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Abstract— We report on the first experimental characterization
and analysis of the thermal response and temperature coefficient
of resonance frequency (TCf) of gallium nitride/aluminum
nitride (GaN/AIN) heterostructure micro string resonators, in a
wide temperature range from —10 °C up to 325 °C. Thanks to
its excellent electrical and mechanical properties and chemical
inertness, GaN has recently stimulated growing interests in GaN
microelectromechanical systems (MEMS) for emerging high-
power, high-temperature, and harsh-environment applications.
GaN films on Si wafers often require AIN buffer layers, thus
the residual tensile stress profile in the GaN epilayers and
GaN/AIN hetero-layers can play a key role in affecting the MEMS
specifications and performance. Here we design and fabricate
GaN/AIN heterostructure micro string resonators with length
L =100, 200 and 300 xm to probe the stress and thermal effects
on resonance behavior. All out-of-plane flexural modes show
clear string behavior, and the multimode resonance frequencies
downshift almost linearly with increasing temperature up to
325 °C. The linear temperature dependence and TC f values of
GaN/AIN heterostructure resonators can be directly employed for
thermal sensing. Comparison among different devices indicates
that higher tensile stress levels contribute to smaller TC f values,
suggesting strain engineering may be exploited for intentionally
regulating the TC f. [2021-0068]

Index Terms— GaN, GaN/AIN heterostructure, resonator, tem-
perature coefficient of resonance frequency (TC f), multimode,
string, stress, thermal expansion.

I. INTRODUCTION
ROUP II-nitrides, such as gallium nitride (GaN) and
aluminum nitride (AIN), have attracted considerable
attention as promising materials for high-power and ultrahigh-
frequency electronics due to their appealing electrical proper-
ties, including intrinsic direct bandgaps, excellent breakdown
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TABLE I
KEY MATERIAL PROPERTIES OF AIN AND GaN

Young’s Band e}Il:th?i_c Thermal Acoustic
Material Modulus Gap Constant Conductivity Velocity
[GPa]  [eV] 00T [WAmK)] [m/s]
AIN 283-350 6.2 5.49 285 9320-10360
GaN 250400 3.4 2.13 130 6780-8070

field limits, high carrier mobilities, and strong piezoelectric-
ity [1]-[4]. In addition, their excellent mechanical properties
and chemical inertness make them suitable for applications at
high temperatures and in harsh environments [5], [6]. Endowed
with high elastic modulus and piezoelectricity (see Table I),
GaN has recently stimulated growing interests in micro-
electromechanical systems (MEMS) [7]-[9]. GaN thin-film
bulk acoustic resonator (FBAR) and MEMS resonator with
integrated high electron mobility transistor (HEMT) chan-
nel have been demonstrated, suggesting new opportunities
for addressing the filter requirements for the 5G frequency
bands [10]-[12]. However, the difficulty in manufacturing
native GaN substrates that are desirable to have both high ther-
mal conductivity and low lattice mismatch with GaN epilayers,
still presents major limitations for wide and rapid spreading of
GaN devices [13]. Tremendous efforts have been put into the
growth of GaN epitaxial films on sapphire and silicon carbide
(SiC) substrates [14]-[16]. Sapphire substrate has low thermal
conductivity [17], whereas SiC raises cost issues though
it is well suited for thermal management [18]. Nowadays,
the epitaxial growth of IlI-nitride films and heterostructures on
Si (111) substrates is highly attractive owing to the availability
of the low-cost and large-size Si substrates, compatibility with
standard Si processes, as well as the potential for integration
with Si-based devices [19], [20]. Unfortunately, compared with
sapphire and SiC substrates, the growth of GaN on Si is
limited by the large lattice mismatch and thermal expansion
coefficient (TEC) mismatch between GaN and Si, which may
result in tensile stress during the process of cooling down from
the quite high growth temperature [21].

To address this issue, as depicted in Fig. 1a, a thin, relatively
low-temperature, AIN intermediate layer is usually grown
as a nucleation layer, eliminating the threading dislocations
and generating compressive stress at the growth tempera-
ture [22], [23]. However, when the substrate is cooled down to
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Fig. 1.

