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AlGaN/GaN high-electron-mobility transistors (HEMTs) show a strong dependence of source/drain
current on the piezoelectric-polarization-induced two-dimensional electron gas. The spontaneous
and piezoelectric-polarization-induced surface and interface charges can be used to develop very
sensitive but robust sensors for the detection of pressure changes. The changes in the conductance
of the channel of a AlGaN/GaN high electron mobility transistor (HEMT) membrane structure
fabricated on a Si substrate were measured during the application of both tensile and compressive
strain through changes in the ambient pressure. The conductivity of the channel shows a linear
change of —(+)6.4 X 1072 mS/bar for application of compressive (tensile) strain. The AlGaN/GaN
HEMT membrane-based sensors appear to be promising for pressure sensing applications. © 2004
American Institure of Physics. [DOI: 10.1063/1.1800282]

There is renewed emphasis on development of robust
solid-state sensors capable of uncooled operation in harsh
environments. The sensors should be capable of detecting
chemical, gas, biological or radiation releases as well as be
able to send signals to central monitoring locations.
AlGaN/GaN high electron mobility transistors (HEMTs)
have demonstrated extremely promising results for use in
broadband power amplifiers in wireless base station
applications, % while AlGaN high voltage rectifiers show
promise for power flow control in hybrid electric
vehicles.”'? The high electron sheet carrier concentration of
nitride HEMTs is induced by piezoelectric polarization of the
strained AlGaN layer and sgomaneous polarization is very
large in wurtzite III nitrides. 13718 These characteristics sug-
gest that the nitride HEMTs have potential as solid-state
pressure sensors and some initial work has shown reproduc-
ible changes in channel conductance during application of
both tensile and compressive strain.

In this letter we demonstrate that a AlIGaN/GaN mem-
brane fabricated on Si substrate shows linear changes in
channel conductance with changes in pressure. The sign of
the conductance change is reversed when vacuum is applied
to the membrane.

The piezoelectric polarization induced sheet carrier con-
centration, n,, of undoped Ga-faceAlGaN/GaN can be cal-
culated by following equation: 1317.18
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where e(x) is the dielectric constant, ¢ is the conductance, e
is the electronic charge, d, is the AlGaN layer thickness, eg,
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is the Schottky barrier of the gate contact on AlGaN, E is
the Fermi level and AEc is the conduction band discontinuity
between AlGaN and GaN. The sheet carrier concentration
induced by the piezoelectric polarization is a strong function
of Al concentration. If an external stress can be applied to the
AlGaN/GaN material system, the sheet carrier concentration
can be changed significantly and devices fabricated in this
fashion could be used in sensor-related applications.

The sensors used to monitor the differential pressure are
made of a circular membrane of AlGaN/GaN on a Si sub-
strate by etching a circular hole in the substrate, as illustrated
in Fig. 1 (left). A deflection of the membrane away from the
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FIG. 1. Circular membrane of AlGaN/GaN on a Si substrate fabricated by
etching a circular hole in the substrate (left). A deflection of the membrane
away from the substrate due to differential pressure on the two sides of the
membrane produces a tensile strain in the membrane (right).
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substrate due to differential pressure on the two sides of the
membrane produces a tensile strain in the membrane, as
shown in Fig. 1 (right). The differential piezoelectric re-
sponses of AlGaN and GaN layers creates a space charge or
depletion region which induces two-dimensional electron gas
(2DEG) at the AlGaN/GaN interface. The concentration of
2DEG is expected to be directly correlated with the tensile
strain in the membrane and hence with the differential pres-
sure. The radial strain, g,, is given bylg 20

£,=(S~D)/D=(26R — 2R sin §)/(2R sin 6)
= @/sin 61, (2)

where S is the radius of curvature, D is the diameter of the
via hole and R is defined in Fig. 1. The total tensile force, 7,
around the edge of the circular membrane is

T=7Dton0, = TD tga Ecan/(1 —v)]e,, (3)

where 15,y is the film of thickness, o,=[Egn/(1-v)]e,.
Eg.n is the Young’s modulus and v is the Poisson’s ratio of
the GaN film. The component of T along z direction is bal-
anced by the force on the membrane due to a differential
pressure P;—P,, where P; and P are the inside and outside
pressure, respectively. Hence 7T sin 6=(P;—Py)mwD*/4 and
the radial strain, €,, in the nitride film can be expressed as a
function of the differential pressure P;~ Py

