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This study examined the conductance sensitivity of AlGaN/GaN field effect tran-
sistors in response to varying Hg/HNOj; solutions. FET surfaces were covalently
functionalized with phytochelatin-5 peptides in order to detect Hg in solution. Results
showed a resilience of peptide-AlGaN/GaN bonds in the presence of strong HNO;
aliquots, with significant degradation in FET Ip signal. However, devices showed
strong and varied response to Hg concentrations of 1, 10, 100, and 1000 ppm.
The gathered statistically significant results indicate that peptide terminated Al-
GaN/GaN devices are capable of differentiating between Hg solutions and demon-
strate device sensitivity. © 2016 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/lcreativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4953806]

There is a growing need for a broader and easily accessible set of sensing modalities that can
adjust to the wide variety of environmental factors present in our modern society.!> Semiconduc-
tor devices have shown great promise for these types of applications; in particular IlI-nitrides are
becoming increasingly attractive.> AlGaN/GaN field effect transistors (FETs) have channel conduc-
tance that can be controlled by the presence of charged surface groups, which opens new possi-
bilities for next generation sensing devices.* This behavior arises from a 2-dimensional electron
gas (2DEG) present at the interface between the AlIGaN and GaN and close to the device surface.
Details on the working principle of AlGaN/GaN FETs have been discussed at length in previous
works.>~” Successful efforts have been done to capture this behavior using methods such as silaniza-
tion and functional group termination.®~'® New surface treatments and functionalization techniques
are being studied to further increase the utility of AlGaN/GaN and elevate them to adaptable sensing
platforms.

Peptides provide a versatile choice as a surface modification due to the large variety and
abundance of sensing strategies they present. One type in particular is recognition peptides, which
are peptides that are highly selective to a specific compound or stimulus.!! These are promising
for creating detection profiles coupled with FETs for response within complex environmental or
biological systems.!?> There will always be a need for active monitoring of pollutants such as Hg in
environmental systems, and in-situ sensing techniques would be very advantageous.'® The catalog
of chelating and recognition peptides has expanded greatly over the last decade of research such that
these sensing systems are well understood.'* '3

In this study we utilize Al1GaN/GaN FETs for Hg detection using a phytochelating peptide,
Phytochelatin-5 (H-y-EC-y-EC-y-EC-y-EC-y-ECG-OH), covalently bound to the AlGaN surface.'¢
Phytochelatins were chosen due to their ability to isolate heavy metal ions, and most commonly
seen in various plant species. This behavior comes from the thiol group present on each constit-
uent glutathione group in the peptide chain, and allows for a chelate effect as the phytochelatin
changes conformation around the metal ion. Prior publications have covered in depth phytochelatin
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and associated chelate effect behavior.!”'® Devices were tested with varying concentrations of
Hg, with results monitoring changes in the device sensitivity and performance. Effects from nitric
acid (HNOs3) concentration in solution to AlGaN/GaN FETs are reported in this work. HNO; is
commonly present in Hg standard solutions to better facilitate dissolution of Hg. Functionalization
of the sensing devices was done using a phosphoric acid and ethephon:phosphonic acid etching
procedure which covalently binds peptide chains to the FET surfaces.'®-?°

AlGaN/GaN FETs were fabricated using methods previously described.?! Finished wafers were
diced into 3 mm x 3 mm chips each containing up to 13 FETs giving a total of 40 individual
chips used in each group of conditions described in this study. Approximately 500 FETs were
tested in total. All FETs were tested for current-voltage (IV) characteristics and response after
each step in the functionalization and Hg exposure process. The phosphoric acid (H3PO4) and
ethephon (C,H¢ClO3P) functionalization was done following previously discussed procedures.?’
Peptides used in this study were purchased from Anaspec, EGT; 1000 ppm Hg in 9% HgNO;
standard purchased from LabChem. Functionalized chips were then dried over 48 hours with 10 uL.
solutions of Hg. The following concentrations were tested: 1000 ppm, 100 ppm, 10 ppm, 1 ppm,
and 0 ppm of Hg. Confirmation of surface modification and Hg presence was done using x-ray
photoelectron spectroscopy (XPS). IV results were monitored by a percent change in drain current
(Ip) at a constant drain voltage (Vp) and were taken using a Keithley 4200-SCS using KITE v8.2
attached to a probe station. XPS measurements were done using a Kratos Analytical Axis Ultra XPS
and CasaXPS v2.3. Data analysis, plotting, and statistical calculations were performed using Origin.
Figure 1 shows a schematic of the acid surface functionalization (a), the binding between peptide
chains and the FET surface (b), and the exposure of the device to Hg solution (c).

