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Voltage tunable surface acoustic wave phase shifter on AIGaN/GaN
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A voltage tunable surface acoustic wave (SAW) phase shifter on a two-dimensional electron gas
(2DEG) AlGaN/GaN heterostructure has been developed. The acoustoelectric interaction is
field-effect modulated by means of an insulated gate placed in the acoustic path of a SAW delay line.
The phase velocity under the gate is tuned by modifying the conductance of the 2DEG with a dc
bias, while the insulating layer prevents the screening of the SAW piezoelectric fields by the gate.
The device is compatible with the nitride transistor technology for signal processing and frequency
control applications. © 2010 American Institute of Physics. [doi:10.1063/1.3353971]

Surface acoustic wave (SAW) devices on AlGaN/GaN
heterostructures have recently attracted much attention.
Their integration with the high electron mobility transistor
(HEMT) technology is of particular interest for the develop-
ment of monolithic microwave integrated circuits for signal
processing and frequency control applications.l The insertion
loss of a SAW filter on an AlGaN/GaN system has been
demonstrated to be governed, via the field effect, by the
depletion of the two-dimensional electron gas (2DEG) un-
derneath the interdigital transducers (IDTs).> The piezoelec-
tric transduction, screened initially by the 2DEG, is recov-
ered when the IDTs, formed by Schottky contacts® or
combinations of Schottky and Ohmic contau:ts,4 are reverse
biased. In addition, the interaction of the electric fields ac-
companying the SAW with the mobile carriers of the 2DEG
is expected to modify the phase velocity,5 as shown in
voltage-controlled devices in GaAs/LiNbO; hyblrids6 or
AlGaAs/GaAs systems with a very deep 2DEG (0.5 um).’
In these structures, the wave propagates close to the 2DEG
but far from the gate, so the gate tunes the 2DEG without
screening the SAW piezoelectric fields. However, this is not
the case in the AlGaN/GaN systems, where the 2DEG lies
just 20-30 nm below the surface.

In this letter, a voltage tunable SAW phase shifter based
on the acoustoelectric interaction in an AlIGaN/GaN structure
containing a shallow 2DEG is reported. The efficiency of a
thin insulating film, deposited below the control gate, as an
acoustic spacer is demonstrated. The device is formed by a
metal-insulator-semiconductor (MIS) diode with the insu-
lated gate placed within the acoustic path of a SAW delay
line, as depicted schematically in Fig. 1. The heterostructure,
grown by metal organic vapor phase epitaxy on a c-sapphire
substrate, consists of a 5.3-um-thick GaN buffer layer fol-
lowed by a 0.4-0.5-nm-thick AIN and a 25-nm-thick
Al 1,Gay1gN barrier layers, and capped with a 1.6-nm-thick
GaN layer to prevent oxidation. Hall effect measurements
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yielded a sheet carrier density N, of 7.8 X 10'> cm™ (6.4
X 10" cm™ from C-V measurement at 50 kHz) and a mo-
bility of 1930 cm?/V s. The Ohmic contacts of the diode
were formed by a Ti/Al/Ti/Au multilayer annealed at 850 °C
during 45 s in a N, atmosphere. A 300-nm-thick SisN, layer
was then deposited by chemical vapor deposition at 300 °C
and patterned by reactive ion etching using SiH,:NH; and
Ar:SFg mixtures, respectively. Finally, the gate contact of
the diode and the IDTs were formed by a Pt/Ti/Au (10/5/100
nm) multilayer. The SAW delay line was aligned along the

[1120] direction of the sapphire substrate, which provides a
non-pure sagittal Rayleigh mode.® The IDTs have a period A
of 8 wm, a metallization ratio of 0.5, an aperture of
400 pm, and a delay length [/ of 3 mm. Both the SizN,
acoustic spacer and the gate patterns have a trapezoidal
shape to reduce the triple-transit interference. They have a
length L of 1.75 mm and a width larger than the IDT aper-
ture, so the whole wave front experiences the same delay. A
similar device with L=0.95 mm and /=2 mm has been fab-
ricated without the SisN, layer, i.e., forming a Schottky di-
ode, for comparison purposes.