(‘9_ sin 6) = (Pz - P()){(l - U)D]/(4EG;1N’GaN)’ (4)

where Eg,y 1s the Young’s modulus, D is the diameter of the
via hole, g,y is the film of thickness and v is the Poisson’s
ratio of the GaN film. If 4 is measured, the differential pres-
sure P;,— Py can be estimated with Eq. (4). We also derive the
relationship between conductance, o, of AlGaN/GaN HEMT
and radial strain, &,

o= alragan) T Bfcan) X &, (5)
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where u, is the mobility of 2DEG, g, the electric permittiv-
ity, e(x)=9.5-0.5x is the relative permittivity, eg,(x)=0.84
+1.3x(eV) is the Schottky barrier height, e 4=(e3,
—e33)C 13/ Cy3, h is Planck’s constant, e is the electron
charge, m*(x) ~ 0.228 m,. By monitoring the conductance of
the HEMT on membrane, the pressure difference, P;— Py,
can be obtained.

The HEMTs were grown by metalorganic chemical va-
por deposition on 100 mm (111) Si substrates at Nitronex
Corporation. The structures consisted of an (Al, Ga)N-based
transition layer, ~0.8 um undoped GaN buffer, and 300 A
undoped AlGaN barrier layer. Mesa isolation was performed
with an inductively coupled plasma (ICP) etching with
Cl,/Ar based discharges at =90 V dc self-bias, ICP power of
300 W at 2 MHz and a process pressure of 5 mTorr.
Ti/Al/Pt/Au based inter-digitated finger pattern separated

FIG. 2. SEM micrographs of via through the Si wafer (left) and cross
sectional view of a via hole (right).

by 4 um was formed with e-beam deposition and standard
lift-off. The fingers were annealed at 850°C, 45 s under
flowing N,. Plated Au was subsequently deposited on the
ohmic metal pads for wire bonding on the samples. Via holes
were fabricated from the backside of the Si substrate and
stopping on the GaN layer using ICP etching with SF¢/Ar.
The etch selectivity is more than 1000:1. Two thousand ang-
stroms of AuSn were deposited on the backside of the
sample and a glass slice. A reflectance difference (RD) auto-
mation flip-chip bonder was used to bond the glass slice and
the sample at 400°C to seal off the via holes.

Figure 2 shows scanning electron microscopy (SEM)
photos of the via through the Si wafer (left) and cross sec-
tional view of the via (right). The dc current-voltage (/~V)
characteristics were obtained from measurements on an Agi-
lent 4156C parameter analyzer while the device was mea-
sured at 25°C under either vacuum (10 m Torr) or pressure
(40--200 psi) conditions.

Figure 3 shows the drain-source /—V characteristics
from the membrane HEMT structure as a function of the
ambient pressure. This current increases with increasing
pressure and decreases under vacuum conditions. The result-
ing channel conductance derived from this data is shown as a
function of differential pressure in Fig. 4. In the case of
applied positive pressure, which corresponds to compressive
strain induced in the HEMT layers, the conductivity de-
creases with a coefficient of —6.4X 1072 mS/bar. For the
case of applied negative pressure (vacuum), the conductivity
shows a positive coefficient of the same value within experi-
mental error, given the limited data for vacuum conditions.
These trends are similar to those observed with actual bend-
ing of HEMT samples on a cantilever beam to produce ten-
sile or compressive strain," but exhibit sensitivities to the
induced tensile or compressive strain of almost two orders of
magnitude larger. This is due to the absence of the thick

12 : . v v v -
~&8—10mT
8+ —e— atmosphere
—&— 40 psi ]
4r—v—100psi _pF
T ol 2opsi[ P
: =
Novpes®” # s
84 . 25
L iy )
3 35402000204
] . ..
3 2 -1 0 1 2 3 4
Vost)

FIG. 3. Iyg-Vps characteristics at 25°C from AlGaN/GaN HEMT mem-
brane as a function of applied pressure.
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FIG. 4. Channel conductivity of the AlGaN/GaN HEMT membrane as a
function of differential pressure.

sapphire substrate that is present in the cantilever structures.
The new membrane structures are particularly sensitive to
changes in differential pressure.

In summary, an AlGaN/GaN HEMT membrane on Si
shows large changes in channel conductivity as a result of
changes in ambient pressure. These structures appear prom-
ising for use in integrated sensors in which the HEMTs can
also be used for gas, chemical and biological detection com-
bined with on-chip transmission of the data.
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