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ABSTRACT

Little has been studied on how the electrochemical noise impacts the limit of detection of field effect transistor (FET) biosensors. Herein, we
investigate low frequency noise associated with phosphate-buffered saline (PBS) solutions at varying ionic strengths (N;) under both weak
and strong gate biases corresponding to saturation and sub-threshold regimes, respectively, in AlIGaN/GaN heterojunction FET biosensors.
We show that the electrochemical noise is strongly dependent on the ionic strength and gate biasing conditions. In the saturation regime
(low bias), varying the ionic strength (a range of 1076 x PBS to PBS 1 x stock solutions used for testing) has little to no effect on the charac-
teristic frequency exponent f(ff = 1), indicating a predominately diffusion-based process. Conversely, under higher biases (sub-threshold
regime), the f§ parameter varies from 1 to 2 with ionic strength exhibiting both diffusion and drift characteristics, with a “cut point” at
approximately 107> PBS (N; ~ 9 x 10'*/mL). Under a high bias, once the PBS concentration reaches 107> X, the behavior is then drift
dominant. This indicates that the higher bias likely triggers electrochemical reactions and by extension, faradaic effects at most physiologi-
cally relevant jonic strengths. The signal-to-noise ratio (SNR) of the device has an inverse linear relationship with the low frequency current
noise. The device exhibits a higher SNR in the sub-threshold regime than in the saturation regime. Specifically, within the saturation regime,
an inversely proportional relationship between the SNR and the ionic concentration is observed. The electrochemical noise induced from

ionic activities is roughly proportional to N; 12,

Published under license by AIP Publishing. https://doi.org/10.1063/5.0014495

Modern biosensors are commonly reported, showing the
detection of a wide variety of analytes on many different material
platforms. " Among these, AlGaN/GaN HEMTs (High Electron
Mobility Transistors) offer an attractive platform for constructing a
biosensor. AlGaN/GaN heterostructures offer good biocompatibility
with cells and biological elements, wide bandgap, good stability in a
wide range of thermal conditions and chemical environments, and a
highly sensitive channel."* '® Such devices have demonstrated the abil-
ity to detect an abundance of analytes at low concentrations such as
DNA and proteins.'”'® Biosensors are typically described by several
criteria including sensitivity, selectivity, cost, and easiness of operation.
Of these, sensitivity is often a critical figure of merit that determines if
a biosensor can be used for a given application.

In order to develop biosensors with high sensitivity, a critical
criterion must be addressed—the deleterious influence of noise on the
device signal. The noise intrinsic to the system is a key factor in
determining the “low end” of a device’s dynamic range curve or the
window of operation in which the device functions properly. This is
also sometimes referred to as the LOD (limit of detection) or MDL

(minimum detectable limit)."” Noise that is unavoidable or intrinsic to
the system can come in many forms, such as (1) thermal noise due
to ionic motion, (2) intrinsic noise from the device itself, (3) noise due
to the ionic motion of biomolecules in solution or at the active region
interface, and (4) noise due to electrochemical reactions or faradaic
processes at the electrode-electrolyte interface.”” ** This noise can
manifest itself as the often discussed 1/f or low-frequency noise.
Low-frequency noise is of primary concern in biosensor devices as
they typically operate under DC biasing conditions, and additionally,
the binding and unbinding of analytes to a receptor is a low-frequency
event. However, the effects of these phenomena related to the overall
device sensitivity in various setups have not been well studied. By
examining the low frequency noise characteristics of a specific device
platform, one can get an idea of the hypothetical maximum sensitivity
that the platform can achieve and under what conditions noise consid-
erations will have a significant impact.

The AlGaN/GaN HEMT serves as an ideal platform for noise-
related studies due to its innate chemical stability under variable con-
ditions. A cross-sectional illustration of the AIGaN/GaN HEMT used
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FIG. 1. Device structure and DC characteristics of AIGaN/GaN HEMTs in DI water: (a) cross-sectional illustration of the AlIGaN/GaN HEMT biosensor system showing the
2DEG channel connecting the two metal contacts, silicone reservoir sealing, and liquid gate. (b) Transfer characteristics demonstrating a peak |y at 1.5mA under a 0.5V bias
(Vg) and a threshold of approximately —4 V. The sub-threshold slope is denoted by “SS” and is approximately 95 mV/decade. The transconductance (gm) is shown on the right

