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The changes in the capacitance of the channel of an 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 capacitance of the
channel displays a change of 7.19£0.45 X 1073 pF/um as a function of the radius of the membrane
at a fixed pressure of +9.5 bar and exhibits a linear characteristic response between —0.5 and +1 bar
with a sensitivity of 0.86 pF/bar for a 600 wum radius membrane. The hysteresis was 0.4% in the
linear range. These AlGaN/GaN HEMT membrane-based sensors appear to be promising for both
room-temperature and elevated-temperature pressure-sensing applications. © 2005 American
Institute of Physics. [DOL: 10.1063/1.1952568]

There are a number of applications in the automotive, The sensors used to monitor the differential pressure are
aerospace, and industrial fields for robust miniaturized pres-  made of a circular membrane of an AlGaN/GaN HEMT on a
sure sensors. A number of different semiconductors systems i substrate. The membrane is fabricated by etching a circu-
have been used to make piezoresistive or capacitive sensors, lar hole in the substrate, as is shown schematically in Fig. ]
including Si,' SiC,>* and diamond.” The wide-bandgap  (top). A scanning electron microscope (SEM) cross-sectional

semiconductors are capable of operating at much higher tem-  view of an actual device is shown at the bottom of Fig. 1. A
peratures than Si, with SiC-based piezoresistive sensors deflection of the membrane away from the substrate due to

demonstrated up to temperatures of 600 o 2% We have pre- differential pressure on the two sides of the membrane pro-
viously demonstrated that AlGaN/GaN high-electron-
mobility transistors (HEMTs) show a strong dependence of it
e conductar C 1o ) - . ot ‘- ~  Ohmic contact
the %omluumce pf the channe! when a mem@ane mtruuvu?e - R — T/ APy AL)
fabricated on a Si substrate was measured during changes in L R

. 6-8 .
the ambient pressure.” " However, one drawback of piezore- — ICPletch
sistive sensors 1s that contact resistance changes significantly — 1 Silicon Substrate
R — Teflon

with temperature and may mask the changes in sensor signal
from actual pressure chz‘mges.4 By sharp contrast, capacitive Silicon Substrate
pressure sensors are less sensitive to variations in contact
resistance and in addition, sensors based on AlGaN/(aN
HEMTs could be readily integrated with off-chip wireless
communication chips that efiminate additional wiring capaci-
tance. AlGaN/GaN HEMTs have demonstrated extremely
promising results for use in broadband power amplitiers in
wireless base station prlicmi(mx,'\)' ““ The high electron sheet
carrier concentration of nitride HEMTs is induced by piezo-
electric polarization of the strained AlGaN layer and sponta-
neous p(.)]a['émti()mls’!7 suggesting that nitride HEMTs are
excellent candidates for robust pressure sensing,.

In this fetter, we demonstrate that circular AIGaN/GaN
diaphragms fabricated with radit 200-600 pm on Si sub-
strates show linear changes in capacitance over a range of
applied pressure and that the sign of the capacitance change

—— Ohmic contact(Al}

is reversed when vacuum is applied to the diaphragm. FIG. |. Schematic diagram of device structure (top) and SEM micrograph of

AlGaN/GaN circular membrane on a $1 substrate fabricated by etching a
circular hole in the substrate (bottom). The latter picture is taken prior to
“Electronic mail: spear@mse.ufl.edu fabrication of the HEMT device,

Copyright, American Institute of Physics, 2005. This article may be downloaded for personal use only. Any other use requires the permission of the
author and the American Institute of Physics.
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FIG. 2. Top view of HEMT capacitance pressure sensor (top) and capaci-
tance as a function of pressure for different diaphragm radii (bottorn).

duces a tensile strain in the membrane. This leads to a
change in the piezo-induced two-dimensional electron gas
(2DEG) density at the AlGaN/GaN interface. This in turn
affects the capacitance of the HEMT diaphragm. The carrier
density is therefore divectly correlated with the tensile strain
in the membrane and hence with the differential pressure. We
have previously calculated the radial strain e, in the mem-
brane as a function of the differential pressure P, Py, by
employing a modified Stoney :u‘uﬁysis"xwv The individual
devices usually are elecirically isolated by etching into a
mesa structure. This breaks the conuinuity of the top thin
layer and partially relaxes the bending strain in the AlGaN
layer. Let r be the fraction of remaining bending strain in the
AlGaN  layer, then r<"1 for the mesa structure. In
this case. " n=(1/){~|APgp| H 1 Aeganlroan—ecrlAe arcan
X i s ean + Leerd GalNY| = e AlGaN i |rle,}, where n, is the
sheet charge in the 2DEG, ¢ is the electronic charge, Pgp is
the spontancous polarization, rg,y 18 the fraction of the final
misfit strain in GalN, &,y the mistit strain in the GaN, ey the
effective piezoelectric coefficients (=e3;—e33C13/ Cx3), FalGan
is the fraction of unrelaxed mismatch of Al,Ga,_ N layer in
the unbended state, - is the radius of curvature of the mem-
brane. and the strain g, in the top film for a small deflection
d of the free end is approximately given by &,=t,,,d/L*. The
capacitance of the 2DEG channel is then given by C
={eeqen/2(Vy;+7)1%>, so that a change in n leads to a
change in C. By monitoring the conductance of the HEMT
on membrane, the pressure difference P,—P, can be ob-
tained.

