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pH response of GaN surfaces and its application for pH-sensitive
field-effect transistors
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The pH-sensitivity of GaN surfaces in electrolyte solutions has been determined. For this purpose,
GaN field-effect transistors and AlGaN/GaN high-electron-mobility transistor~HEMT! structures
were used to measure the response of nonmetallized GaN gate regions to changes of the
H1-concentration in an ambient electrolyte. We found a linear response to changes in thepH
betweenpH52 and pH512 for both as-deposited and thermally oxidized GaN surfaces. Both
surfaces showed an almost Nernstian behavior with sensitivities of 57.3 mV/pH for GaN:Si/
GaN:Mg and 56.0 mV/pH for GaN/AlGaN/GaN HEMT structures. This suggests that the native
metal oxide on the III-nitride surface is responsible forpH-sensitivity. The investigated devices
showed stable operation with a resolution better than 0.05pH over the entirepH range. © 2003
American Institute of Physics.@DOI: 10.1063/1.1589188#
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Since the first report of an ion-sensitive field-effect tra
sistor~ISFET! based on a Sin-channel transistor with a SiO2
gate layer by Bergveld,1,2 the understanding and improve
ment of ISFETs operating aspH sensors3 or detectors for
biochemical processes2,4–6 in aqueous solutions has been
subject of intense research. Apart from SiO2 gate layers,
which show low response and poor stability, other inorga
gate materials, such as Si3N4 , Al2O3,4,5,7 or Ta2O5,8 have
been investigated, resulting in substantial improvemen
both stability and sensitivity. Transistor structures based
GaN or AlGaN/GaN heterostructures grown on sapphire s
strates can easily provide metal oxide gate layers and
benefit from the high chemical stability of the III-nitride
Due to the optical transparency of both the thin semicond
ing film and the sapphire substrate, GaN-based ISFETs a
simultaneous electronic and microscopic detection of p
cesses on the device surface in biophysical and biochem
applications. Although some work on III-nitride-base
chemical sensors has been done recently,9,10 the ion sensitiv-
ity of GaN surfaces in aqueous solutions has not been
tematically investigated so far.

In this work, we have studied the electrical response
as-deposited and thermally oxidized GaN surfaces to va
tions of the H1 concentration in electrolyte solutions. As
readout device for the ion-induced changes of the surf
potential, we have used transistor structures based
GaN:Si/GaN:Mg double layers and AlGaN/GaN heterostr
tures. GaN:Si/GaN:Mg field-effect transistors and AlGa
GaN high electron mobility transistor~HEMT! structures
were grown by plasma-induced molecular beam epit
~PIMBE!, as described in detail elsewhere.11,12
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The sample structures are shown in Fig. 1. Sample
and B consist of a 60-nm-thick Si-doped GaN channel gro
on a 1.5-mm-thick GaN buffer layer with N-face polarity
The latter was partially compensated with Mg to achieve
high resistivity compared to the thin Si-doped channel clo
to the surface. The carrier densities at room temperature w
331018 cm23 in the Si-doped top layer and 531015 cm23

in the Mg-compensated layer, as determined byC–V mea-
surements. Sample B was thermally oxidized in dry oxyg
at 700 °C for 2 h, leading to the formation of a thin GaxOy

layer, as observed by x-ray photoemission spectrosc
~XPS! measurements.13 XPS analysis of as-deposited Ga
surfaces via the surface sensitive Ga 2p and the O 1s core
level spectra also revealed the almost immediate forma
of a thin surface oxide after exposure to atmosphere. Sim
results have been reported by other groups.14

The AlGaN barrier of the HEMT structure~sample C!
had an Al content of 28% and a thickness of 35 nm. T
two-dimensional electron gas~2DEG! carrier density was de
termined ton2DEG56.131012 cm22 by C–V measurements
Deposition of an additional 3-nm GaN cap layer on top
the AlGaN barrier allowed the comparison of similar su

il:
FIG. 1. Schematic layout of the investigated transitor structures. All sam
were grown by PIMBE. The surface of sample B was thermally oxidized
700 °C for 2 h.
© 2003 American Institute of Physics
P license or copyright; see http://apl.aip.org/apl/copyright.jsp



ic
d
th
ce
b

d

r
at
s.
ur
o
in

-
ca
ab

s
th

n
cu
a
te
a

n
e

re
r

ha
i
o

ses.
ex-

dic
xyl
nd-
ts
to a
tage

sed
ents

ps

s B
lay

e to

nel

a

178 Appl. Phys. Lett., Vol. 83, No. 1, 7 July 2003 Steinhoff et al.
faces on different readout devices~samples A and C!,
whereas the sensitivity of different surfaces on equal dev
structures was analyzed by comparison of samples A an
For electrical characterization in aqueous solutions,
potentialVG of the electrolyte gate with respect to the sour
contact was adjusted via an Ag/AgCl reference electrode
a potentiostat. All measurements were performed in
100-mM NaCl/10-mM Hepes solution, titrated with dilute
NaOH or HCl for pH adjustment. ThepH of the solution
was measured with a digitalpH-meter~WTW pH90) with a
precision of60.01pH after calibration with standard buffe
solutions. All measurements were carried out in the dark
constant temperature of 23 °C to avoid parasitic effect15