axis in red. (c) Family |-V sweeping from 0-5V with gate voltages from V=0V to V,

in this study is shown in Fig. 1(a). This illustration shows the layout of
the device itself for visualization on how biases are applied and deter-
mine potential sources of noise, which are unavoidable in such a setup.
Devices were fabricated using an AlGaN/GaN wafer with a 23nm
AlGaN barrier layer and 2 um GaN on the SiC substrate. Mesa isola-
tion was done via dry etching using BCl3/Cl, plasma. Following
mesa isolation, a Ti/Al/Mo/Au metal stack was put down via a CHA
metal evaporator and annealed after lift-off for Ohmic contacts at
850 °C for 30s. An overlay layer of Ti/Au was used for source/drain
probing robustness. Silicone was used to form a micro-reservoir
for PBS (phosphate buffered saline) solution and gating through a ref-
erence electrode as the gate. The gate has a width of 2 mm and a length
of 1 mm.

DC measurements were performed using a probe station and
an Agilent 4156C Semiconductor Parameter Analyzer. Using a
micropipette, approximately 15 ul of solution was added to the
gate/active region for each test. The device surface was cleaned via
a rinse with DI (de-ionized) water after each trial. PBS solutions
were prepared with varying strengths, from 107°x PBS to PBS 1
X (stock) strength ionic strength ranges corresponding to
(1.627 x 10~ M-162.7 mM, respectively). All PBS solutions were
diluted from Thermo Fischer Scientific 1 x PBS stock. The DC
characteristic curves (transfer characteristics and family I-V's) for
the AIGaN/GaN HEMT in DI water for this study are shown in
Figs. 1(b) and 1(c). The measured key device parameters include I
(drain current at V; = 0V) = 6.88 mA at V;=5V, the off-state cur-
rent I,z = 0.86 nA, the current on/off ratio =2 x 10°, the sub-
threshold slope SS = dV,/ dlog(Is) (where I, is drain current) is
95 mV/decade, the maximum transconductance G,, yax = 0.53 mS,
and the threshold voltage Vi, = —4V.

Noise measurements were performed using an Agilent 4440A
Spectrum Analyzer in conjunction with a SR570 lock-in amplifier. SR
570 is used to both bias the drain terminal at 0.5V and account for the
device current offsets, where I;=200nA and 1mA in the sub-
threshold and saturation regime cases, respectively. The biasing
strength on the gate electrode, the presence of salts and biomolecules,
and intrinsic device noise would have significant impacts on the low-
frequency noise of the system. Notably, real measurements are most
often performed in a buffer solution, serum, or other high salt environ-
ments, and thus, high gate biases may trigger electrochemical reactions

=—4Vin 1V increments.

in the liquid gate or “active region” and easily facilitate redox processes
if the proper conditions are met. When evaluating biasing consider-
ations using an FET-based biosensor platform, one fundamental ques-
tion to answer is what the optimum biasing condition is. For the
maximum signal readout, the device is biased at the voltage that gives
the maximum transconductance (gm).z";’24 At this condition, the cur-
rent change (Al;)

Al = AVg ms (1)

where AV, is the gate surface potential change due to the specific
binding between receptors immobilized on the sensing area and
analytes in the solution. The signal-to-noise ratio (SNR) under this

condition,
.
gmdVy
SNR — |ALy| _ 1V ~ AlVggm _ |AV|gm @)
0; 0 0 VS

where §; is the current noise, V,; and Vy, are the gate potential before
and after analyte binding events, and §; is the current noise power
(S,‘ = 5,‘2).

Another way to look at the device is under what bias condition
the device would give the maximum relative current change to the
base current. In this case, the device should be biased at the subthresh-
old due to the exponential relationship between the gate bias and
channel current.”” *’ In the sub-threshold regime, the drain current
can be expressed as follows:

(©)

Ve — Vi
s = g,

where I, is the threshold current, k is the Boltzmann constant, T is the
temperature in Kelvin, q is the electron charge, and m is the factor
governing the subthreshold slope with a value of 1.59
[SS=KkTIn(10)(1+m)] as shown in Fig. 1(b). Therefore, the relative
current change due to sensing with potential change AV is

Vv,
exp [%} —1. (4)

ALl
I

Under this condition and consideration, we have
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where 0, is the normalized current noise (0;, = ?—d‘ =/Si/1y).