Scientific background and experimental design. (a) High-quality GaN can be grown on Si (111) substrate by first growing a low temperature (LT)

AIN buffer layer as the nucleation layer. (b) Cross-sectional diagrams of the GaN/AIN heterostructure during growth of device layers and upon cooling down
back to room temperature. Illustrations show cross-sectional stress distribution and frequency shift of a GaN/AIN heterostructure doubly-clamped micro string
resonator with varying temperature. (c) Block diagram showing effects of varying temperature on the resonance frequency.

room temperature after growth, GaN layer shrinks more than
Si substrate does, due to its relatively larger thermal expansion
coefficient [24] (see Fig. 2a). If the curvature of the substrate
induces stress that exceeds the limit of the mechanical strength
of the crystalline layer grown on top, the GaN layer will
have cracks (see Fig. 1b). Determined by the epitaxial layer
sequence grown before the GaN layer, the residual stress can
vary significantly within the layer [25]. Adding an intermediate
stress compensation layer can introduce compressive stress
during the growth, but it is still difficult to completely com-
pensate the excessive tensile stress in GaN resulting from the
thermal expansion mismatch [26]. Figure 2c shows the stress
evolution within the stack layers during the whole process of
temperature ramping up, growth, as well as cooling down. The
stress evolution includes four stages. The tensile stress during
Stage 1 can be ascribed to the temperature gradient across
the Si substrate along the growth direction. When the AIN
buffer layer is grown on the Si substrate (Stage 2), the wafer
curvature gradually decreases due to the compressive stress
generated within the layer. Similarly, the curvature further
decreases as the GaN layer grows during Stage 3. Upon
cooling down (Stage 4), the compressive stress is compensated
by the thermal tensile stress. The residual tensile stress and
dislocations in the GaN epilayers and GaN/AIN hetero-layers
after cooling down could play a key role in affecting the
MEMS resonators and their performance, especially for appli-
cations at high temperatures [27]. For a tensioned string
without a neutral plane (no plane or line in the string is at
zero strain/stress, as strain profile over the cross-section is all
positive, unlike in beam bending), the maximum tensile stress
during vibration occurs periodically when the string has the
largest transverse displacement (Fig. 2d & 2e). As temperature
varies, the initial tensile stress of the string will be reset

(as a new ‘operating point’ for a given new temperature).
Figure 2d shows the effect of temperature on the stress evo-
lution for a GaN/AIN heterostructure doubly-clamped string
resonator under DC and AC mode operations. However, how
does the residual tensile stress evolve with temperature and
how does this affect the thermal stability of MEMS resonators
are still elusive, and remain open questions in the field. Such
effects can be assessed by the temperature coefficient of
frequency (TCf) [28]. Essentially, the varying temperature
will alter stress (o) and Young’s modulus (EY), due to thermal
expansion and constitutive crystals’ temperature dependence
of Evy, respectively, and change the resonance frequency of
MEMS resonator (see Fig. 1c). However, the combined effect
of both stress and Young’s modulus makes it challenging to
quantitatively determine the contribution from either of them,
especially for MEMS devices with complex structures and
heterogeneous materials.

In this work, we build simple doubly-clamped micro string
resonators based on GaN/AIN heterostructures on Si (111)
substrate, with the resonance frequency dominated by the
stress level (not depending on Ey). We present the first
measurement of the TCf for both out-of-plane and in-plane
flexural resonance modes in GaN/AIN doubly-clamped micro
string resonators by monitoring the temperature dependence
of frequency, over a wide temperature range, from —10 °C
up to 325 °C. We fabricate the micro string resonators by
a two-step lithography process and measure the resonance
response upon temperature change of the device using an
ultrasensitive laser interferometry system. The investigation of
TCf may provide helpful insight into analyzing how fluctua-
tions in temperature can affect the characteristics and perfor-
mance of GaN/AIN resonators with residual (built-in) tensile
stress.
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Fig. 2. (a) Thermal expansion coefficient (TEC) of GaN, AIN, and

Si. (b) Relative temperature of the whole process including ramping up
(Stage 1), growth of AIN (Stage 2) and GaN (Stage 3), and cooling down
(Stage 4). (c) Strain evolution in different stages. The dashed lines represent
the average strain. Cross-sectional diagrams of the GaN/AIN heterostructure
after stage 1, 2, 3, and 4, respectively. (d) Stress evolution and (e) vibration
amplitude of a GaN/AIN doubly-clamped string resonator operated under
DC (static) and AC (resonance) modes at room temperature and higher
temperature, respectively.

