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Surface Acoustic Waves in Reverse-Biased
AlGaN/GaN Heterostructures

Naoteru Shigekawa, Member, IEEE, Kazumi Nishimura, Haruki Yokoyama, and Kohji Hohkawa, Member, IEEE

Abstract—Properties of surface acoustic waves (SAWs) in
reverse-biased AIGaN/GaN heterostructures on (0001) sapphire
substrates were studied by examining the characteristics of SAW
filters composed of interdigital Schottky and ohmic contacts. The
fundamental and higher frequency SAW signals in measured
S-parameters were attributed to Rayleigh and Sezawa modes,
respectively. The onsets of the SAW signals, which were close to
the threshold voltage of HEMTs in the vicinities of the respective
filters, changed in response to the spatial variation of the thresh-
old voltage. The onset of Sezawa mode was deeper than that of
Rayleigh mode, and the difference in onset was larger for longer
SAW wavelengths. These results are possibly explained by the
change of the input capacitance of interdigital transducers due to
the reverse-bias voltages or by the difference in the distribution of
SAW energy between the two modes.

Index Terms—AlGaN/GaN, heterostructure, interdigital trans-
ducer (IDT), SAW filter, surface acoustic wave (SAW), triple-
transit echo (TTE).

I. INTRODUCTION

UE TO their excellent transport properties as well as

large piezoelectricity, group-IIl nitrides are promising
platforms both for high-frequency high-power electron devices
and surface-acoustic-wave (SAW) devices [1]. Many authors
have explored the possibility of SAW-based devices equipped
with interdigital transducers (IDTs), such as SAW filters
[2]-[11], ultraviolet sensors [12], and acoustooptic devices
[13], on the surfaces of group-III nitride layers. It has been
shown that SAWs are excited in AIGaN/GaN heterostructures
with IDTs composed of Ni/Au- or Pt/Ti/Au-based Schottky
contacts when bias voltages are applied to the IDTs [14].
The 2-D electron gas (2DEG) formed in the AlGaN/GaN het-
erostructures has been successfully applied to the electrodes of
IDTs [15].

We previously examined the RF characteristics of SAW
filters with IDTs made of interdigital Schottky and ohmic con-
tacts on AlGaN/GaN heterostructures grown on (0001) sapphire
substrates [16]. We observed signals due to SAWs in measured
S-parameters when a reverse-bias voltage V,. was applied to
the IDTs, and we found that the onsets of the SAW signals
were close to the threshold voltage Vi, of HEMTs that had
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been fabricated on the heterostructures in the same process
sequence as that for the SAW filters. The results suggested
that the electric field due to RF signals applied to IDTs pene-
trated the GaN layers and excited SAWs in the heterostructures
when the 2DEG was depleted. We further showed that SAWs
in heterostructures were turned on by applying bias voltages to
control gates formed among IDTs [17], which is a demonstra-
tion of new functional SAW-based devices.

In group-III nitride layers on (0001) sapphire substrates, due
to the difference in elastic properties between the two materials,
several SAW modes with different profiles of displacements and
different velocities emerge [10]. The velocities of the respective
modes depend on the product of the thickness of nitride layers
H and the wavenumber of the SAWs k (= 27/ with the
SAW wavelength )\), i.e., the SAW velocities are dispersive.
For SAWs propagating along the (1100) direction of sapphire
substrates, there can occur modes with displacement on sagit-
tal planes, i.e., Rayleigh and Sezawa (higher order Rayleigh)
modes, and those with displacement on transversal planes, i.e.,
Love modes. Among these modes, the Rayleigh and Sezawa
modes are intuitively assumed to be electrically excited because
the elastic displacements in these modes are coupled to the
electric field associated with SAWs.

In this paper, we both experimentally and theoretically in-
vestigate the properties of SAWs in reverse-biased AlGaN/GaN
heterostructures on (0001) sapphire substrates. We first describe
the process of fabricating SAW filters and their fundamental
characteristics—the essential part of which was previously
reported [16]. Then, we discuss the features of the measured
S-parameters, such as the spectral shape and the triple-transit
echoes (TTEs). In addition, we deeply examine the dependence
of the magnitude of the SAW signals on V. in terms of the re-
sponse to change in V4, and the effects of the SAW wavelength.
We also analyze the properties of the respective SAW modes by
using a theoretical approach, identify modes of the measured
SAW signals, and discuss the relation between the distribu-
tion of the potential in the heterostructures and the properties
of SAWs.