A fixed dc bias of —10 V has been applied to the IDTs in
order to avoid the screening of the piezoelectric transduction
by the 2DEG.? The selected bias is well below the threshold
voltage V;,=—3.8 V indicated by the C-V characteristic of
the IDTS (not shown). The depletion of the 2DEG underneath
the transducers results in a 30 dB enhancement of the

_— GaN
—

GaN

[ooo1] 4 [1-1
[11-20]

c-sapphire

FIG. 1. Schematic of the voltage tunable SAW phase shifter on a 2DEG
AlGaN/GaN heterostructure. The device is formed by a MIS diode in the
acoustic path of a SAW delay line. The inset shows a zoomed cross-section
view of the top-most layers. The position of the 2DEG is indicated.

© 2010 American Institute of Physics
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FIG. 2. (a) Modulation of the insertion loss IL of the SAW delay line when
the IDTs are biased well below the threshold voltage of the structure,
Viors < Viw=-3.8 V. (b) Phase shift A¢ and insertion loss increase A(IL)
induced by the MIS and Schottky diodes as a function of the voltage applied
to them. The variations are referred to the values of the biased SAW delay
line shown in (a).

strength of the transmitted acoustic signal, leading to an in-
sertion loss /L of —40 dB at the resonance frequency, see
Fig. 2(a). The remaining loss is mainly produced by the im-
pedance mismatch of the IDTs, with an additional contribu-
tion from the mass loading due to the Si3N, layer and the
gate metal. The phase of the device is then tuned, from this
reference state, by reverse-biasing the diode. The interaction
of the electric fields accompanying the SAW with the 2DEG
modifies the phase velocity and attenuates the wave. The
normalized variation in the phase velocity v and the attenu-
ation coefficient I" are given by the expressions5

Av Ky 1

€

vo 2 l+(alo,)?’

(1)

Keff aloy,
2 1+ (dlo,)?’

'=k (2)
where k=2/\ is the wave vector, K> < 1 the effective elec-
tromechanical coupling coefficient, and o is the sheet con-
ductivity. o, =vge.ss represents the relaxation conductivity of
the material at which the maximum attenuation occurs,
where e.; is the effective dielectric constant of the layered
structure. The variation in the phase velocity induces a phase
shift given by

Ap= 202, G)
vg A
where L is the length of the gate. On the other hand, the
change in the attenuation coefficient leads to an attenuation
of the transmitted intensity /=1, exp(-I'L), that can be writ-
ten as an increase in the /L as

A(IL) = 10 log(e™"%). 4)

The phase shift and the /L increase have been extracted from
the transmission parameter S,; of the SAW delay line,
whereas the dc conductance has been obtained from the /-V
characteristic of the diode. Then, the values of Av/v, and T’
arising from Egs. (1) and (2) have been fitted to those ob-
tained from Eqs. (3) and (4) with K%; and o,, as fitting pa-
rameters. Figure 2(b) shows the phase shift and the /L varia-
tion as the gate bias is increased for the two SAW phase
shifters under study. Notice that the data corresponding to the
Schottky diode are scaled for an easier comparison. Thus, the
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FIG. 3. (Color online) (a) Measured (symbols) and calculated (lines) nor-
malized velocity change Av/v, induced by the MIS and Schottky diodes,
and the measured dc conductance as a function of the voltage applied to the
diode. The horizontal dotted line indicates the value of o, arising from the
fit. (b) Measured (symbols) and calculated (lines) attenuation coefficient I'
of both devices as a function of the bias applied to the diode.

MIS diode induces a much stronger phase shift, up to a value
of 55° at —100 V, whereas the associated /L variation does
not exceed —1.2 dB in any case. The particular dependence
of both magnitudes with the bias is discussed below in the
context of the electroacoustic relaxation model.”