II. ANALYTICAL MODELING

The multimode flexural resonance frequencies of a litho-
graphically patterned micro string can be expressed as

n o n o wt n o wt
= — —_ = — = — . 1
fn=31 p 2V pwtl?2 2V ML M

where n is the mode number, L is the length of the device,
o is the built-in stress [N/m? or Pa] in the string, p is
the mass density, w is the width, 7 is the thickness and
M is the mass. As suggested by Eq. (1), if the resonance
frequencies of the same device have the ratios of 1:2:3...,
the resonance frequencies of such modes of the resonator are
dominated by the built-in stress (o) in the device (independent
of Ey) and follow the string model in Eq. (1). Furthermore,
the resonance frequency of the same mode (same n) of
different devices should be inversely proportional to length
L given the built-in stress in the same thin film. By checking
the resonance frequency of the same mode of devices with
different lengths, we can extract the built-in stress in the
devices. To better understand the resonance behavior, we build
GaN/AIN doubly-clamped micro string resonators with the
lengths of L = 100 x#m, 200 #m and 300 xm, respectively,

TABLE 1I
RESONANT FREQUENCIES OF THE FIRST THREE OUT-OF-PLANE MODES
/i (MHz) /> (MHz) /s MHz) Jiffs
200 pm 0.833 1.676 2.554 ~1:2:3
300 um 0.547 1.102 1.654 ~1:2:3

and measure their multimode resonances. By tracking the
temperature dependence of these resonance modes, we can
quantitatively determine the TCf, stress level, and thermal
expansion coefficient of the resonators. TC f values can be
evaluated by using
1df

TCf = i )
where T is temperature. As temperature varies, the string’s
dimensions and built-in stress change due to thermal expan-
sion, which shifts the resonance frequencies. The effect of
thermal expansion can be described by deformation and stress
modification of the string using the equations below:

= wo (1 +aT)

o (1+aT)

= Lo (1 +asiT)

=00 — (a —asi) EvT, (3)

QA &~ ~ €
|

where @ and Ey are the thermal expansion coefficient
(TEC) and Young’s modulus of the GaN/AIN heterostructure,
respectively. as; is the thermal expansion coefficient of Si,
with asi = 2.6 ppm/°C [29]. Here Ey = (Evy,GaNfGaN +
Ey AINtAIN)/(fGaN + taN). Note that the effect of TCEy is
not considered due to its negligible effect. By combining
Egs. (1)-(3), we have
ch:ld_f%_la&_w, 4)
fdar 2 200
Here Evyy is the Young’s modulus of the GaN/AIN heterostruc-
ture at room temperature (77 = 300K). Based on Eq. (1),
we can trace the evolution of stress by tracking the resonance
frequencies of the devices as temperature is varied.

II1. DEVICE FABRICATION

We use GaN/AIN wafers (purchased from Kyma Technolo-
gies, Inc.) that consist of a crystalline GaN layer (500 nm)
grown by hydride vapor phase epitaxy (HVPE) on top of an
intermediate nucleation layer of AIN (200 nm) on standard
Si (111) substrate. As illustrated in Fig. 3, the fabrication
of GaN/AIN strings starts from the deposition of chromium
(Cr), followed by photolithography to define the Cr hard mask.
We perform dry anisotropic etching with the Cr mask, through
GaN and AIN layers, to define the doubly-clamped structures,
followed by wet etching of Cr. After removal of Cr, we deposit
and pattern the titanium (Ti) and aluminum (Al) electrode
pads. Finally, we release the GaN/AIN heterostructure devices
by isotropic dry etching of Si in xenon difluoride (XeF3) [30].
Fig. 3 displays an SEM image of as-fabricated devices, with
thickness r = 700 nm, width w = 5 xm, and length L = 100,
200 and 300 gm.
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IV. MEASUREMENT TECHNIQUES