II. RESULTS

A. Preparation and Fundamental Characteristics of Samples

We fabricated SAW filters with A of 2.0, 3.2, 4.0, and
8.0 um on undoped AlGaN/GaN heterostructures on (0001)
sapphire substrates. The IDTs were made of interdigital Al-
based Schottky and Ti/Al-based ohmic contacts. The IDT
aperture and the number of finger pairs were 100\ and 50,
respectively. The separation between the IDTs was 375 \. The
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Fig. 1. Profile of the distribution of electrons in heterostructures extracted
from the results of capacitance—voltage measurements of Al contacts.

TABLE 1
FUNDAMENTAL CHARACTERISTICS OF SAWS
OF THE RESPECTIVE FILTERS

A(pm) fo (GHz) wpp (m/s) Af (MHz) wvgr(m/s) Shape of main peak®
2.0 1.92 3840 2.4 4080 T
2.0 2.59 5180 2.2 3740 T
32 1.25 4000 1.4 3810 T
32 1.85 5920 1.8 4900 S
4.0 1.03 4120 1.1 3740 T
4.0 1.67 6680 S
8.0 0.58 4640 0.57 3880 T

“The main peak is composed of a single peak (S), or resolved into two peaks (T).

propagation direction of SAWs was along the (1100) direction
of sapphire substrates. We simultaneously fabricated HEMTs
with 0.5-pum Al gates in the vicinity of the SAW filters.

We measured the capacitance—voltage characteristics of the
Al-based Schottky contacts. The extracted profile of the con-
centration of electrons is shown in Fig. 1. We observed a sharp
peak due to the 2DEG at a depth of 20 nm, which was close
to the depth of the interface between AlGaN and GaN layers
(nominally 21 nm). The concentration of 2DEG below the
Al contacts, which was estimated by integrating the achieved
profile of carrier concentration [19], was ~6 x 10" ¢cm~2. The
resistivity of the GaN layer was estimated to be ~10% - cm.
Given that the mobility of electrons in undoped bulk GaN is
assumed to be 10 —10? cm?/(V - s), the electron concentration
in the GaN layer was possibly 10>°—10'* cm~3. Details of
the electrical properties of heterostructures and the process for
fabricating SAW filters were previously reported [16].

We measured the RF characteristics of the SAW filters at
room temperature. Several peaks due to SAWs appeared in
the |So1| spectra when V. lower than V%), was applied to the
IDTs. We obtained two peaks, namely, fundamental and higher
frequency peaks, in each of |So;| of the 2.0-, 3.2-, and 4.0-um
filters, and one peak, namely, the fundamental peak, in the |So |
of the 8.0-um filter. The center frequency fc and the phase
velocity vpn, which is defined as fc x A, of each peak are given
in Table I.

B. Spectral Features and Dependence on V,. of S-Parameters

The |S21| spectra of the 3.2-pm filter around the fundamental
(fc = 1.25 GHz) and higher frequency (1.85 GHz) peaks at
V, of —10 V are shown in Fig. 2(a) and (b), respectively. The
|S21| spectrum around 1.25 GHz was resolved into two peaks.

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 55, NO. 7, JULY 2008

a
10 e () m 500
20k 2 J4a00 ©
~ E Py, L =}
g 0f {300 3
- AS ,iMi,.Zﬂ‘"\ &
A 40 4200 &
S0F-=< 100 2
E W AN ~
/[
60 . 0
122 123 124 125
Frequency (GHz)
b
_25:.... () 300
26 4250 o
g 27 ‘_/7 \ 200 £
= 28F /€ 150 &
o F ~ o
A 5oF /Af~1.8 MHz\ 3100
o =3
-30F \{s0 2
I3 1L TYYVE TP PRI PRI PRI 1}
1.835 1.845 1855
Frequency (GHz)

Fig. 2. |S21| spectra and the group delays at V;- of —10 V around (a) 1.25 and
(b) 1.85 GHz in the 3.2-pum SAW filter.

In contrast, the |So;| spectrum around 1.85 GHz revealed a
single peak.

