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Single-crystal o-quartz, one of the most widely used piezoelectric materials, has enabled a wide
range of timing applications. Owing to the fact that an integrated thin-film based quartz platform is
not available, most of these applications rely on macroscopic, bulk crystal-based devices. Here, we
show that the Faraday cage angled-etching technique can be used to realize nanoscale electrome-
chanical and photonic devices in quartz. Using this approach, we demonstrate quartz nanomechani-
cal cantilevers and ring resonators featuring Qs of 4900 and 8900, respectively. Published by AIP
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Silicon dioxide (Si0O5,), the most abundant mineral found
in the earth’s crust, has eleven crystalline polymorphs deter-
mined by the temperature and pressure of the environment
during the time of crystallization. Two of these are referred
to as quartz: a-quartz is stable below 573 °C and f-quartz is
stable above this temperature. o-quartz does not have a
centro-symmetric crystal structure,’ which is the cause for
its piezoelectric response that allows the coupling between
electrical and mechanical degrees of freedom. Furthermore,
owing to quartz’s crystalline anisotropy, dozens of substrates
in different cut planes can be realized. The plane of crystal
cut determines the characteristics of quartz devices such as
resonant frequency, temperature coefficient of frequency
(TCF), stability, and many others.” For example, AT-cut
quartz is of great interest for temperature-insensitive crystal
oscillators, whereas Z-cut is a common choice for tuning
forks in watches.? In the rest of this manuscript, we refer to
o-quartz as “quartz,” for simplicity.

Quartz is also a promising material for nanophotonic
devices and systems. High purity silica glass, with its low
loss and large transparency window, was the key element
that enabled low-loss optical fiber technology and long-
distance communications. Silica is also a popular material
for nonlinear optics and nanophotonics.* Compared to amor-
phous silica, quartz has lower optical loss while having the
advantage of fast tuning of refractive index via electro-optic
effect.” This combination makes quartz a unique material for
achieving an ultra-high optical quality factor and electrical
tuning simultaneously for whispering gallery mode
resonators.’

In order to take full advantages of quartz’s remarkable
material properties, it is important to enhance interaction
between the material and the electric field (optical or DC),
which can be accomplished using nanoscale devices.
However, high quality thin quartz films on foreign substrates
are not available.” Yet, this is important for both electrome-
chanical devices, where a sacrificial substrate is needed, and
optical (and optomechanical) devices, where the substrate
plays the role of cladding. Notable developments of the thin
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film platform for quartz include epitaxial growth on silicon
substrates® and wafer-to-wafer bonding of quartz and sili-
con.” However, both methods have their own challenges. In
order to realize devices in quartz, traditionally, wet etching
of quartz has been most widely used. However, its aniso-
tropic nature makes miniaturization difficult and causes
unwanted features.'® Deep reactive-ion etching has been pro-
posed as an alternative to etch along any crystal axis.'' In
this work, we demonstrate functional nanomechanical and
photonic devices in bulk quartz crystals using the modified
dry etching approach.

Our approach [Fig. 1(a)] is based on Faraday cage
angled-etching'? that we have used to realize devices in bulk
single-crystal diamond.'? For the angled-etching step [Fig.
1(a)(vi)], we placed an aluminum Faraday cage of a conical
shape about 1-in. high inside the reactive-ion etching cham-
ber with the sample inside. This allows us to etch the sample
at an oblique angle because the cage can make the trajectory
of incoming ions approximately perpendicular to the lateral
surface of it, by changing the boundary condition of the elec-
tric field potential.'® Starting from the bulk quartz samples
(purchased from SPI Supplies, double side polished), etch
mask is defined using two different methods. Specifically,
the standard bi-layer lift-off process was used to define an
etch mask for cantilevers, while the mask pattern was trans-
ferred from e-beam resist to the sputtered metal film for
microring resonators. The latter results in smoother mask
and minimizes scattering loss of optical resonators, which is
difficult to achieve with the lift-off process. Etch parameters
and the type of reactive-ion etching tool used are described
in our previous work.'? This approach can make fairly com-
plex structures in quartz, including double-ended tuning fork
[Figs. 1(b) and 1(c)] and microring resonators (Fig. 4).