The multimode resonances of the GaN/AIN devices are
measured by using a laser interferometry system, as shown
in Fig. 4. An intensity-modulated 405 nm blue diode laser
is utilized to photo thermally drive the device motion, and
a 633 nm He-Ne laser is employed to detect the vibration.
Dynamic interference happens between the light reflected by
the vibrating string and that by the substrate surface below
the suspended structure. Thus, the motion of the device is
transduced by the interferometric effect into intensity variation
of the reflected 633 nm light. The photodetector converts the
optical signal into electrical signal, which is monitored by a
network analyzer. We regulate the temperature of the GaN/AIN
device by using a Peltier thermoelectric heater/cooler; and
the temperature of the chip is measured by a Si diode
temperature sensor (Lake Shore DT-670). We measure the
resonance responses of the devices at different temperatures,
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Fig. 5. (a) Measured resonance spectra of a 100xm-long GaN/AIN string at

room temperature, with panels (b)-(f) showing the zoom-in spectra of 5 modes
with fitting curves. Insets show the corresponding simulated mode shapes.

and extract the resonance frequency and quality factor (Q) of
each mode by fitting the measured spectrum to the damped
simple harmonic resonator model. All the measurements are
performed in a moderate vacuum of ~80 mTorr [30].

V. RESULTS AND DISCUSSIONS
A. Effects of Resonance Modes on TCf

To study the effects of resonance modes on TC f, we first
characterize the multimode resonance of a 100xm-long
device, including both out-of-plane and in-plane modes.
Figure 5 shows the multimode resonances of the 100um-
long device measured at room temperature. Five resonance
modes are observed in the range of 1.5 to 7 MHz, specifically,
fi =1.802 MHz, f> =3.712 MHz, f; = 4.487 MHz, fi =
5.676 MHz, f5 = 5.755 MHz. By matching the resonance
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TABLE III
COMPARISON OF TCf OF THE REPORTED FLEXURAL-MODE MEMS/NEMS RESONATORS

Excitation
References Material Resonator Device Dimensions Mode Tem;:erature TC]: o /Detection
Type QO] (ppm/°C)
Scheme
Montague GaN Nanowire 3.5 um x 100 nm Flexural | =261 1047 40 ~1gs | Plezoelectric
2012853 W K Y /Homodyne
Yang . 450 pm x 20 pm x 2.05 3 Piezoelectric
2019534 AIN Cantilever um Flexural 0 to 50 50.6 10 /Electrical
Boyd . . B —23.6to Piezoelectric
201301 Si Cantilever 500 pm x 50 pum x 25 um | Flexural 73-27 26.6 - /Optical
Sansa . . B 3 Electrical
2016561 Si Cantilever 3.2 um % 300 nm X160 nm | Flexural 10-40 38.2 ~10 IPiczoresistive
Feng . . L:1.69 to 2.25 um B B ~10° | Magnetomotive
200757 Si Nanowire 4 74 0 162 nm Flexural 253 to —173 50 to 60 t© 10° Transduction
Koumela si Rectangular | 5 5 /w80 nm x 160 nm | Flexural | 26927 40 ~10° Electrical
20128 Nanowire W /Electrical
Boyd . . B B B Piezoelectric
2013091 3C-SiC Cantilever 125 um x 18 um x 2.6 um | Flexural 73-27 16 to —21 - /Optical
. L: 50-500 um .
Pozzi . . Electrostatic
200759 3C-SiC Cantilever w: 20 or 30 um Flexural 22-600 25 - /Optical
t:2.7 pm
L: 60, 80, 100 um -9.79 . .
Ch“‘[i%] 3C-SiC Cantilever w10 um Flexural 25-200 -7.72 . Piezoclectric
2009 /Optical
t: 1.2 pm —8.0
Doubly L: 60, 80, 100 pm —-15.74 . .
zcot(‘)‘;?f” 3C-SiC Clamped w: 10 pm Flexural 25-200 ~12.55 - P“j(z)"‘“’tl.ecﬁm
Beam t: 0.4 um —8.35 ptica
Chuang . T-Shape Ly: 155 pm wy,: 20 pm Y - Electron Beam
2004411 SiN Cantilever Ly: 50 pm wy: 60 pm e 24325 3735 2050 /Piezoelectric
Doubly L: 100, 200, 300 pm 0 10}
This Work GaN/AIN Clamped w: 5 um Flexural -10-325 , | Optical/Optical
=512 to 10
Structure t: 700 nm
. 1.5F T 3 1F T
40 o |f=1.818MHz 17190 <03 =1.755MHz 1
1o _Q=10:889 T=-8.0°C __ O 1-200 ¢ E Q=13,716 § T=104.1°C
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Fig. 6. The first two out-of-plane resonance modes and TC f measured from a device with length L = 100 xm. (a) Color plot of the resonance spectra

for the first two modes measured with varying temperature. (b) Measured Q versus temperature. Measured (c) first mode and (f) second mode resonances at
—8.0 °C. (d) and (g) Fractional frequency shift with varying temperature. Measured (e) first mode and (h) second mode resonance at 104.1 °C.

