] — K2 [S — OH] + 1 [S — 01 = 0 32

K3 [S — OH] [H+] — K4 [S — OHfl + 1 [S — OHfl = 0 33

[S — OH] = Ns — [S — 0—] — [S — OHfl 34

The sensitivity (mA/mm-pH) of the device is defined as the slope of the current versus pH
plot (l/pH). The simulated drain current decreasing with increasing pH, which is a result
supported by other experimental studies [1], [9], [23], [30], [32]—[35], [37]—[39]; this results
in negative sensitivity values. The objective of this work is to increase the magnitude of
the sensitivity, where consequently sensitivities are typically presented as the absolute
value. Throughout this work, sensitivities will be presented as absolute values.

2.7 Boundary Conditions
The electrostatic potential and Quasi-Fermi levels solution variables are defined to
specific values, using Dirichlet boundary conditions, at two points of the device: the
bottom of the substrate and the top of the electrolyte. The substrate is given a reference
potential of zero. However, the electrolyte contact is fixed at 3.7eV to match the HEMT
fermi level. Yet when the pH of the electrolyte changes, the Nernst value of 59mV is
added or subtracted to the electrolyte. The electrolyte potential is pinned to the pH
potential value with respect to the HEMT equilibrium fermi energy level. The solution
variables for ion concentrations are fixed to their bulk value at the boundary of the
electrolyte due to the thickness of the electrolyte is more than ten Debye lengths.

Results: pH GaN-based HEMT sensor with EDL and specific adsorption finite-
element modelinq 

The HEMT sensor was simulated in FLOODS and modeled via a 1-D structure to study
the effect of equilibrium rates, AIGaN surface charge (6A1GaN/IHR), and number of available
surface sites (for adsorption in the reaction, Ns). Also included in this chapter are



preliminary results of a drain bias dependence. A comparison of simulated and
experimental current-based sensitivity is discussed in the following chapter.

The three major parameters were tested in this 1-D simulation (equilibrium rates, AIGaN
surface charge, and number of available surface sites) to achieve a sensor response.
Only variations in the number of available surface sites resulted in a sensor response.
Once a sensor response was achieved, the effects of the remaining two parameters were
tested to understand their relationship with the sensor response. The key figure of merit
discussed in this work to quantify the sensor response is the concentration of charge in
the channel, or 2DEG charge in HEMT devices, since it is directly proportional to current.
Current in a channel for a linear region of operation can be expressed as:

I = QiivpswL 35

The 2DEG channel charge concentration is noted as Q, the mobility is noted as p, L is
the channel gate length, W is the channel gate width, and \ADS is the applied drain bias.
For the remainder of this chapter, only the concentration of 2DEG channel charge, Q, is
examined as all other values are assumed constant for this 1-D simulation. The number
of surface sites available, Ns, is largely dependent on the material at the top of the
semiconductor, which is the interface with the electrolyte. This top layer is typically a
native oxide. Ns is the physical displacement of how many adsorption sites can take place
per area on the oxide surface. Since a bond length is fixed, there is a physical limitation
to the number of surface sites available. Since FLOODS could not simulate above a Ns
value of 9x1014 cm-2 due to convergence issues, below is an investigation of this physical
limitation of 1015 cm-2.

1015 lcm2
Ns = * . =

cm2 1016A2 10A2
36

1015 surface sites in an area of 1 cm2 is equal to 1 surface site for an area of 10 Ak2. The
lattice constant for GaN is 3.186 A and 5.186 A depending on the growth and plane of
the AIGaN/GaN stack [72], and the area could be 10.15 A2 or 26.89 A2. If we consider the
hydrogen bond length of a water molecule is 2Å, this physical limitation for the number of
surface sites is reasonable. Therefore, the value calculated in equation 36 is a maximum
value of number of available sites; predicting the most available surface sites physically
possible for this oxide.