We found that both the two spectra showed oscillatory fea-
tures. The ripple frequencies A f were ~1.4 and ~1.8 MHz for
the 1.25- and 1.85-GHz peaks, respectively. It is noteworthy
that the oscillatory features in the 1.25-GHz peak were more
marked. The group delays of SAWs, or —d[phase of S,;]/dw
with w of the angular velocity, are also shown in the respective
figures. We found that the inverse of Af, i.e., 710 and 560 ns
for the 1.25- and 1.85-GHz peaks, respectively, was close to
double of the group delay of each So; signal. The oscillatory
features were consequently attributed to the TTEs. The result
that the TTEs were more marked and the main peak was
resolved into two peaks in the 1.25-GHz signal indicates that
this signal is more sensitive to the surface properties, such as the
loaded mass at IDTs of AIGaN/GaN heterostructures, than the
1.85-GHz signal.

Similar to these two spectra, each of the SAW signals of the
other filters was either composed of a single peak or resolved
into two peaks. Shapes of the respective |Sa1| spectra are
denoted as “S” (single peak) or “T” (two peaks) in Table I.
Oscillatory features due to the TTEs were also identified in
other |Sa1| spectra, except for the higher frequency spectrum
for the 4.0-pm filter. Values of A f for the respective spectra are
also shown in Table I. By assuming that the effective separation
between the two IDTs was given by 375X + 50\ = 425\, we
estimated the group velocity of SAWSs vy, (= Af x 2 x 425)),
which is also shown in the table.

We applied an input RF power of 0 dBm at frequencies
of fundamental and higher frequency peaks to the 2.0-, 3.2-,
and 4.0-um filters and measured the transmitted powers. The
relation between the transmitted powers and V. is shown in
Fig. 3(a)—(c). The onsets in the respective curves are denoted
by arrows in the figure. It was found that the onsets of the
transmitted powers were scattered between —2.3 and —2.7 V
and that the differences in onset between the fundamental and
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Fig. 3. Relation between the transmitted RF powers through (a) 2.0-um,
(b) 3.2-pum, and (c) 4.0-pm filters and V..

higher frequency signals were <0.02, 0.08, and ~0.32 V for
the 2.0-, 3.2-, and 4.0-um filters, respectively. It is noteworthy
that the onsets of the higher frequency signals were deeper
than those of the fundamental signals in the respective filters.
In addition, the difference in onset was larger for filters with
longer SAW wavelengths.

We compared the dependence of |So;| at the fundamental
and higher frequency peaks on V,. of the previously discussed
3.2-pm filter (which is referred to as filter A hereafter) with the
dependence measured for another 3.2-um filter (filter B), which
had been fabricated and separated from filter A. The results for
the two filters are shown in Fig. 4(a) and (b), respectively. As
shown in Fig. 4(a), |Sa1] of filter A both at the fundamental and
higher frequency peaks remained —65 to — 75 dB for V. 2>
—2.4 V. |So1] at both peaks increased when V. decreased below
~ —24 V. AtV of =10V, |So1]’s were —30.9 and —26.7 dB
at the fundamental and higher frequency peaks, respectively. As
shown in Fig. 4(b), behaviors of |So;| of filter B were similar
to those of |So1| of filter A. The onset of |Sa;| was, however,
~ —3.2 V in filter B.

Transfer characteristics at a drain-bias voltage Vpg of
10 V of HEMTs in the vicinities of filters A and B are shown
in Fig. 4(c) and (d), respectively. The maximum transconduc-
tances were 170 and 150 mS/mm, respectively. The thresh-
old voltage, which we obtained by linearly extrapolating the
transconductance to 0 mS/mm, was found to be ~ —2.5 and
~ —3.3 V for HEMTs in the vicinities of filters A and B,
respectively. These values of Vi, are consistent with the result
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that the concentration of 2DEG was ~6 x 10" cm~2 below
the Al contacts (see Fig. 1). It was found that the onsets
of |Sg1| of filters A and B were close to V;;, of HEMTs in
their vicinities, which was consistent with the previous works
[16]. More importantly, these results mean that the onsets of
SAW signals changed in accordance with the spatially varying
electrical characteristics of the AlIGaN/GaN heterostructures.