frequencies to finite element method (FEM) simulation results,
the first two modes are out-of-plane flexural modes while the
third one is an in-plane flexural mode. Between the measured
fourth and fifth modes, one of them is the third out-of-plane
flexural mode.

We first characterize the TCf of the out-of-plane modes.
Figure 6 shows the resonance spectra of the first two modes
measured in temperature range of —10 to 105 °C. We find that

the resonance frequencies increase gradually with decreasing
temperatures. By plotting the frequency shift at different tem-
peratures with respect to its resonance frequency at 25.6 °C for
each mode (Fig. 6d & 6g), we observe linear relation between
Af/f and T among most of the measured temperatures.
In this range, we extract an average TC f; of —336 ppm/°C
for the fundamental mode and TCf, of —316 ppm/°C
for the second mode. No clear trend of Q change is
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observed (Fig. 6b). According to the frequency ratio of the
first two modes (f2/f1 ~ 2), the out-of-plane modes can
be precisely described by using the string model (with ¢ ~
700 MPa). Based on Eq. (4), we obtain a =~ 3.9 ppm/°C,
which is comparable to the thermal expansion coefficient val-
ues of GaN (~2.0—3.8 ppm/°C) and AIN (~4.2—5.3 ppm/°C)
from literature [31], [32].

To further investigate frequency response of the GaN/AIN
doubly-clamped structure, we also measure the temperature
dependence of the first in-plane (lateral) flexural mode (34
mode overall, f3). Figure 7a shows resonance spectra of
the 3 mode as the device temperature is regulated over
T = —10 to 105 °C. We observe much smaller frequency
shift as temperature varies (than in the earlier two modes).
It is further confirmed by Fig. 7b, where f responds linearly
to sweeping 7 in the measured 7 range with an averaged
TCfz = —83 ppm/°C, less than 1/3 of earlier measured
values for out-of-plane modes (TCf; and TC f>). Based on
the cross-sectional shape (rectangular) and orientation of the
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Fig. 8. Measured resonance characteristics of the 4t and 5t fiexural modes
and TCf. (a) Resonance spectra at different temperatures from —10 to 105°C.
Fractional frequency shift versus temperature for (b) the 4% mode and (c) the
5t mode. (d) Measured Q versus temperature, for both the 4™ and 5™ modes.

doubly-clamped structure, the flexural rigidity in the in-plane
direction (EyI, = Eytw3/12) is more than fifty time larger
than that in the out-of-plane direction (Eyl, = Evywt3/12).
Thus, the in-plane mode resonance frequency, f3, depends
more on Ey of the material than on the built-in stress o,
compared to the two out-of-plane flexural modes (f; and f7).
The shift of resonance frequency caused by the change
of built-in stress (induced by thermal expansion) can be
partly compromised by the frequency modulation induced by
Young’s modulus change (governed by TCEY), leading to a
smaller TCf for the in-plane mode. The Q of the in-plane
mode is also generally stable, with minor declination, over
the varying temperature range (Fig. 7c) [30].

Figure 8a shows the frequencies of both the 4™ and 5%
modes as functions of temperature, in which we observe
a clear effect of anti-crossing between the 4" and 5%
modes. The anti-crossing point appears at ~50 °C. At the
anti-crossing, the higher frequency of the 5™ mode drops
down, while the lower frequency of the 4™ mode goes
higher. Above the anti-crossing point, i.e., in the higher
temperature region, the TCf values of both modes are
slightly larger than those in the lower temperature region
as shown in Fig. 8b & 8c. The average TCf for the 4"
mode is about —74 ppm/°C and the average TCf for the
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Fig. 9. Measured out-of-plane flexural mode resonances and TC f* values. (a) Resonance spectra of 200um-long device at different temperatures from 25 to
225°C. (b) to (d) Fractional frequency shift versus temperature. (e) Resonance spectra of 300xm-long device at different temperatures from 25 to 325°C.