3.1 Understanding the 2DEG as a Sensor Response

Since a maximum number of available adsorbed sites was previously determined and a
minimum value was needed to achieve a sensor response, further investigation into this
range of available surface sites was explored to determine a relationship between the
number of surface sites and the sensor response. In a small range where Ns is varied
between 1011 and 1013 cm-2, the response of the channel charge, diffusion charge, and
interface charge were studied. An expected result was observed, where the interface
charge increased to compensate for the new increasing Ns value. A slight change in the
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channel charge behavior is observed yet the total change in channel charge concentration
with pH, or sensitivity, does not increase in magnitude to increase the sensor response.
This phenomenon is due to the diffusion charge still compensating for the interface
charge. Higher values of N s were evaluated to determine the effect on channel charge,
diffusion charge, and interface charge. These results are shown in Figurel3. With the
largest value of N s there is a significant shift from negative to positive in the total diffuse
charge resulting in increased change in the channel charge with pH, or in other words, an
increased sensitivity. Further investigation into the potential profiles are reviewed to
explain this result.
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Figure 13. HEMT sensor response to extreme values for the number of available surface sites, Ns. (a) The adsorbed charge

concentration at the IHP. (b) The electron concentration, 2DEG channel charge, concentration in the conducting channel. (c) The

total charge concentration in the diffuse part of the EDL.

The potential as a function of depth, or potential profile, for a low value of Ns, 1011 cm-2,
is displayed in Figure 14 where the full device depth is in part a and part b is zoomed in
for a potential profile of the EDL structure (at the electrolyte/semiconductor interface). In
part a, -3pm is the bulk of the electrolyte solution and +3pm is the backside of the SiC.
The potential of the bulk electrolyte is controlled by the pH where an ideal Nernst behavior
(59mV decrease in potential with increasing pH) was controlled in the simulation
boundary conditions. In this case, where N s is low, there is small change in potential at
the electrolyte/semiconductor surface. The same potential profile was also studied for the
case where N s is large, 9x1014 cm-2, and is shown in Figure 15. The zoomed in profile (in
part b) shows the potential is influenced by the concentration of charge adsorbed at the
IHP and provides clarity for Figure 13. The large jump in channel charge is explained
through the large potential jump between low and high pH values.



4.1

3.9

2 3.7 I
T13 3.5

o 3.3

3.1

2.9

Ns = 1x 1011 cm-2

CrAlGaN/IHR = 0 cm 2

-A- pH 1

■ pH 7 T
.

• pH 12

.I••••

-3 -1

Electrolyte

Depth (pm)

a

4.1

3.9

3.7

3.5

3.3

3.1

2.9

4-

1  .? -0.0005
Semiconductor OHP

'Diffuse

-0.0003 • -0.0001 0.0001
IHP

Depth (pm)

b

AIGaN

Figure 14. HEMT sensor potential profile for a low value of Ns. (a) The potential profile for the whole system. At -3pm is the bulk

of the electrolyte solution and at +.3pm is the end of the semiconductor SiC substrate. (b) The potential profile zoomed in to

examine the potential profile in the EDL. At -0.0005pm is part of the diffuse region of the EDL and at +0.0001pm is the AIGaN
surface of the semiconductor.

7.5

6.5

0_
o 4.5

3.5

• pH 2
* pH 4
• pH 6
-• - pH
-o -pH 10
o pH 12

--------. .
Ns = 9X1 014 CrIT2

CIAIGaN/IHR = 0 cm-2

7.5

2.5  2.5
-3 -2 0 2 3 -0.0005 -0.0004 -0.0003 -0.0002 -0.0001

OHP IHP
Semiconductor

Depth (pm) Diffuse Depth (pm)

a

Figure 15. HEMT sensor potential profile for an extreme high value of Ns. (a) The potential profile for the whole system. At -3pm

is the bulk of the electrolyte solution and at +.3pm is the end of the semiconductor SiC substrate. (b) The potential profile zoomed

in to examine the potential profile in the EDL. At -0.0005pm is part of the diffuse region of the EDL and at +0.0001pm is the
AIGaN surface of the semiconductor.

Ellectrolyte

0 0.0001

AlGaN

To further explain the potential profile in Figure 15, the concentration of charges in each
material was examined for Ns equal to 9x1014 cm-2. A graphical conclusion for the sum of
charge in each area is shown in Figure 16. Part a is a rendering of the HEMT sensor
structure simulated with the corresponding AIGaN-GaN HEMT polarization charges. Part
b describes the balance of charge in each material for a given pH range. As shown in
Figure 6-1, for the pH range of 1 to 5, a large positive charge is adsorbed at the IHP, with
a large negative diffuse charge, and large negative channel charge. A separation of
positive and negative charge in the AIGaN region is observed. To keep electroneutrality,
the AIGaN region becomes two regions of charge, where the top is negative to balance
the adsorbed charge and the bottom is positive to balance the 2DEG charge. In the next