The electrolyte solution was mechanically stirred to ens
homogeneous ion concentration in the electrolyte and a c
stant flow to the gate surface. Figure 2 shows the dra
source current,I DS, normalized toI DS at VG50, as a func-
tion of the gate potentialVG for a drain–source voltageVDS

of 250 mV andpH 5.3 for all investigated devices. TheseI DS

versusVG curves have exhibited a high reproducibility with
out hysteresis during cyclic measurements. Therefore, it
be concluded that the device surfaces are chemically st
in the investigated gate voltage range (VG,500 mV).

The chemical response of the gate surface to change
the electrolyte composition was measured by adjusting
gate potentialVG via the Ag/AgCl reference electrode i
such a way, that the ion-induced changes in the channel
rent I DS at constantVDS were compensated. For these me
surement conditions, thepH-dependent change in the ga
voltage (DVG) is a direct measure for the potential change
the GaN/electrolyte interface.

Figure 3 shows the interface potential charge as a fu
tion of pH for the three investigated samples. A linear b
havior over the entire investigated range frompH 2 to 12 is
observed and a sensitivity of 57.3, 56.6, and 56.0 mV/pH
60.5 mV/pH was measured for structures A, B, and C,
spectively. These sensitivities are close to the Nernstian
sponse to H1 ions, which is 58.7 mV/pH at 23 °C. Identical
surface layers on different device structures~samples A and
C! lead to almost identical sensitivities, demonstrating t
the pH response is a pure surface effect. As surfaces w
native oxide and thermally oxidized samples showed alm

FIG. 2. Dependence of the channel currentI DS on the gate voltageVG . I DS

was normalized to drain–source current atVG50 mV.
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no difference in sensitivity, we assume that a GaxOy surface
layer is responsible for the observed behavior in both ca

The pH response of metal oxide surfaces has been
plained in terms of the site-binding model by Yateset al.,16

first applied to ISFETs by Siu and Cobbold,17 and further
developed by Bousseet al.18 and Funget al.19 According to
this model, amphoteric hydroxyl groups are formed at oxi
surfaces in contact with aqueous solutions. These hydro
groups may be neutral, protonized, or deprotonized, depe
ing on the H1 concentration and the equilibrium constan
for the relevant dissociation reactions, and therefore lead
pH-dependent net surface charge and an additional vol
drop at the solid/liquid interface.

To investigate the transient behavior of the GaN-ba
ISFET devices, we performed time-resolved measurem
of the drain–source current forVDS5250 mV and VG

50 mV. The pH of the electrolyte was changed in ste
between 0.1 and 0.3pH by titration with diluted NaOH ev-
ery 30 s. The results of these measurements for sample
and C are displayed in Fig. 4. In contrast to reported de
times of some seconds for SiO2 gate ISFETs,19 all investi-
gated GaN-based devices showed immediate respons
changes in thepH. As expected from theI DS/VG character-
istics shown in Fig. 2, the relative change of the chan

FIG. 3. Variation at the GaN/electrolyte and GaxOy/electrolyte interface
potential as a function ofpH. For clarity the datasets are shifted by
constant potential offset.

FIG. 4. Transient behavior of the source–drain currentI DS during changes
of the electrolytepH by titration with NaOH.VDS andVG were kept con-
stant atVDS5250 mV andVG50 mV. Numbers correspond topH values
measured with a calibratedpH meter.
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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current,DI DS/I DS in the GaN/AlGaN/GaN HEMT structure
is larger than for the GaN:Si-channel device. We estima
resolution of 0.05pH for the HEMT structure and of 0.1pH
for the other two devices. However, the investigat
structures have not been optimized for ISFET applicatio
An enhanced transconductance due to a larger channel w
to length ratio or optimization of other important device p
rameters, such as barrier thickness, doping concentra
and layer thicknesses, is likely to further improve the dev
resolution.

In conclusion, we have shown that native and therma
oxidized GaN layers feature a linear, nearly NernstianpH
response of about 56 mV/pH in aqueous solutions, both fo
GaN:Si/GaN:Mg and GaN/AlGaN/GaN ISFET device
Nonoptimized ISFETs already provide stable operation in
range frompH 2 to 12 with a resolution better than 0.05pH.

This work was supported by the Deutsche Forschun
gemeinschaft DFG~SFB 563, Stu 139/8-1!. The work at the
Cornell University was supported by the Office of Nav
Research~N00014-96-1-1223!.
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