Finally, a device may be operated in the saturation regime for
maximum drain current. Depending on which bias regime is selected,
the device, and by extension the gate electrode, may be subject to very
different voltage levels, from strong to relatively weak. To investigate
this phenomenon, in this work, two gate biasing conditions were cho-
sen. One biasing condition of —4.2'V is selected for the “high bias” sce-
nario, and the device is operated in the sub-threshold regime under
this bias. For the “weak bias” condition, —1V is selected to bias the
device in the saturation regime while keeping the bias below the water
disassociation potential (1.23 V). The measured noise spectra in the
saturation regime are shown in Fig. 2(a) as a function of frequency
from 3-1000 Hz for PBS strengths of 10™> X to 1x. In all PBS solu-
tions, the device exhibited similar 1/f noise characteristic behavior
with respect to the slope. This curve is then fitted via a power fit to
determine the characteristic slope value in each case using Hooge’s
empirical equation below:”

O(HIZ

Si(f) = f[;N .

(6)

Here, the noise power is related to the Hooge constant (o), the carrier
number (N), signal (drain) current, frequency (f), and the characteris-
tic frequency exponent (f3). Using the fitted curves and Eq. (2), the
SNR values for the saturation regime can be determined. Assuming a
small gate potential change where the transconductance is treated as a
constant, for PBS 107° x through 1x, the SNR per volt values are
found to range from 7.65 x 10* to 8.53 x 10° V! at f="5Hz The
extracted f3 values for the saturation regime at each investigated PBS
strength are shown in Fig. 2(b). Notably, f§ remains essentially con-
stant throughout the concentration range at a value close to 1. We
note that, however, higher ionic strengths appear to be correlated with
lower noise power. It is believed that this is due to the electrical screen-
ing effect. Specifically, the charge noise is the result of ionic perturba-
tions within a few Debye lengths and a higher ionic strength leads to a

(a) (b)

Applied Physics Letters ARTICLE

scitation.org/journal/apl

smaller Debye length. To confirm this, we plot the current noise power
as a function of Debye length (4,) in Fig. 2(c). Indeed, a linear relation-
ship is observed on a log-log plot and a positive correlation is con-
firmed. This also reinforces that the total noise is significantly
influenced by ionic processes. Here, the Debye length

goe kT
Ap = INLa*N,
Aq°N;

where &, is the permittivity of free space, ¢, is the dielectric constant of
electrolyte, N is Avogadro’s number, and N; is the ionic concentra-
tion in molar. More specifically, we observed a relationshiq between
noise power and ionic strength of the form S;=S;,; + yN; /2 These
two components correspond to the intrinsic device noise (S;,,) at given
biases and the electrochemical noise power influence from the ionic
liquid, which is inversely proportional to N; /2 with a factor of 7.

After examining the low bias/saturation scenario, the high bias or
sub-threshold regime is investigated, with the results shown in
Fig. 3(a). Compared to the saturation regime case, which has a rela-
tively uniform slope throughout the measured frequency range, the
sub-threshold regime measurements consistently show a corner fre-
quency separating two frequency regimes: one regime at lower fre-
quencies (approximately 3-50 Hz) with a higher slope (denoted as
region 1) and the other regime with a lower slope at higher frequencies
(50-60 Hz onward, denoted region 2) that gradually transitions to the
noise floor. 1/f and 1/f* lines are shown in Fig. 3(a) for ease of compar-
ison. The first observation is that as the ionic strength increases, the
characteristic frequency slope f§ varies from 1 to 2. In a real analyte
binding scenario, within the sub-threshold regime, if the gate potential
shift due to analyte binding is very small (AV, < 5mV), then the SNR
is close to a linear function of AV,. In this case, the device exhibits
SNR per volt values of 2.46 x 10°-3.79 x 10" V" If AV, s sufficiently
large (AVg > 3 mkT/q, 125 mV for this device), then the SNR is an
exponential function of AV, For example, the SNR ranges from
1.96 x 10° to 3.05 x 107 at AV,=125mV (f=>5Hz) for our devices
using Eq. (5).