-1



pH range, 6 to 8, the adsorbed charge is less in magnitude to switch from positive to
negative (SOH2+ to SO-) and the diffuse charge becomes net positive. In the last pH
range, 9 to 12, the adsorbed charge is a net negative charge and the AIGaN separation
of charge is reversed, where previously it was negative then positive charge and now it
is positive and then negative charge (from top down). However, this negative charge in
the bottom of the AIGaN, closest to the AIGaN/GaN interface, for this pH range 9-12, is
negligible since it is much smaller in magnitude, and results in an overall net positive
charge in the AIGaN material. This explains why the 2DEG is not responding to the large
adsorbed charge; the AIGaN layer is effectively inverted and masking the 2DEG from the
adsorbed charge. The minimum and maximum values of NS for the sensor response is
presented in Figure 13. It is clear from this work Ns largely dominates the sensor response
of all the parameters explored in this simulation study.
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Figure 16. Inverted AIGaN charge in HEMT (a) HEMT sensor structure with strain polarization charges (b) Zoomed in structure for

3 major pH ranges with positive and negative charge concentrations accounted for in each range.

3.2 Equilibrium Rates
Of great interest in sensor response is the effect of equilibrium rate dependence on
potential compared to an equilibrium rate as a constant value. The range of Ns was further
explored within the bounds previously discussed and the equilibrium rate is with an
exponential dependence on potential, presented in Figure 17, is compared with
equilibrium rates as a constant value, presented in Figure 18. The magnitude of adsorbed
charge concentration plays a significant role in the channel response and is key to tuning
the optimum sensitivity of the device. As Ns increases, the adsorbed charge increases,
where the 2DEG charge increases as well (except for the inverted charge case discussed
previously with Ns equal to 9x1014 cm-2). The Ns was set to a reasonable value, 3x1014
cm-2, to achieve a sensor response (or a change in the 2DEG charge) and the AIGaN
surface charge was set to 0 cm-2 (zero charge), where the two methods of equilibrium
rates were compared. These results are shown in Figure 19 where the exponential
dependence "smooths" the adsorbed charge curve approaching linearity (in part a); yet
the 2DEG response (part b) does not follow this trend. The exponential dependence on



potential in the equilibrium rates pushes the response towards being linear, however, the
channel charge concentration response with pH does not become linear. Using an
equilibrium rate that is exponentially dependent on potential is more realistic than using
a constant value [51]. Hence forth the remainder of the results will examine cases only
with the equilibrium rate as an exponential dependence on potential.
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For this method of modeling, the equilibrium rates as an exponential dependence on
potential, the potential in the bulk electrolyte, OHP, IHP, and AIGaN surface are presented
in Figure 20. It is interesting to observe the potential of the bulk electrolyte mirroring the



OHP where the IHP potential mirrors the AIGaN surface potential. This behavior indicates
adsorbed charge on the IHP has a direct relationship with the surface of the AIGaN layer.
This is expected since the distance between the two interfaces is very small at only 2Å.
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3.3 Passivation Charge
Previous results presented have a surface charge concentration at the top of the AIGaN
layer set to 0 cm-2. However, passivating the surface with different charges unintentionally
in an experimental environment is inevitable and it is important to understand the effect
of different surface charges on the sensor response. The AIGaN surface charge
concentration was explored with a reasonable Ns value (3x1014 cm-2). The results are
shown in Figure 21 and Figure 22. The value of the AIGaN surface charge concentration
shifts the magnitude of 2DEG channel charge concentration. As the AIGaN surface
charge concentration increases, the 2DEG charge concentration reduces (shifts up