We further extracted the input capacitance Cinpyt of 3.2-pum
IDTs from the S-parameters for the respective V,. values. The
relation between the input capacitance and |Sa1| at the higher
frequency peaks is shown for filters A and B in Fig. 4(e).
We found that Ci,pyc commonly decreased from ~8 to
~2 pF when |Sa;| increased from ~ —55 to ~ —25 dB. It was
unable to precisely estimate Ci,py When |S21| was smaller than
~ —55 dB. Anyhow, this figure shows that all the data points
are likely to be placed along a single curve although the
relations between |So1| and V. for the respective filters did not
coincide with each other, i.e., Cinput and the magnitude of the
SAW signals are in correlation with each other.

C. Numerical Analysis

We calculated the distribution of the potential ¢ in the
reverse-biased 3.2-um IDTs formed on AlGaN/GaN het-
erostructures by solving the 2-D Poisson equation. We preset
Vin of HEMTs on the heterostructures to ~ —2.5 V by assum-
ing that a thin d-doped layer was placed at the AlGaN/GaN
interfaces. The concentration of the residual impurities in the
GaN layer was assumed to be 1014 cm~3. The variation in the
potential due to the change of V., i.e., 9¢/9V,., is shown for
32-pym IDTs at V,, = —2, -3, —6, and —10 V in Fig. 5(a)—(d),
respectively. We also calculated d¢/9V;. for Schottky-contact-
based IDTs on unintentionally doped 2-pm-thick GaN layers.
The result is shown in Fig. 5(e).

In cases of V,. > V;;, in AlGaN/GaN heterostructures, as
shown in Fig. 5(a), bright areas corresponding to large 9¢/0V..
appeared only in regions below the Al Schottky contacts of the
top AlGaN layer. The remaining black areas corresponded to
0¢/I0V, = 0. This means that the 2DEG at the AlGaN/GaN
interface screened the influence of V,.. On the other hand, for
V- < Vin, the 2DEG was depleted so that the bright areas were
expanded into the GaN layers, as shown in Figs. 5(b)—(d).
We confirmed that the vertical extension of the bright areas
depended on the concentration of the residual impurities in
the GaN layers (not shown). In addition, we found that the
2DEG remained stable in the major part of a region between
the Schottky and ohmic contacts even at V, of —10 V, so
that the potential did not change in the vicinity of the ohmic
contacts. In contrast, in the Schottky-contact-based IDTs on
unintentionally doped GaN layers, the potential in the GaN
layers was modulated in their entire region due to V;..

Given that the top AlGaN layer in the heterostructures was
far thinner than A, we assumed that the contribution of the top
AlGaN layer to the properties of SAWs was negligibly small
and that the properties of SAWs in GaN layers with H of
2 pm on (0001) sapphire substrates gave a good estimation of
the properties of SAWs in the heterostructures. By extremely
assuming that no charges existed in the GaN layers, i.e., the
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(a) and (b) Relation between |So1| at the fundamental and higher frequency peaks and V;. for 3.2-um SAW filters A and B. (c¢) and (d) Transfer

characteristics of 0.5-pm HEMTs in the vicinities of filters A and B at Vpg of 10 V. (e) Relation between the input capacitance and |S21 | at the higher frequency

|S21] peak of the 3.2-um SAW filters A and B.

GaN layers were insulating (insulator model), we calculated
the transport characteristics of SAWSs, such as their dispersion
of velocity and spatial distribution of energy, in GaN layers
propagating along the (1100) direction of sapphire substrates
by using the transfer matrix approach [10], [20]. We used re-
ported values for the mass density p, the elastic constant Cj jx;,
the dielectric constant ¢;5, and the piezoelectric coefficient ez,
for GaN and sapphire [4], [10].

Obtained curves of the dispersion of phase velocity v}, of
Rayleigh (R), Love (L; and Ly), and Sezawa (S;) modes are
shown in Fig. 6(a). The phase velocities given in Table I are
also shown. We found that all the phase velocities obtained
from the fundamental and higher frequency So; peaks were
close to those on the velocity dispersion curves of the R and
S; modes, respectively, except the velocity obtained from the
higher frequency |So;| signal of the 4.0-um filter, which was
separated from all of the dispersion curves. This signal might
be attributed to the SAW that decays while propagating, or
the pseudo-SAW, which was not considered in the present
analysis. We found that no experimental data appeared near the
dispersion curves of the L; and L, modes, as was intuitively
expected. The fundamental and higher frequency peaks were
consequently attributed to the R and S; modes, respectively.