Throughout the testing process, samples were removed for XPS analysis in order to confirm the
presence of modifications generated during the functionalization process.?” Peptide functionalized
surfaces showed evidence of strong amide peaks as seen in Figure 2 at 399.8 eV.>*!7 These peaks
persisted throughout testing with the addition of the various Hg solutions. This can also be seen
in Figure 2 within the 10 and 1000 ppm line scans. This is in agreement with previous work in
testing the covalent bonding of peptides to the surface and shows surface peptides remaining intact
after exposure to varying solutions of HNOs.!! Diminishing Hg 4f peaks at 104.7 and 101.3 eV
were also observed with subsequent steps in the Hg solution used for the various FET test groups,
where the peak locations were cross referenced with NIST XPS database.'® HNO; within the Hg
standard solution can also be observed as a nitrate peak (N 1s at 407.5 eV) present in the 1000 ppm
and 10 ppm line scans.>* With regards to the samples used in this study these XPS scans provided
qualitative confirmation of the presence of both TAT-C and Phytocelatin-5 peptides before moving
into IV characterization of the devices.

Initial results from the IV testing revealed solution effects that could not be attributed to
Hg-peptide interactions on the AlGaN/GaN surfaces. Cleaned control samples tested in water
showed little change throughout the course of this study and especially when compared to the etch
treatments used. Etching of the surface done in the HCI and following phosphonic acid:ethephon
etch resulted in a loss of signal or Ip of an average 10-30%, as seen in Figure 3(a).>> Comparing
this to the untreated control in water there is a statistically significant effect of this functionalization
effect upon the devices. This is consistent with work previously done by this group which showed

a) b) <)
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Ethephon Surface Functionalization

Covalent Bonding of Peptides Hg Solution Sensing

FIG. 1. a) Ethephon and phosphoric acid surface functionalization, b) Peptide incubation resulting in covalent binding be-
tween peptide chains and AIGaN/GaN FET surfaces, ¢) Hg standard solution exposure to Hg-sensitive peptide functionalized
AlGaN/GaN FETs.
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FIG. 2. XPS spectra of cleaned surfaces, peptide functionalized, 1, 10,100 and 1000 ppm Hg confirming lack of amide and
Hg peaks prior to the functionalization steps and affirming the diminishing Hg peaks as concentration was stepped down.

a similar effect using only TAT-C functionalization to demonstrate covalent bonding.'® A similar
effect appears to be caused by the Hg solution itself. Testing done with the undiluted Hg standard
solution at 1000 ppm resulted in a significant drop in FET activity of an average 60-80% which
is shown in Figure 3(a). This is attributed to HNOj; in solution degrading the Au contacts and
metal stack that makes up the gate and source/drain features along the FET surfaces. Sensing using
phytochelating peptides occurs due to the conformation and charge changes present along the Al-
GaN/GaN surface and not the Au contacts, thus this behavior is unaffected.!> However, any surface
or FET contact damage from unwanted etching disrupts the surface charge sensitivity that is created
at the AIGaN/GaN interface and hinders the efficacy of the sensor. By testing for these effects, we
isolated and then validated the biomolecular effects observed between the Hg within solution and
the Phytochelatin-5 peptide. However, it is believed that these degradation effects can be minimized
by directly protecting the contacts during the soaking step or using an optimized FET design with
remote contacts. The effect of the Hg standard degrading FET signal can be seen in the ethephon
functionalized surfaces in both Figure 3(a) and Figure 3(b). Further examination of the controls
group showed this effect to be unrelated to the addition of the Phytochelatin-5 peptide chain.