towards zero). Recall that the HEMT total polarization charge below the AIGaN layer
equals +3.26x1013 cm-2, therefore an AIGaN surface charge of -3.26x1013 cm-2 would
make the HEMT device electrically neutral. Interestingly, a large amount of charge,
+2.26x1013 cm-2, decreased the sensitivity or the change in 2DEG charge concentration
with pH. This was due to a substantial amount of charge in the AIGaN layer which is again
masking the 2DEG from responding and compensating for the charge at the surface and
prevents a large response from the 2DEG channel. The change in passivation charge
does not largely affect the adsorbed charge depicted in Figure 22 part a. In part b, for the
extreme pH values (both high and low pHs), the total interface charge concentration is
largely dominated by one of the adsorbed charge species; at low pH, the total interface
charge is dominated by positive adsorbed charge (negative charge for high pH).
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3.4 Linear 2DEG Sensor Response
In this work presented thus far, a linear response for the channel charge with pH is not
observed. For a model to be linear, the slope must be constant. With a reasonable Ns
value (i.e. Ns equal to 3x1014 cm-2), the transition region of adsorbed charge from positive
to negative, roughly around the pH range of 5 to 8, breaks the constant slope (refer back
to Figures 17 through 19). This is due to a large shift in magnitude of adsorbed charge.
To make the response more linear for a large Ns value, the transition region needs to be
minimized so that this small amount of charge occurs only at one pH instead of 3 or more.
It would be desired to have a high Ns value where the 2DEG channel charge
concentration can have a larger swinger, however, this sacrifices a linear response.

Another approach to achieving a linear 2DEG response is to cut off the sharp slopes
observed at extreme pH values. A narrowed in window of Figure 19 is presented in Figure
23 where a smaller pH range, from 4 to 9, is examined to observe a near-linear 2DEG
response. From this narrowed pH range, a linear line is fitted to these points, which is a
method reported by experimental results from Huang et al. and Dong et al. [33], [38]. It is
worth noting the experimental work from Huang et al. and Dong et al. mirror the same
non-linear trend ("S" curve) observed in simulation work presented here.

The concentration of charge for each different region throughout the device/system is
examined for each Ns value and is shown in Figure 24 for a high pH value of 11 and a
middle pH value of 7. For a large pH value of 11 at higher values of Ns, the AIGaN charge
at the bottom (which is closest to the 2DEG), increased in orders of magnitude. This
explains the large shift in the 2DEG charge for varied Ns at a large pH value in Figures
17 and 18. At pH of 7, the charge in the AIGaN layer is always negative with Ns and is
assisting the 2DEG charge in compensating for adsorbed charge. This is due to the 2DEG
charge effectively being capped out or being the largest it can be. In order to maintain
electroneutrality, the AIGaN layer compensates for adsorbed charge. The potential profile
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3.5 Drain Bias
Lastly, an applied bias was placed onto the back of the AIGaN layer to mimic the effect
of a 2-D source to drain bias. The range of applied bias tested was -0.5V to +0.5V. The 0
to +0.5V bias range is reasonable given experimental results [22], [23], [28], [30], [32],
[33], [35], [34], [37]—[39], [73]. There were convergence issues for a reasonable Ns value
leaving only a small Ns of 1011 cm-2 to be tested. The sensor response did not change for
this case, as expected since the Ns was so small, yet the two methods of equilibrium rate
as constant versus exponential dependence on potential were compared. With constant
equilibrium rates, little changed and was uninteresting. With exponential dependence on
potential in the equilibrium rate, the response changed drastically with applied drain bias.
These results are shown in Figure 26. Three pH values were compared (a low value of 1,
a middle value of 7, and a high value of 12) where the true adsorption behavior of these
pHs were only observed at OV applied bias. Once a bias of + or -0.1V was applied, the
reaction was forced to an extreme behavior of the adsorption model. This is reasonable
if we recall pH 1 has a high potential value and pH 12 has a low potential (recall Nernst
behavior), where at a low pH (high potential) the adsorbed charge is largely positive and
negative for high pH. lf we compare the -0.5V extreme to the pH 12, it is rational that the
adsorption model would be an extreme value of negatively adsorbed charge. The same
is true for a +0.5V bias to compare to pH 1 with a large positive adsorbed charge. On
either side of zero bias, the smallest applied bias of 0.1V is large enough to swing the
adsorption model to its extreme and fully adsorbed case, since the equilibrium rate is
exponentially dependent on potential.
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Since only a small N s value could be simulated, the sensor response was not achieved
and the channel charge did not change with this drastic charge in the adsorption model.
However, it is expected with larger and more reasonable N s values, where the sensor
response occurs, this effect would drastically change the sensor response. In a previous
study without the EDL but in 2-D, the interface charge was found to vary spatially. At
a given pH and applied drain bias, the interface charge would be positive on one side of
the channel and have a gradual shift to negative on the other side of the channel [49].
This is expected to be a result of the applied drain bias having an effect on the adsorption
model. However this study did not have an exponential dependence on potential in the
equilibrium rate. Given this drain bias dependence is spacial, if it were to be combined
with an exponential dependence on potential in the equilibrium rate, the interface charge
would vary significantly. Based on this first approximation, the source to drain bias for a
2-D model with exponential equilibrium rate dependence on bias would play a significant
role in the channel charge. It is expected that, instead of a gradual shift from positive to
negative observed in previous work [49], a dramatic shift from positive to negative
interface charge would occur and this could lead to significant reliability issues in the
sensor response. Overall the sensor response was observed as largely dependent on N s
(compared to the variables studied here: AIGaN surface charge and equilibrium rate).