To show that our approach is applicable to different
crystal cuts, cantilevers with similar dimensions have been
fabricated by the same procedure in both AT-cut and Z-cut
single-quartz crystals [Fig. 1(c)]. In both cases, fabricated
cantilevers had widths in the 250nm-350nm range and
lengths in the 5 um—45 um range. The thickness to width
ratio was approximately 3.5 for all devices we used in the
study, which can be tuned by adjusting the vertical position

Published by AIP Publishing.


https://doi.org/10.1063/1.5008759
https://doi.org/10.1063/1.5008759
mailto:sohn@seas.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5008759&domain=pdf&date_stamp=2017-12-27

Appl. Phys. Lett. 111, 263103 (2017)

angled-etching

(iii) | = -

263103-2 Sohn et al.
a) cantilever p_q
(a) ; p_q N
(i) (ii)
nanoring
resonator | |

=/ W (v) (vi)

(i" (ii")
[ Quartz = PMMA

0 MMA B Aluminum or Titanium

(iii")

Bl HSQ

FIG. 1. (a) Schematic illustration shows the fabrication process of the cantilever and microring resonators. To define cantilevers, the aluminum mask is depos-
ited using the standard bi-layer lift-off process. For ring resonators, the titanium film was first sputtered on quartz, and then, e-beam lithography and metal etch-
ing were used to define the mask. Next, the angled-etching step is performed to fabricate (b) a double-ended tuning fork and (c) cantilevers, made of quartz
with two different crystal cuts. The inset shows the cross-section of the cantilever made of Z-cut quartz seen at a tilt angle of 52. The cantilever was cut with a

focused ion beam to reveal the shape of the triangular cross-section.

of the sample during angled-etching. We expect that our
approach can be applied to all existing crystal cuts of quartz,
as discussed previously in the literature.>""

To control the uniformity of the cantilever width better,
we fabricated another chip with twenty eight cantilevers in
the Z-cut quartz substrate, having the same cross-section
with the width of 280nm and lengths in the range of
9-24 um. The neutral axis of all cantilevers is along the
(11-20) direction of the quartz crystal. We measured ther-
mal fluctuations of cantilevers in their fundamental flexural
mode by optical interferometric displacement detection.'*
Fitting the Lorentzian function to thermal fluctuations, we
can estimate the mechanical quality factor of the resonances.
Figure 2(a) shows thermal fluctuations of cantilevers with
different lengths in normalized power spectral density, with
shifted resonance frequencies. We note the trend of increas-
ing mechanical quality factor with the increasing length. To
understand this trend and the mechanism that limits quality
factors, we have taken statistics of all cantilevers with differ-
ent lengths, where we have at least three cantilevers for each

length. We plotted the average mechanical quality factors as
a function of lengths in Fig. 2(b), with vertical bars indicat-
ing the standard deviation of measured devices. Using the
theory of mechanical loss of cantilevers, we can fit our data
to the following model:"

-1 -1 -1 -1 -1
Qtotal = champing + Qother =KL™ + Qother’ (1)

where Qo 18 the total mechanical quality factor we mea-
sure. The first and the second term on the right hand side
account for the clamping loss and the rest of the loss mecha-
nism, respectively. L is the length of a cantilever, and K is a
fitting parameter that is a constant. Clamping loss is well
studied theoretically and experimentally. When the width
and the thickness of a cantilever are fixed, it is known that
the loss rate is proportional to L™ where the value of expo-
nent x depends on the physical shape of clamping.'> By
inspecting the shape of the clamp shown in Fig. 1(c), we
assume that the clamp behaves similar to that of out-of-plane
motion with a large undercut,'” and therefore, the exponent
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FIG. 2. (a) Normalized power spectral density (PSD) of thermal fluctuations of cantilevers at different lengths. Longer cantilevers give better mechanical qual-
ity factors because of the smaller clamping loss. Dots are raw data, and the solid lines are from the fit of Lorentzian functions. (b) A few dozen cantilevers are
measured, and their statistics of mechanical quality factors are fit to the model described in the main text. Vertical error bars represent standard deviations of
measured cantilevers with the same length. All the cantilevers are made of the same Z-cut quartz substrate.
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FIG. 3. (a) Resonance frequency of the 12 um long cantilever as a function of temperature. The linear fit gives the value of the first order TCF. Standard errors
of frequency and temperature for each measurement are smaller than the size of dots, and hence, they are not shown. (b) Deviation from the linearity in (a) is
plotted to show the expected accuracy of temperature reading when the device is used as a thermometer. Vertical bars represent reading errors from digital
readout of the temperature sensor. The cantilever was made of a Z-cut quartz substrate.

in Eq. (1) is assumed to be —1. The loss mechanism other
than clamping loss is assumed to be independent of beam
length. By fitting Eq. (1) to the data, we get an estimation of
Oother =6750 = 1950 (uncertainty is for 95% confidence
interval), and this length-independent loss is typically caused
by the surface loss."? Therefore, to increase the mechanical
quality factor, surface loss needs to be mitigated by, for
example, surface treatment or device geometry with a low
surface to volume ratio.