We calculated the phase velocities of SAWs in the GaN
layers on the other extreme hypothesis that the electrical com-
ponents of SAWs were identical to zero or that the GaN layers

were metallic (metal model). The difference between the phase
velocities of the R mode obtained on these two models is also
shown in Fig. 6(a). Although the SAWs cannot be electrically
excited on the metal model, it is noteworthy that the difference
between the phase velocities obtained in the two extreme mod-
els, which is attributed to the piezoelectric stiffness of GaN,
was as small as 0.1%-0.4%. Such a small difference is likely to
justify the comparison between the measured SAW velocities
with those calculated by using the insulator model irrespective
of the distribution of the potential in the GaN layers.

We also calculated the group velocity vgy, which was
defined as

d’l}ph

d(HFE)"

dw  d(vpn X k)

Ver = - = o = vpn + (HE) x

ey

Curves of the dispersion of v, for the R and S; modes are
shown in Fig. 6(b). The group velocities estimated from A f
values given in Table I are also shown in this figure. We
found that the group velocities of the S; mode agreed with
those extracted from the higher frequency |So;| peaks, but the
group velocities of the R mode were lower than those from
the fundamental |Sy;| peaks. It is notable, however, that the
group velocities of the R mode revealed a minimum at Hk ~
3.5, which agreed with the features of the measurements. The
systematic deviation in vg, of the R mode might be related to
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the possible uncertainty in estimating the effective separation
between the IDTs for this mode.

The density of SAW energy Esaw, which is the sum of
the densities of kinetic, elastic, and electrostatic energies, is
expressed as [21]

1 | L1 .
Esaw = 5PV + Ecijklaiujakul + EGijEiEj ()
where u; and E; are the displacement and the electric field
along the ith direction, respectively, and v; is the time derivative
of displacement (v; = ;). We also defined a depth weighted by
the density of SAW energy (x3) as

 dzsusE
<x3> — w (3)

f?oo dr3Esaw

which was assumed to provide us with a measure of the depth
of the SAW.

We calculated Esaw and (z3) on the insulator model. The
depth profile of Egaw for the R and S; modes with A of
3.2 pm and the curves of the dispersion of (x3) for these modes
are shown in Fig. 6(c) and (d), respectively. The surface of
the GaN layer and the interface between the GaN layer and
the sapphire substrate were located at x3 =0 and —2 um,
respectively. Note that the energy density was discontinuous at
the GaN/sapphire interface because of the difference in p, C;jxi,
and ¢;; between the two materials. The calculations using the
metal model brought out almost the same results.
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The SAW energy of each mode was spread over the entire
region of the GaN layers and penetrated the sapphire substrates,
as is typically seen for the case of A of 3.2 ym. For this wave-
length (HEk = 3.9), (x3) of the S; mode was —4.1 pum, which
was the lowest among the (z3) values for the wavelengths and
modes examined in this paper. Such a low (z3) is likely to be
consistent with the result that the 1.85-GHz |Sa; | signal of the
3.2-um filter was not sensitive to the surface properties of the
filter [Fig. 2(b)].

III. DISCUSSION

The results of calculating 9¢/dV,. shown in Fig. 5(a)—(d)
suggest that Cinpyt, Which is determined by the shape of the
large 0¢/0V, area in the rudest approximation, decreases as
V; decreases. The change of Cinpy shown in Fig. 4(e) is
likely to be explained in this view. Here, we assume that the
magnitude of the impedance of the IDTs, which is roughly
given by 1/(27 f Cinput ), must be larger than a certain threshold
Zin, or Cippyy must be smaller than 1/(27 f Zy,), in order that
the electric field exciting SAWs is efficiently induced when
the RF signals are applied to the IDTs. On this assumption,
the results of calculating 0¢/0V,. are likely to be consistent
with the following results: 1) that the strong SAW signal was
observed when V,. decreased below V4, and 2) that the onsets
of SAW signals changed in response to the spatial variation of
Vin of HEMTs [Fig. 4(a)—(d)].