(f) to (h) Fractional frequency shift versus temperature.

5% mode is about —250 ppm/°C. According to the TCf
values, we infer the anti-crossing occurs between an in-plane
mode (4™ mode) and an out-of-plane mode (5™ mode). In con-
trast to the Q curves of the first three modes, the measured
Q of the 4" mode increases, while the Q of the 5 mode
declines overall, in the temperature range of —10 to 105 °C
(see Fig. 8d).

B. Effects of Device Length on TCf

We further study the temperature dependence of frequency
of GaN/AIN heterostructure devices with lengths of 200um
and 300um in higher temperature range (with the highest
temperature up to 325 °C). Table II summarizes the resonance
frequencies and frequency ratios of the first three out-of-plane
modes. According to the frequency ratios, the out-of-plane
modes can be precisely described by the string model in
Eq. (1).

As shown in Fig. 9, the frequency decreases almost lin-
early with the temperature increase for all three out-of-plane
modes. We have extracted the TCf values as well. For both
200um-long and 300 m-long devices, only subtle differences
of TCf values are observed among different out-of-plane
modes. Although the TC f value should be independent of the
length of device according to the simplified theoretical analysis
(Eq. (4)), we observe the longer devices indeed have larger
TCf values. For 200um-long one, the TC f value is centered
at about —440 ppm/°C, and the 300um-long one exhibits a
larger TC f of about —500 ppm/°C. This suggests the built-in
stress in the longer device may be smaller than that in the
shorter device. Detailed comparisons of TCf between this
work and the reported flexural-mode MEMS/NEMS resonators
are summarized in Table III. We can find that compared with
those devices, the GaN/AIN heterostructure doubly-clamped
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: \ A 200 um (Chip 2)
650 - & 300 um (Chip 2)
©
a 600 a~,,
< N"A A,
» 550 | oA,
o Coeta,
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.
450 | o,
| 0‘
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Temperature (°C)
Fig. 10. The evolution of tensile stress with varying temperature for the

devices with lengths L = 100, 200 and 300 xm.

micro-string resonators in this work offer the highest TCf
values up to —512 ppm/°C. These very linear dependence
curves and TC f values can be exploited for thermal sensing
(e.g., detection of radiation-induced thermal absorption, such
as ultraviolet (UV) light or gamma ray).

According to the measured resonance frequency and Eq. (1),
we have extracted the evolution of tensile stress at varying
temperature as shown in Fig. 10. The 100 m-long string from
Chip 1 exhibits higher level of initial stress of ~700 MPa than
longer devices on Chip 2 with the initial stress lying between
500 to 600 MPa. As the temperature increases, the tensile
stresses are gradually released due to the different thermal
expansion of GaN and Si. For the 300um-long string, stress
has relaxed from 575 MPa to 400 MPa as temperature is
increased from 25 °C to 325 °C. Interestingly, amongst these
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devices, the 300 #m-long string exhibits the lowest initial stress
(~550MPa) but the largest TC f value (—512 ppm/°C). Com-
parison of TCf and tensile stress among the three devices,
we can conclude that higher tensile stress levels contribute to
smaller TC f values.

VI. CONCLUSION

In summary, we have designed GaN/AIN heterostructure
micro string resonators with lengths L = 100, 200 and
300 um to probe the stress and thermal effects on resonance
behavior. The resonances of out-of-plane modes show clear
string behavior. By tracking the temperature dependence of
multimode resonances, we have found the frequencies down-
shift almost linearly with increasing temperature up to 325 °C.
For a given device, the out-of-plane modes show similar TC f
values, which are three times larger than that of the in-plane
mode. The longer devices tend to have larger TCf values.
We observe the largest TCf value of about —500 ppm/°C
in a 300um-long device. The linear temperature dependence
and TCf values of GaN/AIN heterostructure resonators can
be directly employed for thermal sensing. Comparison among
different devices indicates that the residual stress in GaN/AIN
heterostructures plays a key role in affecting the TC f values.
Higher tensile stress levels contribute to smaller measured
TCf values. Strain engineering may thus be employed to
regulate the TC f of MEMS devices.
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