Comparing Simulation work with Experimental Results

While most experimental work reports potential sensitivity, as mV/pH, to compare with
Steinhoff et al. [23] and to compare to the maximum Nernst theoretical value (-59 mV/pH),
a few papers report sensitivity as a change in the channel current. Reporting the
sensitivity as a change in current is more useful than a change in potential since the
sensor can more readily measure a change in current as it outputs a current value. The
tables below provide a synopsis of these current measured sensitivities and how our
simulation results compare to them.

The simulated sensitivities are expressed by equation 37 and calculated from simulated
2DEG charge concentration with the equilibrium rate as an exponential dependence on



potential where a maximum sensitivity was achieved with the AIGaN surface charge
concentration was set to 0 cm-2 and the Ns set to 3x1014 cm-2. The 2DEG charge
concentration is noted as Q, the mobility of the 2DEG is noted as p, Lc, is the channel
gate length in cm, Wm is the channel gate width in cm, and VDS is the applied drain bias.
The 2DEG charge concentration was taken from these 1-D simulations and the remaining
parameters were matched with its respective experiment to compare sensitivity values.
The current is measured as amperes and can be written, for a linear region of operation,
as:

I (A) = QIIVDSWCin
Lcm

37

Author Oxide pH Range
Gate

Dimensions
Mobility
(cm2Ns)

Drain Bias
(V)

Kang et al.
[9], [39]

Native oxide
and Sc203

3 to 10 2 x 150 µm2 980 0.25

Abidin et al.
[37]

Native oxide 1.7 to 11.9 40 x 490 µm2 1860 0.5

Brazzini et
al.
[35]

Native oxide 4 to 10 1.2 x 0.5 mm2 400 0.2

*Dong et al.
[38]

Native oxide 4 to 8
13 x 250 µm2
175 x 250 µm2
175 x 50 µm2

1730 1.5

Huang et al.
[33]

Native oxide
P: 7 to 8
A: 4 to 10

15 x 15 µm2 750 to 1150 0.25

Table 1. Summary of Experimental Work. (*The exposed gate length was 10um for all source to drain dimensions listed.) P is the

peak value and A is the average value.

Author Experimental Sensitivity FLOODS Sensitivity

Kang et al. [9], [39]
Native oxide: 70 µ A
Sc203: 37 µA/pH

0.588 mA/pH

Abidin et al. [37]
1.9 mA/pH or

3.88 mA/mm-pH
1.825 mA/pH or
3.725 mA/mm-pH

Brazzini et al.
[35]

P: 40 µNpH
A: 2.83 µNpH

1.074 µNpH

*Dong et al.
[38]

1.35 mA/pH
21.29 µNpH
7.08 µNpH

1.599 mA/pH
23.75 µNpH
4.75 µNpH

Huang et al.
[33]

P: 2.24 mA/mm-pH
A: 0.923 mA/mm-pH

0.617 mA/mm-pH

Table 2. Summary of Experimental Sensitivity with simulated FLOODS Sensitivity. (P is the peak value and A is the average

value). FLOODS pH range of 4 to 9 with equilibrium rates with the exponential dependence on potential was used for the
sensitivity calculation.