Figure 3(a) shows the normalized variation in the phase
velocity in the MIS- and Schottky-diode-based SAW phase
shifters and the dc conductance measured in both diodes,
whereas Fig. 3(b) shows the attenuation coefficients. Notice
again the scaling factor in the data corresponding to the
Schottky diode. The fit of the experimental results to those
calculated with the model described by Eqgs. (1) and (2)
points out the existence of two differentiated regimes. The
low-reverse-bias regime, below approximately —40 and —80
V for the Schottky and MIS diodes, respectively, corresponds
to the modulation of the 2DEG. The shift to higher bias in
the MIS diode results from the series capacitance introduced
by the SisN, layer, which is smaller than that of the 2DEG
and thus determmes the threshold voltage at which the deple-
tion takes place % In this regime, there is a very good agree-
ment between the measured and calculated evolution of the
normalized variation in the phase velocity, whereas the at-
tenuation coefficient is systematically overestimated. This
mismatch might be related to diffusion effects that are ne-
glected by the model, which actually assumes a Debye
length Ap much smaller than the thickness of the barrier
layer In fact, we estimate Ap=10 nm 1n our system for a
background dopant density of 10'7 ¢cm™, which is compa-
rable to the barrier thickness. Small discrepancies in the at-
tenuation attributed to this mechanism have been also re-
ported in thin-film ZnO systems.11 The high-reverse-bias
regime shows an additional increase in the normalized varia-
tion in the phase velocity superimposed to that predicted by
the relaxation model for the 2DEG. Accordingly, I" is no
longer reduced as the reverse bias is increased. These effects
are attributed to the modulation of the conductivity of the
GaN buffer layer % whereas a possible injection of carriers
from the gates seems improbable since no significant in-
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FIG. 4. (Color online) Normalized SAW potential as a function of the depth
(in units of the wavelength) calculated for the (a) Schottky-diode- and (b)
MIS-diode-based SAW phase shifter under different boundary conditions.
The vertical dashed line indicates the position of 2DEG within the layered
structure.

crease on the leakage current of the diodes is observed in this
regime.

The fitting parameters used in Figs. 3(a) and 3(b) are
7,,=3.32Xx107" 8, K§ﬁ=0.13% for the MIS diode and
0.009% for the Schottky diode. The value of K% in the struc-
ture containing the insulating spacer layer agrees well with
the value of 0.10% extracted from the S parameters usingg the
equivalent circuit of an IDT in the crossed-field model,"” and
that calculated for the GalN/sapphire structure.'* However,
the value of Kgff in the structure without insulator is much
smaller as a consequence of the close vicinity of the gate to
the 2DEG, so the field-effect modulation of the sheet con-
ductivity is masked by the high conductivity of the metal.

The effect of the SisN, layer on the depth profile of the
SAW potential is shown in Fig. 4. The SAW potential under
the diodes has been calculated for three different boundary
conditions: a non-metallized or open surface, a metallized
surface (gate), and a conducting plane at the AIN/GaN inter-
face (2DEG). Conversely to the Schottky diode case, Fig.
4(a), where the latter two conditions are almost indistin-
guishable, they are clearly different in the case of the MIS
diode, Fig. 4(b). Thus, the insulating spacer layer permits to
tune the conductivity of the 2DEG system, preventing the
SAW fields to be reduced by the gate contact. A tailored
decrease in A and in the thickness of the spacer layer is
foreseen to provide a larger phase shift range at lower volt-
ages without increasing the gate length. In addition, the de-
pendence of I' on k is expected to become sublinear with
increasing frequency,5 counteracting the increase in the at-

Appl. Phys. Lett. 96, 123505 (2010)

tenuation produced by the slightly higher K2, when reducing
\. On the other hand, a small variation in the bias applied to
the IDTs may permit a simultaneous modulation of the gain
of the signal. This could ensure, for example, the near-
class-A operation in a voltage-controlled SAW oscillator.

In conclusion, we have demonstrated a voltage tunable
SAW phase shifter on a 2DEG AlGaN/GaN heterostructure.
The acoustoelectric interaction is field-effect modulated by
means of a MIS diode in the path of a SAW delay line. The
gate tunes the conductivity of the system, whereas the insu-
lating spacer layer prevents the shortening of the SAW elec-
tric fields. In addition to its application to voltage-controlled
SAW phase shifters and oscillators, this device is compatible
with the AlIGaN/GaN HEMT technology, allowing its inte-
gration into MMICs.
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