The HEMTs were grown by metalorganic chemical va-
por deposition on 100 mm (111) Si substrates at Nitronex
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FIG. 3. AlGaN/GaN HEMT membrane capacitance change as a function of
pressure for different diaphragm radii.

Corporation. The structures consisted of an (Al, Ga)N-based
transition layer, a ~0.8 um undoped GaN buffer, and a
300 A undoped AlGaN barrier layer. Mesa isolation was per-
formed with an inductively coupled plasma (ICP) etching
with Cl,/Ar-based discharges at =90 V dc self-bias, 1CP
power of 300 W at 2 MHz and a process pressure of
5 mTorr. A Ti/Al/Pt/Au-based interdigitated finger pattern
separated 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 sarmples.
Ohmic contact for the silicon used 1000 A Al deposited by
using sputter and annealed in nitrogen at 300 °C. Via holes
were fabricated from the backside of the Si substrate and
stopping on the GaN laver using ICP etching with SF/Ar.
The etch selectivity is more than 1000:1, 2000 A of AuSn
was deposited on the backside of the sample and a glass
slice. The Teflon® bonding spin coating on the silicon wafer
employed liquid Teflon (CYTOP CTL-809M, from Bellex
International Corp.) at 5000 rpm to a thickness of ~3000 A
and then flip-chip bonding (RD automation flip-chip bondet)
the fabricated device using a mechanical force of 1000 g
between the upper and lower chucks for 10 min and finally
baking for 1 h at 200 °C to solidify the Teflon to seal off the
via holes. Figure 2 (top) shows a top view of a completed
HEMT capacitive pressure sensor.

The capacitances of the HEMT diaphragm structures
were obtained from measurements on an Agilent 4156( pa-
rameter analyzer while the device was measured at 25 “C
under either vacuum (=1 bar) or pressure (+9.5 bar) condi-
tions.

Figure 2 (bottom) shows the capacitance from the mem-
brane HEMT structure as a function of the ambient pressure,
for different membrane radii. This capacitance increases with
increasing pressure and decreases under vacuum conditions,
due to corresponding changes in the carrier density m the
2DEG. The metal contact area in the membrane is 100
X 100 um?, while the diameter of the membrane is 1.2 mm.
and thus the metal contact area compared to the size of the
membrane is negligible. The change of the capacitance due
the external pressure from the metal contacts can be ignored
since the change of the distance between two metal contact is
so smmall. With a simple calculation of the relative contribu-
tions, the maximum bending is in the center of the membrane
and assumed to be 1 um (the bending of our cantilever is
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F1G. 4. Capacitance change as a function of radius of the AlGaN/GaN
HEMT membrane over the pressure range from ~1 to +9.5 bar.

less than 1/10 of this amount) the capacitance change due to
this displacement will be 0.3% of the total capacitance
change. Our data showed much larger changes of capaci-
tance from external pressure changes, therefore, it has to
come from carrier density change not from displacement of
the membrane. The resulting capacitance change derived
from this data is shown as a function of pressure in Fig. 3. In
the case of applied positive pressure, which corresponds to
compressive strain induced in the HEMT layers, the capaci-
tance increases in a linear fashion over the range between 0
and +1 bar with a sensitivity of 0.86 pF/bar for a 600 um
radius membrane. For the case of applied negative pressure
(vacuum), the conductivity shows a sensitivity of the same
value within experimental error to a vacuum of —0.5 bar.
Within the linear range. the devices exhibited a hysteresis of
<0.4%. Outside these pressure limits, the sensor has reduced
sensitivity due to the device geometry. The sensitivity could
be increased by having a shallower via depth, obtained by
thinning the Si substrate. These trends are similar to those
observed with actual bending of HEMT samples on a canti-
lever beam to produce tensile or compressive strain,® but
exhibit much larger sensitivities to the induced tensile or
compressive strain. This is due to the absence of the thick
sapphire substrate that is present in the cantilever structures,’
as we also reported for the piezoconductance membrane sen-
sors previously.”

Figure 4 shows the capacitance change as a function of
radius of the AlGaN/GaN HEMT membrane at a fixed pres-
sure of +9.3 bar. The capacitance of the channel displays a
change of 7.19:0.45 % 1077 pF/um. The sensor characteris-
tics measured at this same pressure on several different days
showed a maximum capacitance variation of 0.07 pF, corre-
sponding to a sensing repeatability of ~0.15 bar. The high-
termperature characteristics still need to be established, but in
this case will be limited by the thermal stability of the ohmic
contacts. Recent reports have shown that sorne contact met-

allizations on GaN HEMTs are stable for extended periods at
500 °C.*

In summary, a AlGaN/GaN HEMT membrane on Si
shows large changes in capacitance as a result of changes in
ambient pressure. This approach is less sensitive to contact
resistance variations with temperature then the previous con-
ductance sensors. The sensors can also be readily integrated
with conventional HEMTs or Si circuitry to provide off-chip
wireless transmission of pressure data.
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