We further measured the temperature dependence of
the resonance frequency of the 12um long cantilever.
Conventionally, quartz tuning forks can be used to make
millimeter scale thermometers by using their thermal
expansion and the temperature dependence of the stiffness
tensor. TCF is typically expanded in polynomial series up
to the third order'®

F(T) = f(To)(1 + (T — To) + B(T — To)* + (T — Ty)?),
)

where f is the resonance frequency and T is the operating
temperature. o, f3, and y are temperature coefficients of the
first, second, and third order, respectively. With a careful
choice of crystal cut and the direction of neutral axes of the
tuning fork’s tines, it is possible to make a temperature sen-
sor of a good linear response (large o and small f§ and y) over
a wide frequency range.

Noting a flexural mode of a cantilever that is fundamen-
tally similar to that of tuning forks, we measured the temper-
ature sensitivity of its resonance frequency. By increasing
the temperature with steps of 5°C from 25°C to 100°C
using a resistive heater and a closed-loop temperature con-
troller (Thorlabs HT10K and TC200), we measured the
response shown in Fig. 3(a). Fitting a linear curve gives the
first order TCF of —25.9 ppm/°C. From the data, we calcu-
lated the deviation from the linearity as the difference
between the fit model and measured temperatures. Figure
3(b) shows that the deviations fall within =0.5 °C.

Nanophotonic devices can also be made using angled-
etching, where air surrounding the structure is used as a clad-
ding [Fig. 4(a)]. Slight widening of the width in the straight
part of the resonator provides structural support.'® A width
of 1.5 um was used to target the operating wavelength range

in telecom. Enlarged SEM images in Fig. 4(a) reveal the vis-
ible surface roughness. We measured its optical quality fac-
tor using a tapered fiber setup whose image is shown in Fig.
4(b).18 Figure 4(c) shows the transmission of the fiber that
has resonances as a series of dips which originate from the
evanescent coupling between the resonator and the fiber. We
extract quality factors of each resonance from their widths
by fitting Lorentzian functions. All the resonances have
loaded quality factors on the order of thousands, and the
highest of them is Qo1 = 8900 as shown in the inset of Fig.
4(c). From the fitting, we estimate the intrinsic quality factor
of approximately Qinuinsic = 13 000." The quality factor at
this level is lower than those of similar devices made on dia-
mond."®?%?! Judging from images in Fig. 4(a), we believe
that the limiting mechanism of optical quality factors is the
surface roughness. By improving the fabrication process
(i.e., using a better etching mask material or dry etch recipe),
we expect to increase optical quality factors.
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FIG. 4. (a) SEM image of microring resonators whose operation wavelength
range is telecom. (b) Microscopy image of the fiber coupling setup where
the light couples from the single-mode tapered fiber to a microring resona-
tor. (c) Transmission measurement taken from the setup pictured in (b). Dips
correspond to resonance conditions, and quality factors can be extracted
from the widths of each dip. Loaded quality factors are on the order of thou-
sands, and the largest (Q ~ 8900) is shown in the inset.
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In summary, we have applied the Faraday cage angled-
etching technique to single-crystal quartz and fabricated sus-
pended structures with substrates of different crystal cuts.
First, we made cantilevers with a nanoscale width and a high
aspect ratio. By analyzing the trend of the mechanical quality
factor as a function of cantilevers’ lengths, we estimate the
contribution of the surface loss to the quality factor to be on
the order of thousands. With one of these cantilevers, we fur-
ther measured the linear dependence of the resonance fre-
quency on temperature. Finally, optical microring resonators
for telecom wavelength were fabricated and their quality fac-
tors were measured. From the fitting, we estimated the intrin-
sic quality factor about ten thousands, where we presume
that the loss is limited by a rough surface.

In the future, to make devices of practical use, we pro-
pose several approaches in the following. First, the current
etch recipe described in Ref. 12 can be improved to fabricate
better devices. Surface quality of the fabrication in this work
seems to be limiting the quality factors for both mechanical
and optical devices. Therefore, a better fabrication process
can potentially lead to higher quality factors for both types.
Second, well-studied characteristics of different quartz crys-
tal cuts can be exploited in combination with our approach
to fabricate various functional devices at the nanoscale, in a
similar fashion to traditional engineering. For example, it is
possible to engineer TCF by choosing different crystal cuts.
Third, piezoelectric and electro-optic devices can be made
by placing electrodes nearby. We have previously demon-
strated the electrode patterning near diamond nanodevices
are made from angled-etching.****> Combining those electro-
des with mechanical and optical elements in this work, we
expect to fabricate more advanced piezoelectric or electro-
optic nanodevices.
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