The extracted 8 values in the sub-threshold regime for each PBS
concentration are shown in Fig. 3(b). ff begins around approximately
1 at low ionic strengths, but then gradually increases as the PBS

@)
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FIG. 2. Saturation regime (V, = —1V; Vy=0.5V) low frequency noise results. (a) Measured current noise power (Si) with PBS solution ionic strengths ranging from 105 x
to 1 x PBS. (b) The fitted frequency exponent value (/3) shows a near constant value slightly above the expected result of 8 =1 (red line shown for reference). (c) Log-log
scale plot of noise power (Si) vs Debye length (4p) for a full range of PBS concentrations with a linear fitting displayed via a red line.
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FIG. 3. Low frequency noise results in the sub-threshold regime (V,= —4.2V; V4= 0.5V) and noise frequency exponent (/3) values vs gate voltage. (a) Measured normalized
(by current) noise power (S;//3 = 65,) with the range of PBS solution ionic strengths from 10~° x to 1x PBS, all showing two frequency regimes. 3 values are only consid-
ered in the lower frequency region. 1/f and 1/ dashed lines are shown for reference. (b) PBS concentrations vs frequency exponent f3 values in the subthreshold regime
(Vy=—4.2V), showing a flat region (5 = 1), then moving to a transition region between PBS concentrations 10> x and 10~2 x, and then saturating when f ~ 2. (c) § as
a function of gate voltage (Vg = —4.2V-0.5V; V4=0.5V), where from 0.5V to —1V, f3 is nearly constant and then undergoes a rapid increase as the device is biased toward

threshold due to electrochemical phenomena.

concentration, and thus the ionic strength, is gradually increased.
A “cut point” is apparent at a strength of roughly 10> x PBS.
Following this point, the f§ value consistently increases until it reaches
a value of approximately 2 and remains constant with a PBS strength
of 107> x or greater. In general, when investigating low-frequency
noise effects in electrochemical sensors and how they impact device
noise, two electrode interface models have been proposed: non-faradaic
or IPE (ideal polarized electrodes) and faradaic type electrodes.”
When considering an IPE, it is modeled as an ideal capacitor that is
not subject to the influence of redox reactions at the interface. The
charge transfer in this IPE process is considered dominated by a diffu-
sion process. In contrast, a faradaic electrode causes redox reactions
and processes that might occur at the gate electrode-aqueous media
interface under certain conditions, specifically when the device is under
a significantly strong voltage bias. In this case, the charge transfer pro-
cess is considered dominant by a drift process. Depending on the elec-
trochemical processes at the electrode-electrolyte interface, the low
frequency noise has different f§ values™ corresponding to one of these
two scenarios (or a combination of both). In the IPE or non-polarized
case (i.e., slow or negligible redox processes), only diffusion movement
occurs, which has a 1/f relationship (ff = 1). However, in highly polar-
ized faradaic electrodes, redox processes become more dominant and
give rise to drift dominant relocation processes. This scenario generally
corresponds to a 1/f* relationship or = 2.”” Based on these postulates,
we would expect more faradaic influence/drift when biasing in the sub-
threshold regime at —4.2'V, whereas biasing in the saturation regime
only places Vg at —1V. If redox reactions from ions within the buffer
solution are the primary cause of noise phenomena and faradaic inter-
actions within the system, a change in f§ should be observed with vary-
ing ionic strength, which indeed is the case as shown in Fig. 3(b). More
specifically, this determines the point at which the noise phenomenon
shifts from a diffusion dominant process to a drift dominant one via
the introduction of faradaic activities.

Based on the data from Figs. 2 and 3, we can make a few observa-
tions. The first is that an applied gate bias of —1 V appears to be insuf-
ficient to trigger electrochemical or faradaic reactions and can be
considered as an IPE-style electrode dominated by diffusion processes