Overall FLOODS simulation sensitivities were within reasonable percent error of
experimental work except for the work reported by Kang et al. [9], [39]. Since the surface



charge of the AIGaN layer accompanied with the presence and thickness of an oxide layer
is not discussed in detail for most of the experimental work, including work reported from
Kang et al., it is likely these factors are the root of any discrepancies. Without further
information from these studies, an exact justification or investigation cannot be made. It
is worth noting work from Abidin et al. [37] reported sensitivities at a large drain bias where
it is assumed this sensor was operating in a saturation region. The charge in the channel
is largely inverted and pinched-off where the current is reduced by a factor of 2. Our
simulated results were halved to reflect this change from linear to saturation region of the
transistor operation. It is also worth noting the work from Dong et al. [38] had a varied
gate length (distance between drain and source contacts) but the exposed gate length
remained the same. In this case, the drain bias is different for the region of the exposed
surface when the distance between the drain and source contacts is increased. We
approximated a reasonable drain bias voltage, based on their figures, to compare with
our simulated sensitivity.

Future Work

The HEMT sensor with the EDL and specific adsorption models thus far could only be
simulated in one-dimension in FLOODS due to convergence issues associated with
tuning and solving a solution variable with an exponential dependence on potential. To
expand this model to 2-D will require mathematical correction in the exponential function
to improve convergence. 2-D models should be explored further to combine the
electrochemical reaction rate dependence on potential to test the source to drain current
effect. The drain to source potential variation is expected to contribute voltage to the
exponential dependence on potential of the equilibrium rates. The reaction, and therefore
the HEMT sensor response, could vary exponentially along the direction of the gate
length, or conducting channel.

Another idea for further work is to explore different oxides with varied thicknesses and
quality. Since the thickness of oxides can vary in the fabrication process (native oxide
versus thermally-grown versus deposited oxide), a large oxide thickness is expected to
cause a decrease in the sensitivity as the electrostatic force between the 2DEG charge
and the adsorbed charge is decreased. A study of the limitations for oxide thicknesses of
this nature should be explored. The quality of oxides are known to differ with varied
fabrication methods and it is expected that the quality of oxides can also have an effect
on sensitivity [9], [39]. If a poor oxide is used (one with less oxygen available for hydrogen
to bond with) it can hinder the adsorption reaction at the surface and can cause a
degradation in the 2DEG response. Kang et al. compares two oxides, a high-quality oxide
deposited versus a native oxide [9], [39]. While the deposited oxide was a higher quality
and lead to higher stability, the thickness of the oxide is also much larger for deposited
oxide than a native oxide and the magnitude of the sensitivity was lower. Hence a
simulation study of these two mechanisms to evaluate the limitations between the two
can produce an optimum sensitivity.



Combining knowledge of the oxide effects on the sensor response with varied electrolyte
solutions of varied molecule size and dipole moment can lead to a better understanding
of the sensor response. There is sufficient experimental work studying the effect of
different supporting electrolytes and the selectivity of the GaN to anions [28]—[31], [36]. In
FLOODS simulations, the charges in the electrolyte are treated as electrons and holes,
where the size does not play a role in the diffusion. It is expected the size and orientation
of the molecules will affect the reaction rate of the adsorbed charge and this would vary
with different supporting electrolytes. The TLM implemented by Anvari et al. [44] analyzes
the selectivity of the surface to pH, the ionic strength, and ionic types, and are all
explained by the equilibrium rates since the TLM takes water molecule effects into
account with charge to be adsorbed on the oxide surface. This method seems more
accurate to model the reaction at the oxide surface and is complex. If it could be
implemented in FLOODS and compared with the simpler EDL with specific adsorption
used in this project, it could be better understood if the TLM complex model is needed or
if our EDL model will suffice. Based on experimental results, the EDL model appears
more accurate, however, the TLM discusses dipole moment and molecule size to make
the reaction more complex and understanding this effect on the sensor response can be
useful. Furthermore, this model should be combined with a study of the various oxides
(grown versus deposited, thickness, quality, etc) to better understand how to increase the
sensor response.

Lastly, only the equilibrium rate is studied since only steady-state cases are explored,
which is a great first step in simulating this sensor. Transient simulations should be built
to understand the balance between the forward and reverse reaction rates. These
transient simulations can be integrated with an understanding of various oxides. In Kang
et al. [39] a native oxide was compared with deposited scandium oxide, where resolution
was compared and other experimental work also present sensor current as a function of
time [1], [9], [29], [32], [35], [38], [73]. Simulating these effects with transient analysis can
lead to a better understanding of the 2DEG response to optimize the GaN-based HEMT
pH sensor, ultimately building a more complete model of this sensor.
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