We note that 1/(27 fo Zy1) at the higher frequency peak was
smaller than that at the fundamental peak, and the ratios of f¢
at the higher frequency peak to that at the fundamental peak
were larger for longer SAW wavelengths. From Table I, the
ratios of fo were estimated to be (2.59/1.92 =)1.35, (1.85/
1.25=)1.48, and (1.67/1.03 =)1.62 for A =2.0,3.2, and
4.0 pm, respectively, which suggests that the ratios of 1/
(27 feZin) at the higher frequency peak to that at the funda-
mental peak were smaller for longer wavelengths. These argu-
ments might qualitatively explain the experimental result shown
in Fig. 3(a)—(c) that the higher frequency SAW signals revealed
deeper onsets than the fundamental SAW signals and that the
difference in onset was larger for longer SAW wavelengths.

When an RF signal exciting SAWs Vye/“? is superimposed
on V., the potential in the IDTs ¢ is expressed as

6 (Ve + Vo) m 0(V,) + 50V (@)
which implies that the electric field exciting SAWs in the het-
erostructures is proportional to the spatial derivative of 9¢/9V..
Fig. 5(a)—(d) consequently indicates that the electric field is
induced only within the top AlGaN layer for V, 2 Viy, but
the field is built up in a wider part of heterostructures when
V, decreases below Vip. By assuming that SAWs are more
efficiently excited when the overlap of the electric field and
the profile of displacements of SAWs is larger, i.e., when the
penetration depth of d¢/dV;. is closer to the depth character-
izing the distribution of the SAW energy, the results shown in
Fig. 3(a)-(c) might be alternatively explained by the calculation
of distribution of the SAW energy, which indicated that the S;
mode was distributed more deeply than the R mode and that the
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R mode calculated by using the insulator and metal models are also shown. (b) Dispersion curves of group velocity for the R and S; modes. The velocities
extracted from the TTE characteristics are also shown. (c) Depth profile of energy density for the R and S; modes with A = 3.2 pum. (d) Dispersion curves of the

depth weighted by the density of energy for the R and S; modes.

difference in depth between the two modes increased when Hk
decreased, i.e., A increased [Fig. 6(d)].

We should note that the semiconducting and piezoelectric
properties of group-III nitrides were not simultaneously con-
sidered in the present analysis, which kept the discussion of the
exciting and detecting characteristics of SAWs qualitative. To
precisely grasp the exciting, transport, and detecting character-
istics of SAWSs in reverse-biased AlGaN/GaN heterostructures,
we have to solve the Poisson equation, the stress equations
of motion, and the constitutive equations of SAWs in self-
consistent manners, estimate the input capacitance, the SAW
velocity, and the electromechanical coupling coefficient, and
determine the electric-to-acoustic power transfer efficiency pi3
[22]. The establishment of such process should be targeted in
the next stage of the course of study of SAW properties in
group-III nitrides. From practical viewpoints, irrespective of the
mechanism bringing out the difference in onset between the R
and S; modes, a smaller difference is assumed to be preferable
since the GaN layers with smaller concentrations of residual
impurities in their deep inside are sought for in order to realize
electron devices with higher breakdown voltages.

IV. CONCLUSION

We examined the properties of the SAWSs in reverse-
biased AlGaN/GaN heterostructures grown on (0001) sapphire
substrates by investigating the characteristics of SAW filters
composed of IDTs made of interdigital Schottky and ohmic
contacts. We observed the fundamental and higher frequency

SAW signals in S-parameters of filters, which were attributed to
Rayleigh and Sezawa modes, respectively. The features of the
respective SAW peaks in the |So;| spectra, which are related
to the sensitivity to the surface properties, were found to be
in correlation with the depth weighted by the density of SAW
energy. Measurements of the relation between |So1| due to
SAWSs and the reverse-bias voltage applied to the Schottky
contacts showed that the onsets of |S2;|, which were close to
the threshold voltages of HEMTs in the vicinities of the respec-
tive filters, changed in accordance with the spatially varying
threshold voltage. We also found that the onset of Sezawa mode
was deeper than that of Rayleigh mode and that the difference
in onset was larger for longer SAW wavelengths. These results
may be explained by the change of the input capacitance of
IDTs due to the reverse-bias voltages or by the difference in the
distribution of the energy of SAWs between the Rayleigh and
Sezawa modes.
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