for the ionic strengths in this study. We do note that there are some
deviations from “ideal” behavior, ie., the f§ values for 107 x and
107> x reach upward of 1.23 and 1.21, respectively. However, given
the erratic behavior of noise and probable minor influences of drift
processes even in a diffusion dominant scenario, some level of devia-
tion is expected. In the sub-threshold regime, the noise characteristics
show 1/f behavior until 107> x PBS. After this point, the noise is likely
some combination of both drift and diffusion processes, resulting in a
p value somewhere between 1 and 2. This observation mirrors studies
from others who proposed a noise model with contributions from C,/f
and C,/f components where C; and C, are constants.”’ Once the
1073 x concentration is reached, drift can be considered the dominant
process. It must follow that even with the —4.2'V bias on the gate elec-
trode, at sufficiently low ionic strengths, there are negligible to minor
faradaic processes, but this gradually changes as the prevalence of salt
and ionic species is increased. Indeed, —4.2'V appears to be able to
trigger some redox reactions at “medium” ionic strengths and
becomes dominant at higher strengths, which are common in physio-
logical media.

Considering the difference in the two biasing regimes for solu-
tions with high ionic strengths, we then investigate how the f§ value
varies with the gate bias. Figure 3(c) shows the f§ value as a function of
gate bias for PBS 1 x electrolyte. As expected, we observe a gradual
increase from =1 to § =2 as we increase the magnitude of the gate
bias from relatively weak biasing to higher biases. The device exhibits
1/f noise characteristics (roughly static f#=1) until a gate bias slightly
greater than —1V. After this point, it continues to increase until it
reaches f=2 at —4.2V. This increase in f over the region from
approximately —1V to —4.2 V is also consistent with previous observa-
tions of water dissociation at sufficient biases (<—1V).”” ** However,
as discussed previously, at low ionic strengths (=10 x PBS), the
dominant process is still a diffusion process even under a high gate
bias. This suggests that the low frequency noise due to redox electro-
chemical activities is impacted mainly by ionic reactions in solutions
with high ionic strengths under a high bias and water dissociation is
not a dominant factor. To validate this, we measured the low frequency
noise in DI water under the biases of —4.2V and —1V. The f§ values
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are 131 and 1.14, respectively, suggesting that the water spitting has
indeed a relatively minor impact on the noise behavior. Furthermore,
looking at SNR values in each biasing regime, we can make two observa-
tions: first, the device displays a higher SNR when operated in the sub-
threshold regime for a given ionic strength. Second, the ionic strength has
a significant impact on the SNR in both the sub-threshold and saturation
regimes. The SNR values differ by roughly one order of magnitude across
the ionic strengths used due to the measured change in current noise.
Thus, we assert that the ionic strength can substantially influence the
device SNR. It should be pointed out that though this work is based on
the AlGaN/GaN HEMT platform, these observations should be applicable
to FET-based biosensors on other material systems such as Si MOSFETS,
carbon nanotube FETS, graphene, and 2D semiconductor FETs. The dif-
ferences would likely be the noise amplitudes and the onset of ionic
strengths that a faradic process becomes predominant. Therefore, careful
consideration should be given when performing measurements in ionic
solutions or physiological buffers on these FET-based biosensors.

In conclusion, we have shown how the noise characteristics for
an AlGaN/GaN biosensor platform can influence real sensing applica-
tions to a greater or lesser degree depending on measurement condi-
tions. The results show that gate voltage bias as well as the ionic
strength of the aqueous solution used affects the maximum sensitivity
(or LOD) of the AlGaN/GaN device and noise of the sensor system.
Across the range of ionic strengths tested, a change in the SNR of
approximately one order is observed in both saturation and sub-
threshold regimes. In the saturation regime, the device SNR is
inversely proportional to the ionic strength as a result of electrical
screening. Additionally, the SNR for this device is higher in the sub-
threshold regime when compared to the on-state. The device displays
1/f noise characteristics commonly observed in electronic devices
under sufficiently low gate biases in a wide range of ionic strengths.
When the device is under a gate bias exceeding -1V concomitantly
with the usage of solutions above 107> x PBS, the noise behavior
exhibits a combination of both 1/f and 1/f* (drift and diffusion) char-
acteristics due to the introduction of faradaic effects. Once the ionic
strength reaches 10> x PBS, with a high gate bias (—4.2 V), the low
frequency noise behaves predominantly as 1/f, indicating a drift dom-
inant process. While this work is done solely on the AlGaN/GaN
HEMT platform, we believe that the findings found herein will apply
and be relevant to other FET-based sensing platforms.

This work was supported by the Ohio Sea Grant (No. F2F-
000001), Ohio Department of Higher Education (Nos.
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