a) + a b) 404
20 Control Tat-C Peptide Ethephon
No Etch Functionalized  Functionalized
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FIG. 3. a) Three control groups testing the effects of the different solution treatments performed in this experiment including
a water control, full ethephon functionalization, and then full functionalization plus the undiluted Hg stock solution.
b) Comparison of water, 1000 ppm, and 10 ppm effects on functionalized samples and the negative peptide control using
TAT-C.
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FIG. 4. Ip response of phytochelatin modified AlIGaN/GaN FETs exposed to varying concentrations of Hg in nitric acid
solution. Each bar represents a single chip containing a maximum of 13 individual FETs. Significant differences exist between
these groups indicating a sensitivity to varying Hg concentration within the solution.

FETs measuring 10 ppm were also examined in these earlier IV scans in testing for degradation
or interaction effects. This data, visible in Figure 3(b), did not show any clear effect or statisti-
cally significant effect on control or peptide samples. In this figure, 10 ppm controls are compared
alongside 1000 ppm and show a lack of the 60-80% degradation seen in the 1000 ppm samples.
Thus IV measurements concluded that the ethephon functionalization and Hg standard solution
itself negatively impact FET conductance properties to varying degrees. More so the TAT-C peptide
control did not yield any recognition effects as seen later by Phytochelatin-5 treated samples.

When testing for the Hg in solution, the Phytochelatin-5 was chosen as a known peptide that
is sensitive to Hg.?%?” This effect was indeed observed upon our FETs in this experiment as well,
and with varying sensitivities. As can be seen in Figure 4 there is a statistically significant difference
when moving along the concentration gradient of samples tested from O ppm up to 1000 ppm.
Immediately visible is that the 1000 ppm coated Phytochelatin-5 sample set does not show the same
60-80% drop off in Ip noted in prior control samples. In fact, as concentration decreases there is a
significant increase in the I, measurements up to a maximum of 10 ppm before dropping once again
when approaching 1 ppm. In referencing previous scans shown in Figure 3(b) the addition of Hg
solutions only reduced FET signal strength and can be seen in the majority of the control samples.
However, a large and significant positive percent difference can be observed between those control
tests and samples that were incubated in the Phytochelatin-5 peptide. The interaction between Hg
in solution and Phytochelatin-5 appears to be occurring and is quantifiable by these FET devices.
Varying sensitivities noted in these Phytochelatin-5 samples suggests that this incubation method
of peptide based sensing molecules covalently bound to a surface is capable of detecting varying
sensitivities of a specific compound or element in solution. One possible explanation for the lack of
increasing signal in the 100 ppm and 1000 ppm is the same degradation effect brought on by the
HNOj3 as observed in control samples in Figure 3(a) and 3(b).?® The resulting data then suggests
either a passivation or compensation by the peptide adlayer itself. Aside from these two sample
sets, which already behaved significantly differently than controls, the recognition events are clearly
visible in the remaining two Hg sample sets of 10 ppm and 1 ppm.

AlGaN/GaN FETs were found to provide concentration sensitive behavior using the ethephon-
peptide binding scheme presented here. Hg was selected as a known neurotoxic polluting compound
that would be of possible interest to future environmental sensors. Other heavy metal systems, such
as Cr, and Pb, with issues of bioaccumulation exist and provide opportunities for testing in the
future.?® The stability of the sensing layer in the presence of aqueous solutions makes this technique
viable for future exploration under more representative in-field testing. Data shown here has demon-
strated that the covalently bound peptides to AlIGaN/GaN surfaces were still capable of producing
a recognition effect in the presence of a 9% solution of HNOs. In addition to this stability, sur-
faces demonstrated sensitivity to varying Hg concentrations. This will eventually allow for highly
sensitive heavy metal sensors for future devices that can take advantage of the AlIGaN/GaN stability
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and chemical inertness. Future work in this field would suggest investigation into selectivity of a
functionalized AlGaN/GaN FET when exposed to a more complex solution system.
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